VALUES OF SOME PHYSICAL CONSTANTS
Name

Symbol

Numerical value

Speed of light in vacuum
Dielectric constant of vacuum
Magnetic permeability of vacuum
Planck constant

c
7
ε0 = 10 /(4πc2 )
μ0 = 4π·10−7
h
 = h/(2π)
e
eV
a.u.m.
m
Mp
Mn
λ̄c = /(mc)
a0 = 4πε0 2 /(me2 )
α = λ̄c /a0
R∞ = 2 /(2ma02 )

2.9979·108 m/s
8.8542·10−12 F/m
1.2566·10−6 H/m
6.6262·10−34 J·s
1.0546·10−34 J·s
1.6022·10−19 C
1.6022·10−19 J
1.6605·10−27 kg
9.1096·10−31 kg
1.6726·10−27 kg
1.6749·10−27 kg
3.8616·10−13 m
5.2918·10−11 m
1/137.036
2.1799·10−18 J
13.605 eV
9.2741·10−24 J/T
5.0508·10−27 J/T
1.3806·10−23 J/K
6.0221·1023 mole−1
8.3145 J·mole−1 ·K−1
1.1605·104 K
2.4180·1014 Hz
1.2398·10−6 m

Elementary charge
Electron-volt
Atomic unit of mass
Electron mass at rest
Proton mass at rest
Neutron mass at rest
Compton wavelength of electrons
Bohr radius
Fine structure constant
Rydberg constant
Bohr magneton
Nuclear magneton
Boltzmann constant
Avogadro number
Universal gas constant
Temperature for kB T = 1 eV
Frequency for hν = 1 eV
Wavelength for hc/λ = 1 eV

μB = e/(2m)
μn = e/(2Mp )
kB
NA
R = kB N A
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EDITOR’S PREFACE
TO THE ENGLISH EDITION
At the present time Condensed Matter Physics is the largest of the main subdivisions of physics. For
several years the Encyclopedic Dictionary of Solid State Physics has been one of the principal reference
works in this area, but unfortunately until now it was only available in the Russian language. Its appearance
in English is indeed long overdue. It has been a great pleasure for me to undertake the task of editing the
English language edition. This two-volume work contains a great deal of material ordinarily not found in
the solid state texts that are most often consulted for reference purposes, such as accounts of acoustical
holography, bistability, Kosterlitz–Thouless transition, and self-similarity. It provides information on materials rarely discussed in these standard texts, such as austenite, ferroﬂuids, intercalated compounds, laser
materials, Laves phases, nematic liquid crystals, etc. Properties of many quasi-particles are presented; for
example, those of crowdions, dopplerons, magnons, solitons, vacancions, and weavons. The volumes are
fully cross-referenced for tracking down all aspects of a topic, and in this respect we have emulated the
excellent cross-referencing systematics of the Russian original. Long lists of alternate titles for looking up
subjects can considerably shorten the time needed to ﬁnd specialized information.
I wish to thank the members of the Review Panel of the English Language Edition who read over the
initial draft of the translation, offered many suggestions and comments for improving the translation, and
also provided valuable advice for reﬁning and updating the contents of the articles: Victor Bar’yakhtar,
Alexei A. Maradudin, Michael McHenry, Laszlo Mihaly, Sergey K. Tolpygo and Sean Washburn. Thanks
are also due to Horacio A. Farach, Vladimir Gudkov, Paul G. Huray, Edwin R. Jones, Grigory Simin, Tangali
S. Sudarshin, and especially to Ruslan Prozorov, for their assistance with the editing. The translators did
an excellent job of rendering the original Russian text into English, and the desk editor Rimantas Šadžius
v

vi

did an outstanding job of checking all the many cross references and the consistency of the notation. The
Academic Press Dictionary of Science and Technology has been an invaluable source of information for
clarifying various issues during the editing.
I wish to thank my wife for her patience with me during the long hours expended in the editing process.
The page proofs of this work arrived at my home on the octave day of our 50th wedding anniversary, which
we celebrated on October 17, 2003, with our ﬁve children and ﬁfteen grandchildren.
Charles P. Poole Jr.

FOREWORD
An Encyclopedic Dictionary of Condensed Matter Physics can serve a diverse set of audiences. Professional
researchers and university and college teachers interested in learning quickly about a topic in condensed
matter physics outside their immediate expertise can obtain the information they seek from such a source.
Doctoral students embarking on research in condensed matter physics or materials science can ﬁnd it helpful
in providing explanations of concepts and descriptions of methods encountered in reading the literature
dealing with their research subject and with related subjects. Undergraduate students with no previous
background in condensed matter physics will ﬁnd it a particularly valuable complement to their textbooks
as they take their ﬁrst courses in the ﬁeld. Educated laypersons can turn to such an encyclopedia for help in
understanding articles published in popular scientiﬁc journals.
Until the publication of the Russian edition of the Encyclopedic Dictionary of Solid State Physics,
with Professor Viktor G. Bar’yakhtar as its General Editor, no such resource was available to the scientiﬁc
community. Its more than 4300 entries were written by more than 700 contributors, specialists in their
branches of condensed matter physics, many of whom were well known to an international audience.
The task of making this encyclopedia accessible to non-Russian readers was undertaken by Academic
Press, with Professor Charles P. Poole Jr. in the role of the General Editor for the English translation. Both
the publisher and editor deserve the gratitude of the condensed matter community for bringing this project
to fruition. All involved in its production hope that that community will ﬁnd it as useful as its creators
intended it to be.

Irvine, California
October 29, 2003

Alexei A. Maradudin
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FOREWORD OF THE EDITORIAL BOARD
OF THE ORIGINAL RUSSIAN EDITION
This publication is an attempt at a systematized presentation of modern knowledge within all areas of solid
state physics from the most fundamental ideas to applied questions. There has been no similar encyclopedic
compilation of solid state physics available in the world until now. The Dictionary contains more than
4000 articles. Among them there are relatively long articles devoted to the basic concepts and phenomena
of solid state physics, moderate-length articles on particular problems and physical concepts, and, ﬁnally,
brief deﬁnitions of terms used in the literature. Considerable attention is paid to technical applications of
solid state physics. Brief historical information is given in many articles such as the names of authors and
the dates of discoveries. In a number of cases the history of the question is covered in the article. Together
with the description of classical topics, special attention is paid to those new ideas that arose only recently in
solid state physics and, therefore, often still do not have commonly accepted deﬁnitions. Many articles are
provided with illustrations which supplement the text material to help the reader to acquire more complete
and more visual information.
More than 500 scientists participated in the preparation and the writing of the articles of the Dictionary;
these articles were written by specialists working in the particular ﬁelds that they cover.
The goal of the publication is to provide needed reference material to a wide audience of readers, which
will help them to understand the basic principles of solid state physics. Therefore, the authors endeavored
to probe deeply into some salient details of the subject, while preserving a broad perspective throughout the
text of the article. The content of articles is interconnected by a system of cross-references. The appended
Subject Index will help the reader to orient himself easily in the scope of the various articles.
To our deep sorrow, during the period of preparation of the manuscript of this Dictionary, several outstanding scientiﬁc members of the Editorial Board Valentin L’vovich Vinetskii, Yakov Evseevich Geguzin,
Emanuil Aizikovich Kaner, Boris Ivanovich Nikolin, Kirill Borisovich Tolpygo, Leonid Nikandrovich
Larikov and Alexander Bronislavovich Roitsyn have passed from among us. The recently expired wellknown scientist and prominent publishing specialist Aleksandr Aleksandrovich Gusev, who shared with us
his vast knowledge and encyclopedic expertise, provided invaluable aid in the publication of the dictionary.
Victor G. Bar’yakhtar, Editor-in-Chief
Ernest A. Pashitskii, Vice-Editor-in-Chief
Elena G. Galkina, Secretary
We started as the team (EDITORIAL BOARD OF THE ORIGINAL RUSSIAN EDITION):
V.G. Bar’yakhtar, Editor-in-Cief
V.L. Vinetskii, Vice-Editor-in-Chief
E.A. Pashitskii, Vice-Editor-in-Chief
E.G. Galkina, Secretary

A.S. Bakai
Ya.E. Geguzin
M.D. Glinchuk
Yu.V. Gulyaev
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INTRODUCTION
1

We introduce to the reader the Encyclopedic Dictionary of Solid State Physics . This Dictionary was
planned several years ago, and the aim of its compilers was not only to provide a wide audience of readers with comprehensive and detailed information about different processes, phenomena, and effects in the
solid state, but also to enlarge our understanding of the modern terminology in which this information is
presented. The latter was very important for the compilers, since they were united by the idea that the
achievements of solid state physics during recent decades were due not only to the fantastic development
of experimental techniques and the level of experimental skill, but were also due to the creation of a uniﬁed
system of concepts and terms adequately reﬂecting the observed regularities and the depth of understanding
of the physical processes taking place in solids. The balanced rhythm of the modern language of solid state
physics is determined by the theory of symmetry. It governs all theoretical constructions and the coefﬁcients of the equations describing equilibrium and near-equilibrium states of a solid. The dynamic theory of
a crystal lattice in the harmonic approximation, which is based on the discrete symmetry of ordered atomic
arrangement in a crystal, is a classical example how symmetry considerations are utilized. Another “hidden”
symmetry is used, e.g., to describe a number of properties of magnetic, ferroelectric, and superconducting
materials. A particular kind of symmetry based on the regularities in diverse phase transitions is apparent in
modern scaling theory. The reader will ﬁnd applications of the theory of symmetry in many of the articles.
The majority of the phenomena of recent interest in solids were associated with low-level excited states
of a substance. It appeared that while atoms or molecules are structural elements of a crystal lattice (and,
generally, of any condensed state of a substance), certain collective excitations are the elements of every
type of motion (elements of dynamics) in a solid. In view of the macroscopic homogeneity of the unbounded model of a solid, or the periodicity of an unbounded crystal lattice, such collective motions must
take the form of plane waves, with a dispersion law that satisﬁes strict symmetry requirements. The quantization of elementary excitations leads to the image of a “corpuscle”, or a quasi-particle. The concept of
a quasi-particle and the idea of almost ideal quantum gases composed of various quasi-particles, enrich
the language of solid state physics and allow one, within a uniﬁed system of terms and concepts, to treat
physical phenomena that are quite diverse and have, at ﬁrst glance, little in common. Therefore, it is not
surprising that in the articles devoted to phonons, magnons, excitons, and to electrons or polarons as well,
we ﬁnd very similar equations and conclusions. The universality of the physical language reﬂects the unity
of Nature itself.
The passage to the study of highly excited states of a material led to the creation of the nonlinear
dynamics of solids. New contributions to the lexical reserve of the language of solid state physics originated
from nonlinear dynamics. For example, the concepts of topological and dynamic solitons were put forward,
dynamic solitons appearing in solid state physics as a new type of collective excitation of a condensed
medium.
Not all parts of solid state physics are presented here with the same completeness and the same amount
of detail. The branches reﬂecting the scientiﬁc interests of solid state physicists from the Ukraine and other
former Soviet Union republics are the most extensively described. Although general problems of solid state
1
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physics are less systematically presented, the following areas are covered rather deeply and broadly: physical properties of metals, including superconductivity, electrical and optical properties of semiconductors
and insulators, magnetism and magnetic materials, mechanical properties of crystals, and physics of disordered systems. One may also notice an emphasis on the applied physics of plasticity and strength. This
is because of the fact that, although physics is an objective international science, some of its presentations or overviews found in textbooks, monographs, or encyclopedic publications unintentionally introduce
subjective ideas and personal preferences of authors.
The Dictionary includes articles reﬂecting the latest achievements in solid state physics, sometimes with
results that have not yet appeared in monographs. This relates both to experimental discoveries and theoretical ideas. There are articles on high-temperature superconductivity, the quantum Hall effect, Kosterlitz–
Thouless phase transitions in two-dimensional systems, autowave processes, fractals, etc. Novel nontraditional materials and techniques for investigation are described: amorphous substances, liquid crystals,
quasi-crystals, polymers, low-dimensional systems, etc.
In addition let us point out to the reader the “quantum-mechanical emphasis”, which may be noted
in many articles devoted to diverse macroscopic phenomena and properties of solid bodies. Traditionally,
use is made of the point of view that the quantum statistics of quasi-particles undoubtedly deﬁnes such
macroscopic low-temperature properties of crystals as speciﬁc heat and thermal conductivity, electrical
conductivity and magnetism. However, some authors only assign to quantum mechanics the role of describing microscopic laws explaining the dynamics of atomic particles. The discovery of high-temperature
superconductivity transferred the quantum manifestations of particle dynamics into the region of moderately high temperatures. State-of-the-art experimental techniques make it possible to observe a number of
phenomena involving macroscopic quantum tunneling. Thus, macroscopic solids fairly often exhibit some
particular quantum features.
Finally let us stress the role of models in solid state physics. As is well known, a model is a much
simpliﬁed speculative scheme which allows a researcher, on the one hand, to propose a simple qualitative
explanation of a property or phenomenon under study, and, on the other hand, to give a quantitative description of properties and to perform a complete theoretical calculation of characteristics of the phenomenon
being studied. Models are utilized very often in solid state physics. Apparently, the most ancient model
is that of an “absolutely solid body”. The model of perfect gas of quasi-particles is frequently employed;
Ising’s model is well known in the study of magnetism. The model of a two-dimensional lattice of classical spins in the theory of phase transitions proposed by Onsager allowed him to give the ﬁrst statistical
description of second-order phase transitions. The Frenkel–Kontorova and Peierls models are widely used
in dislocation theory. References to them can be found in many of the articles included in this work.
The need for this publication arises from the recent tremendous progress in this ﬁeld of physics, especially by the extension of its areas of practical applications. There have appeared new ﬁelds of electronics (optical electronics, acoustoelectronics); semiconductor electronics has changed and now employs an
increasingly wider range of complex structures such as metal–insulator–semiconductor devices and computers with superconducting elements (cryotrons); and memory elements based on new physical principles
have been developed.
There are many promising new solid state materials based on garnets, rare-earth metals, magnetic semiconductors, amorphous metals, semiconductors, and, ﬁnally, the discovery of high-temperature superconductors in 1986.
The compilers of this Dictionary hope that this publication will be useful for researchers working in
solid state and other ﬁelds of physics (nuclear physics, plasma physics, etc.) and also for a wide audience of
other readers, including, but not limited to, engineers investigating and utilizing solids, as well as doctoral
and advanced students at universities.
V.G. Bar’yakhtar
A.M. Kosevich

HOW TO USE
THE ENCYCLOPEDIC DICTIONARY
In this Dictionary, we follow standard fundamental rules generally adhered to in encyclopedic publications.
1. Articles are arranged alphabetically; if a term (typeset in boldface) has a synonym, then the latter is
given in the entry after the main meaning of the term (after comma, in usual print).
2. Some terms in the titles of articles adopted from other languages are followed by a brief etymological note (with clear abbreviations: abbr., abbreviated, fr., from; Gr., Greek; Lat., Latin; Fr., French;
Germ., German, etc.).
3. The names of scientists appearing in the title or text of an article are commonly followed by the date of
obtaining the result (effect, phenomenon) under consideration.
4. We use a system of cross-references (in Helvetica italics) to other articles. Additional terms explained
within the same article are typeset in Times italic and, together with the main entries, are listed in the
Subject Index at the end of Volume 2. Many terms synonymous to those in the article titles may be also
found in this Subject Index.
5. Units of physical quantities and their symbols are given in the systems of units most commonly used
in solid state physics. For the relations which convert these units into SI, see the tables included in the
article Units of physical quantities.
6. The ﬁgures are explained either in their captions or in the text of the article.
7. Usually, the notation used in formulae is explained in the text of that article. However, some symbols have the same meaning throughout the Dictionary (unless otherwise speciﬁed): c, speed of light;
h and  = h/2π , Planck constant; T , absolute temperature; kB , Boltzmann constant; λ, wavelength;
ν and ω = 2πν, frequency. The notation of some elementary particles is also standardized: ν, photon
and gamma quantum; e, e− , electron; p, proton; n, neutron; d, deuteron; π and π ◦ , pions; μ± , muons;
K ± and K ◦ , K-mesons.
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Aa
ABLATION (fr. Lat. ablatio, removal, taking away)

ABRIKOSOV–SUHL RESONANCE
(A.A. Abrikosov, H. Suhl, 1965)
The abnormal increase of the electron spin- ip
scattering amplitude of conduction electrons on a

The removal of mass from the surface of a solid
brought about by a heated gas ﬂow sweeping past
it.

paramagnetic impurity when the energy ε of the
scattered electron approaches the Fermi energy εF
of the metal.
The cause of the Abrikosov–Suhl resonance is
the creation of a long-lived bound state of a conduction electron with a paramagnetic impurity due
to the indirect interaction of conduction electrons
with each other via the impurity spin when the
spin–paramagnetic impurity exchange interaction
constant is negative, i.e. J < 0. The Abrikosov–
Suhl resonance manifests itself below the Kondo
temperature T K by an anomalous temperature dependence of the behaviour of the resistivity and the
magnetic susceptibility of a metal (see Kondo effect). The expression for the resistivity of a metal
is derived by the selective summation of the “dangerous” terms of the perturbation expansion in
the parameter |J |/εF  1 (diagrams calculated in
the so-called parquet approximation), and has the
form
−2


εF
J ν(εF )
(0)
,
ln
ρ = ρs 1 +
n
kB T

This is observed during the motion of material bodies and space crafts through the atmosphere
at high velocities. Ablation occurs as a result of
erosion, melting, and sublimation. It is used to
cool key parts of super- and hypersonic aircrafts,
spacecrafts, and rocket engines by coating them
with layers of an ablatable material (e.g., ceramics, or pyrolytic graphite). The ablation material
must have high melting and sublimation temperatures and a large speci c heat.

ABRASIVE MATERIALS, abrasives (fr. Lat.
abrasio, scraping)

Fine-grained solid materials intended for working (polishing, ﬁnishing) a material surface.
The working consists in cutting and scraping the surface by a great number of randomly
oriented sharp edges of abrasive grains. Typical
abrasive materials are diamond (natural or synthetic), carborundum, the cubic modiﬁcation of
boron nitride, and boron carbide. Abrasive materials are characterized by hardness, strength, granularity (describing the magnitude and dispersion
of the grain size); knowing these parameters permits the selection of abrasive materials for particular purposes, and provides the expected precision of the working. Depending on their relative
abrasive abilities, abrasive materials can be classiﬁed in terms of the following scale: diamond
(1.00), cubic boron nitride (0.78), boron carbide
(0.60), silicon carbide (0.50), and titanium carbide
(0.42).

(0)

where ρs

is the resistivity calculated in the ﬁrst

Born approximation, ν(εF ) is the conduction density of electron states at the Fermi energy, and n is

the metal density. The denominator vanishes at the
Kondo temperature


εF
n
.
exp −
TK =
kB
|J |ν(εF )
In the temperature range T  TK , perturbation
theory is no longer valid, and a more detailed
analysis shows that a spin complex of a conduction electron with an impurity is created, where at
1

2

ABRIKOSOV VORTICES

T = 0 the impurity spin is shielded by the conduction electrons. In the vicinity of TK the spin
parts of the thermodynamic and kinetic characteristics of a metal sharply change their temperature
dependences, remaining ﬁnite over the entire temperature range. The exact solution of the Kondo
problem was obtained by P. Wiegmann and N. Andrei (1980).
ABRIKOSOV VORTICES, vortex laments
(A.A. Abrikosov, 1956)
Vortex current structures of type II superconductors in magnetic ﬁelds with strength higher
than the lower critical eld Bc1 (T ), but lower than
the upper critical eld Bc2 (T ), i.e. in the domain of
the mixed state (see also Shubnikov phase).

First predicted theoretically and then observed
experimentally Abrikosov vortices are topologically stable singlet states, involving the penetration into a superconductor of minimal magnetic
ﬂux quantities, equal to the ﬂux quantum Φ0 (see
Quantization of ux). One can think of these vortices as quantum “rods” of magnetic ﬂux encircled by superconducting current ﬂow and pierced
by magnetic ﬁeld lines (Fig. 1). For an isolated

Fig. 1. Abrikosov vortex. The arrows show the direction
of the supercurrent ﬂow. The normal phase core region
is cross hatched. The coherence length ξ and penetration
depth λ are indicated.

Fig. 2. Behaviour of the order parameter Δ and the magnetic ﬁeld strength B in the region of an isolated vortex. Within the core (r < ξ ) the order parameter |Δ| decreases rapidly, reaching zero at the center.

Abrikosov vortex, the outer diameter has a radius
equal to the London penetration depth λL (see
Penetration depth of magnetic eld), and inside
there is a core of radius equal to the coherence
length ξ , in which superconductivity is suppressed
by the high density of encircling shielding current that supports the magnetic ﬁeld (Fig. 2). One
circuit around the vortex axis changes the phase
of the order parameter Δ by 2π . The magnetic
ﬁeld is able to penetrate the superconductor in the
form of vortices because of the negative surface
energy of the N–S boundary in a type II superconductor. When an externally applied magnetic
ﬁeld B is present there is a gain in energy via the
formation of a microscopic inhomogeneous region
with a maximal surface. The extent of the splitting is determined by the ﬂux quantization condition, whereby the minimal domain size pierced
by the magnetic ﬁeld has the value (Φ0 /B)1/2 .
Since this minimal size cannot be smaller than ξ ,
it leads to the limitation that superconductivity is
only possible for magnetic ﬁelds smaller than the
value Bc2 = Φ0 /2πξ 2 (upper critical ﬁeld). In an
ideal type II superconductor, Abrikosov vortices
arrange themselves in a triangular lattice due to
their mutual repulsion (see Vortex lattices in superconductors). When transport current ﬂows perpendicular to the magnetic ﬁeld direction Abrikosov
vortices can drift in the direction perpendicular
to J and B due to the Lorentz force J × B, which
causes the appearance of electrical resistance in
the superconductor (see Resistive state). For a resistanceless supercurrent to ﬂow in a superconduc-

ABSORPTION OF ELECTROMAGNETIC WAVES

tor (called a hard superconductor) the Abrikosov
vortices should be held in position by pinning sites
or defects of the crystal lattice (see Kosterlitz–
Thouless transition, Vortex pinning).
ABSOLUTE DIAMAGNETISM, ideal
diamagnetism

The state of a superconductor in which a magnetic ﬁeld is completely excluded from its interior
at a temperature below its critical temperature Tc .
This occurs when the applied magnetic ﬁeld B
is lower than the thermodynamic critical magnetic
e ld Bc (T ) for a type I superconductor, and lower
than the lower critical eld Bc1 (T ) of a type II superconductor (see Meissner effect). This implies
that in the superconducting state the magnetic susceptibility χ attains its highest negative value χ =
−1 in SI units (χ = −1/4π in Gaussian units).
Absolute diamagnetism is caused by the persistent
supercurrents which circulate in the outer surface
layer of the material and shield the interior from
the penetration of magnetic ﬂux (see Penetration
depth of magnetic eld). This diamagnetism results in repulsion between a superconductor and
a magnet, and the levitation of a magnet above a
superconductor.
Absolute diamagnetism is utilized in the manufacture of frictionless bearings, and the operation
of trains levitated above their tracks.
ABSORPTION (fr. Lat. absorptio, suck)

Absorption is the uptake or extraction of ingredients dissolved in or mixed with the bulk of a gas
or liquid by another solid or liquid material called
an absorbent.
Absorption is one of the cases of sorption. In
contrast to the surface process of adsorption, absorption occurs in the bulk of the absorbent. Absorption can be complicated by the chemical interaction of the absorbing substance with the absorbent (chemisorption).
Absorption is used in industry to separate the
components of a gas mixture by selective absorbents, possibly obtaining them in pure form by
desorption with absorbents that can be reused afterwards. Examples are (1) the absorption of butadiene during the manufacturing of synthetic rubber;
(2) removing gases from harmful admixtures (e.g.,
H2 S, SO2 , CO2 , CO); (3) obtaining a gas product such as sulphuric acid by absorption of SO3 ,
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(4) the extraction of hydrocarbon gases (natural
and synthetic) from their mixtures (e.g., propanes,
butanes and pentanes).
ABSORPTION COEFFICIENT, absorption factor,
absorptance, absorptivity

The ratio of energy (particle) ﬂux, absorbed by
a given sample, to the incident ﬂux. The term “absorption factor” is sometimes used in reference to
an absorption index that is deﬁned as the natural
logarithm of the reciprocal of the absorption factor.
ABSORPTION EDGE
See Intrinsic light absorption edge.
ABSORPTION INDEX

A quantity α, which is the reciprocal of a distance, by which radiation ﬂux in a parallel beam
is attenuated by the factor of 1/e as a result of
its absorption by the material (cf. Absorption coef cient). It is introduced to characterize radiation
intensity I = I0 e−αx which decays exponentially
with the distance (see Beer–Lambert law). The
value of the absorption index in crystals may depend on the direction of propagation, and the type
of polarization of the radiation (see Dichroism of
crystals, Pleochroism).
ABSORPTION, LOW-FREQUENCY
See Low-frequency enhanced magnetic resonance absorption.
ABSORPTION, NONRESONANT
See Nonresonance absorption.
ABSORPTION OF ELECTROMAGNETIC
WAVES in superconductors

The decrease in intensity of radiation, which is
due to the partial transfer of radiation energy to
the normal vibrations in the superconductor and,
ﬁnally, to the crystal lattice. The rate of absorption of electromagnetic energy by a unit surface
area of a superconductor is proportional to the
active component of its surface impedance. At
T = 0 the absence of this electromagnetic wave
absorption exhibits a frequency threshold, i.e. it
exists for ω  Δ (where Δ is the energy gap),
when an electromagnetic ﬁeld quantum possesses
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ABSORPTION OF LIGHT

enough energy to break a Cooper pair. Measuring
this threshold is one of the methods for determining Δ.
In the mixed state of type II superconductors
the absorption of electromagnetic waves is related
to energy dissipation in the lattice of Abrikosov
vortices and their viscous motion. In this case
the measurement of electromagnetic absorption
allows one to determine the magnetic ﬂux resistance and the so called pinning frequency. In electromagnetic ﬁelds of high amplitude nonlinear effects arise which are related to the probability of
generating vortices by the wave ﬁeld, kinetic decoupling of Cooper pairs, and many-quantum absorption processes.
ABSORPTION OF LIGHT
See Light absorption.
ABSORPTION OF SOUND
See Sound absorption.
ACCEPTOR

An impurity or structural defect with a local
electronic level in the band gap of a semiconductor which can receive electrons from the valence
band.
An acceptor center is charged negatively if its
local states are ﬁlled with electrons, and it is neutral if the states are empty. A predominance of acceptors over donors produces p-type conductivity
(see Holes) with a temperature dependence determined by the height (typically <0.1 eV) of the energy level in the gap above the top of the valence
band. Acceptors can also affect the carrier mobility and other nonequilibrium processes. Acceptors
are divided into shallow and deep types. The former, hydrogen-like centers, are well described in
the effective mass approximation. The most typical example is a Group III atom like In or Ga in
a Group IV atomic semiconductor like Si or Ge.
Deep acceptor states in Si and Ge arise from impurities of Groups I (except for Li which is interstitial) and II, as well as to amphoteric centers: vacancies, Te, W, and several transition metals. In an
n-type semiconductor the presence of an acceptor
compensates the charge of a donor.

ACCOMMODATION on a surface

The process of transferring part of the kinetic
energy of a gas atom or molecule to induce the
excitation of quasi-particles (phonons, plasmons,
electron–hole pairs) at the impact of a gas with a
solid surface.
It is characterized by the accomodation coefﬁcient α = E/E, where E is the incident particle energy, and E is the energy transferred.
The accommodation coefﬁcient depends on the
energy E, the temperature of the solid body, and
the mechanism of the interaction between the particle and surface. Typically, neutral particles excite
phonons in solids, while charged ones can also excite surface plasmons. When the particle is chemically active, the excitation of electron–hole pairs
occurs. If the particle energy after the collision is
less than its potential energy at inﬁnity, the particle “sticks” to the surface and adheres to it in the
adsorbed state (see Adsorption). The latter process
is characterized by a sticking coefﬁcient, deﬁned
as the ratio of the number of adhering particles
to the total number of incident particles per unit
time. Accommodation plays an important part in
the processes of adsorption, heat transport, friction,
and heterogeneous catalysis.
ACCUMULATION of current carriers

Increase of carrier concentration in part of a
bulk semiconductor as a result of an externally applied ﬁeld.
This process most frequently occurs in a potential well formed near a potential barrier, when the
external ﬁeld is oriented so that it drives the carriers toward the barrier. When the ﬁeld increases,
the accumulation increases and becomes more noticeable until it is limited by the lowering of the
barrier height by the external ﬁeld. When current
ﬂows in a semiconductor with bipolar electrical
conductivity (see Electrical conductivity), the accumulation of both electrons and holes can simultaneously occur at the same location due to their mutual attraction. In this case, the size of the accumulation domain can reach several diffusion lengths.
Near a semiconductor surface, either electrons or
holes can accumulate depending on the sign of the
charges outside of it (for example, depending on
the sign of the voltage applied to the metal electrode of a metal–insulator–semiconductor structure). In more precise terminology the aggregation

ACOUSTIC BREAKDOWN

of majority carriers near a surface is called accumulation, while that of minority carriers is called
inversion.
ACOUSTIC ANALOG OF COTTON–MOUTON
EFFECT
Consists in the acoustic wave ellipticity and the
rotation of acoustic wave polarization plane (orig-

inally linearly polarized) as it propagates normal
to a static applied magnetic ﬁeld (magnetic induction) B. The polarization plane of the initial wave
should not be parallel to or normal to B. This effect is caused by linear magnetic double refraction (due to different phase velocities of transverse
waves polarized parallel and normal to B) and
linear magnetic dichroism (differential absorption
of transverse waves polarized parallel and normal to B, denoted as α and α⊥ , respectively).
For α = α⊥ the dependence of the ellipticity ε
on the distance l covered by an acoustic wave in
an elastically-anisotropic medium (see Anisotropic
medium) is represented by a saw-toothed curve,
and the dependence of the rotation angle of the
polarization plane Φ on l jumps by π/2 at points
where ε = ±1. A difference between α and α⊥
smooths out the jogs on the curves ε(l) and Φ(l).
This effect provides information about magnetoelastic constants. It was ﬁrst observed by B. Luthi
(1963) in iron-yttrium ferrite, and later it was
seen in rare-earth garnets, magnetite, nickel, and
RbNiF3 crystals.
ACOUSTIC ANALOG OF FARADAY EFFECT
Rotation of acoustic wave polarization plane
and acoustic wave ellipticity during its propagation
parallel to an applied static magnetic eld B along
a symmetry axis of rotation not lower than third
order (see Crystal symmetry). This acoustic analog of the Faraday effect arises from the interac-

tion of the elastic subsystem with either the spin
subsystem, or with the of conduction electron subsystem. This interaction may have either a nonresonant, or a resonant character. In the case of a nonresonance interaction, and also of a weakly coupled resonant interaction (characterized by small
variations of dispersion curves of normal modes
near resonance) the rotation of the polarization
plane is caused by magnetic circular birefringence
(different phase velocities of oppositely circularlypolarized waves). By this, the rotation angle of the
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plane of polarization ϕ, as in the Faraday effect for
linearly polarized light, depends on the distance l
traversed by the acoustic wave in the elastically
 − k  )l, and
anisotropic medium: ϕ = (1/2)(k+
−
the ellipticity ε is linearly connected with the magnetic circular dichroism (or differential adsorption
of the circularly-polarized waves), having the asymptotic behaviour with increasing l
ε=

 l) − exp(−k  l)
exp(−k+
−
 l) + exp(−k  l)
exp(−k+
−

,

 and k  are the real and imaginary comwhere k±
±
ponents, respectively, of the complex wave vectors
k = k  + ik  of the circularly polarized acoustic
waves. In case of strong coupling (e.g., under conditions of helicon–phonon resonance) the ellipticity and rotation of the polarization plane results
from interference not only of two, but of three circularly polarized waves, with ϕ and ε having oscillation dependences on l and B. The acoustic
analog of the Faraday effect was observed in metals under conditions of Doppler-shifted cyclotron
resonance (Al, Cu, W), of doppleron–phonon resonance (In, W), of helicon–phonon resonance
(K, In), and in magnetic substances: yttrium iron
garnet and some other iron garnets.

ACOUSTIC BREAKDOWN

Change of electron path topology in metals in
a magnetic ﬁeld when acted on by an intense ultrasonic wave.
During an intraband acoustic breakdown the
periodic strain acting on the sonic wave splits the
energy band of a metal into several subbands, each
of which is related to a speciﬁc electron path in
the external magnetic ﬁeld. An interband acoustic
breakdown appears when the quasi-momentum of
the sonic wave is close to the minimal distance between the electron paths in momentum space with
no sound present. The interband acoustic breakdown always manifests itself in combination with
magnetic breakdown: in the presence of sound, the
transitions linked with the magnetic breakdown
take place in much lower magnetic ﬁelds, and can
lead to changes in the electron path topology. The
acoustic breakdown causes the appearance of new
periods of Shubnikov–de Haas oscillations (see
Shubnikov–de Haas effect), as well as to changes
of the more gradually varying part of the electrical
conductivity tensor in strong magnetic ﬁelds.
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ACOUSTIC CONTACT

ACOUSTIC CONTACT

ACOUSTIC DOUBLE MAGNETIC RESONANCE

A transition layer of a thickness signiﬁcantly
smaller than the sound wavelength, used for transmission of acoustic energy from a radiator to
a solid-state sound wave guide, or between two
sound guides. Depending on operating conditions,
and frequency and polarization of the sound, the
following typical acoustic contacts are used: the
welding layer of metallized surfaces, silicone liquids, compounds with a rubber base, stilbene,
crystal salol, epoxy resin, etc.

Phenomena associated with the simultaneous
interactions of electronic, paramagnetic, nuclear
magnetic and other systems in solids with two alternating resonance ﬁelds, at least one of them
being an acoustic ﬁeld. The electron–electron,
electron–nuclear and nuclear–nuclear acoustic
double magnetic resonances (ADMR) can be distinguished. The most studied among electron–
electron ADMRs are those with hypersonic and
ultra-high frequency electromagnetic ﬁelds. If the
frequencies of hypersound Ω H and of the electromagnetic ﬁeld Ω E conform to the relation Ω H ≈
Ω E ≈ (E2 −E1 )/ where E1 and E2 are the energies of quantum levels of the solid-state magnetic
system, then the ADMR is displayed in the form
of the interaction of hypersonic and electromagnetic ﬁelds with the amplitude, width, and shape of
the lines corresponding to electron paramagnetic
resonance and acoustic paramagnetic resonance.
This provides information about spin–lattice interaction constants, magnetic relaxation times, etc.
If the paramagnetic system is multilevel (e.g., a
three-level system satisfying E3 −E1 E2 −E1 )
then using an electromagnetic ﬁeld tuned in frequency to the transition E3 ↔ E1 it is possible to invert the level populations of E2 and E1 .
As a result the ampliﬁcation of hypersound at
the frequency Ω H ≈ (E2 − E1 )/, in the presence of hypersonic resonance, generates phonons
without an external acoustic ﬁeld (see Phaser).
Also ADMR is possible when both frequencies
are acoustic and Ω H
Ω E . More complex versions of ADMR are resonances of the multiquanta
phonon–photon and phonon–phonon types. With
the help of phonon–photon ADMR the phasesensitive detection of hypersound is carried out.
In electron–nuclear ADMR the acoustic and magnetic ﬁelds effecting the magnetic system of an
impurity with a nonzero nuclear spin bring about
the polarization of nuclei, the value and sign of
which is controlled by the frequency and intensity
of the applied ﬁelds. Using electron–nuclear and
also nuclear–nuclear ADMR allow one to investigate the dynamical processes in solids under less
severe selection rules than is the case for purely
electromagnetic double resonances.

ACOUSTIC CYCLOTRON RESONANCE

Enhancement of the collision-free absorption
of ultrasound in metals located in a magnetic
ﬁeld arising under the condition ω = nΩ, where
n = 1, 2, . . . , ω is the sound frequency and Ω is
the cyclotron frequency. The enhancement arises
because of the synchronization between the sound
oscillations and the cyclotron motion of the electrons in the magnetic ﬁeld. See also Magnetoacoustic effects.
ACOUSTIC DEFECTOSCOPY
See Defectoscopy.
ACOUSTIC DIFFRACTION

The phenomenon of acoustic wave bending
around material bodies, obstacles and medium inhomogeneities with a size less than or comparable
with the wavelength.
Acoustic diffraction exhibits all the features
characteristic of wave motion. Diffraction effects
play an important part in acoustics, manifesting
themselves in emission, propagation and detection of the oscillations. As the wavelength decreases, acoustical diffraction becomes less noticeable, and wave propagation occurs in the accordance with the laws of geometrical acoustics
(see Acoustic wave scattering in solids). This permits the use of acoustic oscillations for nondestructive testing (see Defectoscopy, Acoustic microscopy). Acoustic diffraction calculations are
usually based on the Huygens–Fresnel principle
according to which any acoustic ﬁeld can be
treated as resulting from interference of secondary
wavelets emitted by virtual sources on the wavefront. See also Raman scattering of sound by
sound, Acousto-optic diffraction.

ACOUSTIC EMISSION

ACOUSTIC EMISSION

Appearance of acoustic waves (see Acoustic vibrations) in solids as a result of the local dynamic
reorganization of their internal structure.
Pulses of acoustic emission emerge in regions
of rapid slip, twinning of crystals, failure (formation
of cracks), martensitic transformations, or other
lattice phase transitions, as well as in the domains
of magnetic or electric structure variation, accompanied by lattice deformation (striction) (see Magnetostriction, Electrostriction). Such zones are referred to as sources (or sites) of acoustic emission. Common examples of acoustic emission are
the crackling of bending tin and zinc rods, in both
cases, the acoustic noise is the result of twinning.
The detection of acoustic emission signals is carried out, as a rule, by piezoelectric transducers
(see Piezoelectricity); also used are laser interferometers and other sensors, enabling the detection
of rapid displacements of the local features of a
solid surface. In some cases special sound-guides
from the body under study to the sensor are applied. The processing of acoustic emission signals
and the clariﬁcation of the characteristics of the
acoustic noise is carried out by special electronic
equipment, capable of measuring the number of
signals per unit of time, the amplitude and duration of the signals, their form and their spectral
content. For large enough bodies it is also possible to localize the spatial position of the emission
sources. Acoustic emission parameters characterize the solid body’s response to the mechanical,
thermal, magnetic, electric, and other factors. The
acoustic emission in macroscopic tests is typically
a stochastic pulse process arising from the operation of individual sources distributed throughout
the body bulk, and to some extent varying randomly in time. If the damping time of the signals and the duration of transient processes during
their recording are longer than the time between
the appearance of pulses, then the phenomenon is
called continuous acoustic emission. A sequence
of clearly separated signals with large amplitudes
is called discrete acoustic emission (sometimes the
term explosive acoustic emission is used). The energy of individual signals of the discrete emission exceeds the continuous emission signal energy by some orders of magnitude, and can be
as high as roughly 0.1 J under material failure.
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The frequency spectrum of the emission ranges
from sonic frequencies to frequencies of about
100 MHz. In common use as information parameters of acoustic emission are acoustic emission
characteristics: namely the number of pulses of the
discrete acoustic emission in the selected time interval; the total acoustic emission count, i.e. the
number of continuous acoustic emission pulses
which exceed a certain discrimination (limiting)
level during the observation time; the acoustic
emission count rate, or the number of continuous
acoustic emission pulses per unit of time in the
selected small interval; the acoustic emission signal energy, or the energy measured at the point
of observation; the acoustic emission signal amplitude, or the maximum value of the emission
pulse envelope energy; the acoustic emission voltage, or the mean square value of the electric voltage in the selected small time interval. In macroscopic tests of solids one seeks to establish the dependences of the above parameters on time, or to
obtain the time dependence of parameters specifying the testing regime: mechanical stress or
strain, temperature, magnetic and electric ﬁelds,
etc. The results of acoustic emission detection under plastic deformation and material failure are
represented by acoustic emission diagrams which
provide a graphic image of the acoustic emission count rate N dependence on the deformation rate ε (N(ε)). The comparison of this diagram
to the deformation diagram gives a qualitative insight into the intensity of the structure variation
processes at different stages of deformation. As a
rule, the acoustic emission diagrams exhibit one
or several sharp spikes near the yield limit of a material, and a spike near the ultimate strength just
before failure. Strain hardening is typically followed by a reduction in count rate. An important
feature of acoustic emission from the bodies under strain is the Kaiser effect, whereby after stopping the deformation process, unloading the sample and then loading it again, the acoustic emission appears only when the load exceeds the level
reached before. This emission is absent at the stage
of elastic strain (see Elasticity), but appears and
rapidly grows at the stage of microplasticity. The
acoustic yield point of the material is the stress beyond which the sharp growth of acoustic emission
count rate begins.
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ACOUSTIC GENERATOR

Experimentally, acoustic emission signals that
accompany the individual acts of inelastic deformation are also observed: during the formation of
twins, martensite inclusions (see Martensitic polytypes), reemission of the sound by an individual
slip band, appearance of microcracks. The theoretical description of acoustic emission in the
framework of continuum mechanics is based on
the assumption that the structural changes taking place in the sources (spontaneous transformation strain) are matched to the ambient material
without upsetting the macroscopic continuity, but
cause the emergence of time-varying forces localized at the source (internal stresses), which excite
the acoustic signals by their action. In some cases,
use is made of formal modeling of the source by
a system of point sources (dipoles, quadrupoles,
etc.) varying in time according to a given law.
Then, the problem is reduced to ﬁnding wave solutions of the dynamic equations of elasticity theory, which are satisﬁed by these forces. The dynamics of reconstructing the structure at the semimicroscopic level is described in terms of elementary “carriers”. In the cases of slipping, twinning,
and martensitic transformations, the part played
by such carriers is related to corresponding perfect dislocations, twin dislocations, and transformation dislocations (see Dislocations). The phase
interfaces and the sides of the cracks can also be
treated as the elementary “carriers”. The physical description of an acoustic emission source is
reduced to establishing the relationships between
spontaneous structure transformation, the strain
and dynamic characteristics of the carriers, and the
formulation of the dynamic equation of elasticity
theory involving the distribution of the forces determined by the “carrier” ﬂuxes. The end purpose
of the physical theory of acoustic emission is to ascertain the connection between the wave solutions
of the dynamic equation and the spatial position,
speed and accelerations of “carriers”. In the framework of the approach, a great number of elementary mechanisms of acoustic emission connected
with the dislocation motion is described: annihilation of dislocations of opposite signs, escape of
dislocations to the crystal free surface (transition
radiation by dislocations), the work of the dislocation Frank–Read source, the oscillatory motion
of straight-line dislocations, and the dislocation

segments ﬁxed at ends. Also described are the
acoustic signals generated by the motion of simple dislocation accumulations, sides of cracks, and
nucleation in a rst-order phase transition. An important trend in the theory of acoustic emission is
the analysis of the transient procedures in recording and processing of acoustic emission signals,
as well as the statistical and correlation analysis of pulse ﬂuxes. The detection and analysis of
acoustic emission yield important information on
the structure and its change in time for solids exposed to various factors. That is why the phenomenon of acoustic emission is widely used as
the basis for various nondestructive testing techniques, in particular for control of corrosion cracking, and technological processes such as diffusion
saturation, welding, hardening, cutting. The use of
acoustic emission control requires comparison of
acoustic emission parameters with those of emerging and developing defects, especially at the stage
when their further development becomes critical
for the object under investigation. The acoustic
emission method is also used in physical research
for studying plastic deformation processes, failure,
and phase transformation kinetics.
ACOUSTIC GENERATOR

See Acoustic wave transducer.
ACOUSTIC GYROMAGNETIC PHENOMENA
in magnetic materials

Rotation of acoustic wave polarization plane

and the appearance of ellipticity of the initially
plane-polarized transverse elastic wave propagating along the magnetization direction.
The phenomena take place in a medium with
non-zero magnetization M (spontaneous or induced by an external magnetic ﬁeld). They are
conditioned by the emergence of an antisymmetric component of the dynamic elastic modulus (if
M is parallel to the z axis, then the components
cyzxz = −cxzyz ). The ﬁrst effect is related to the
real part of the antisymmetric components, resulting in a difference between the phase velocities
of right and left circularly polarized waves. The
second effect arises from the imaginary part of
these components, which causes the damping of

ACOUSTIC METHODS

the right- and left-polarized waves to be different (magnetic circular dichroism). Both effects increase sharply (in a resonant manner) with the frequency approaching magnetoacoustic resonance,
as has been proven experimentally.
ACOUSTIC HOLOGRAPHY

A direct analog of optical holography, i.e. an
interference mode of recording three-dimensional
images using reference and object waves. The
recording conditions are selected so that the image
can be reproduced using the diffraction of light in
the visible range. A phase interface between a liquid and a gas can serve as a recording medium.
Under the action of the acoustic wave, the interface surface undergoes a deformation, and the relief which appears represents a phase hologram
for the optical radiation. The use of cholesteric liquid crystals for recording the acoustic holograms
is also available. At the locations of the antinodes
of the acoustic standing wave the arrangement of
liquid crystal molecules becomes disordered, conserving its initial ordered condition at the nodes.
As a result, the extinction coefﬁcient becomes
space-modulated, and an amplitude hologram is
detected.
The possibility of directly measuring the
acoustic wave phase with the help of linear detectors (in contrast to optical detectors capable
of recording intensity waves only) provides some
unusual recording methods in acoustic holography. For example, during the recording of an
acoustic hologram, the reference wave can be introduced in the form of an electrical signal that is
summed with the acoustic signal transformed into
an electric one. The instantaneous distribution of
the acoustic waves in space is registered with the
help of a rapidly moving range of detectors which
record the complete information about the structure of the wave front scattered by an object. The
reference wave is not needed for this recording
method.
ACOUSTIC IMPEDANCE

A complex-valued quantity Za characterizing the resistance of a medium to the excitation
or propagation of acoustic waves. Acoustic impedance is equal to the ratio of the complex amplitudes of sound pressure and the volume speed.
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The latter equals the product of the area S where
acoustic impedance is determined times the normal component of the velocity of the oscillating
medium particles, averaged over S. The real part
of the acoustic impedance is associated with the
losses in the system itself plus the radiation loss.
The imaginary part is due to the reaction of the
forces of elasticity and inertia. One can also deﬁne the speciﬁc acoustic impedance za and the mechanical impedance Zm , and these are related to
the acoustic impedance by Zm = Sza = S 2 Za . At
great distances from the source, Za coincides with
the wave resistance of the medium, equal to ρv,
where ρ is the medium density and v is the sound
velocity. The ratio of the amplitudes of transmitted and reﬂected plane waves from the interface of
(1) (2)
two media, za /za = ρ (1) v (1) /(ρ (2) v (2) ), also
determines the matching conditions for acoustic
waveguides. The efﬁciency of sound transducers,
the power of emitters, etc., depend on the acoustic
impedance match.
ACOUSTIC METHODS of studying solids

Determining properties of solids by measuring their acoustic characteristics. The acoustic
methods are especially important for the study of
opaque objects.
These methods cover a wide range of frequencies and are used, in particular, as nondestructive
testing techniques for characteristics of solids. Defectoscopy can be complemented by investigating
objects using an acoustical microscope, and this
is especially effective for non-transparent media,
or searching for inhomogeneities in transparent
ones (see Acoustic microscopy). In addition to determining the macroscopic parameters of a medium, acoustic methods are successfully applied
in investigations of its microscopic properties.
Acoustic paramagnetic resonance and acoustic
nuclear magnetic resonance provide information
on the spin–phonon interaction (see Spin–phonon
Hamiltonian), and the character of crystal e lds
(their symmetry, the presence of defects). Metals can also be studied. The investigation of the
acousto-electronic interaction provides characteristics of the electron–phonon interaction, and the
electrical conductivity of a medium. The observation of nonlinear acoustic effects enables the study
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ACOUSTIC MICROSCOPY

the phonon–phonon interaction and related phenomena: thermal expansion and thermal conductivity of materials.
Ultrasonic spectroscopy is an important method of acoustic investigation. It can provide the
spectral dependences of acoustic parameters, such
as velocity, absorption, scattering of ultrasound.
This method yields information on such physical
characteristics of solids as relaxation time, electron
effective mass, Fermi surface shape, as well as on
the presence of structural inhomogeneities, in particular, magnetic domain structure.

moduli and their anisotropy (see Elastic modulus
tensor, Surface acoustic waves). The resolution

depends on the ultrasound frequency, and is typically comparable to optical microscopy resolution. The highest resolution achieved in cryogenicscanning-raster microscopy is 25 nm. Acoustic
microscopy is useful for studying the structure and
defects of crystals and polycrystals, mono- and
polycrystal lm s, many-layer systems, coatings
and their adhesion, the structure of composite materials, alloys and minerals, biological tissues and
cells; nondestructive testing of microelectronic
elements, etc.

ACOUSTIC MICROSCOPY

A technique which provides magniﬁed acoustic
images of small objects and measures the distribution of local physico-mechanical properties.
In acoustical microscopy, ultrasound and hypersound are used as probing radiation. As distinct from optical microscopy where the image
is formed by refractive index variations, the contrast of an acoustic image results from changes
in the acoustic impedance and in the sound absorption coefﬁcient. Acoustic images have high
contrast for both optically transparent and opaque
objects. There are several schemes for acoustical
microscopy implementation, including scanningraster, scanning-laser, photo- and electronic
acoustical microscopy. The latter two are based
on the detection of an acoustic signal excited in
the object by a focused optical or electron beam
scanning its surface. In scanning-laser acoustic
microscopy the object under study is placed in
a liquid and exposed to an acoustic plane wave.
After the interaction of the wave front with the
object at the liquid boundary, the surface relief
that is formed is read by a laser beam and forms
an image on the display after signal processing.
The scanning-raster approach is based on exposing the object under study to a focused electron
beam created by an acoustical lens; with the object located near the focus of the acoustic microscope. It is possible to obtain the acoustic
image by detecting the transmitted, reﬂected or
scattered radiation, and scanning the focal region near the sample. In addition, this scanningraster method permits the measurement of the local speed of the Rayleigh waves on the object’s
surface, and, hence, the distribution of the elastic

ACOUSTIC NUCLEAR MAGNETIC
RESONANCE (ANMR)

Selective absorption of ultrasonic oscillation
energy by nuclear spins in solids, occurring when
the ultrasound frequency coincides with the energy level spacing of the nuclear spins in the external magnetic or intracrystalline electric ﬁeld.
The crystal lattice vibrations at the ultrasonic
frequency lead to the appearance of intracrystalline oscillating electric or magnetic ﬁelds which
induce electric quadrupole or magnetic dipole
transitions between nuclear spin levels. Therefore,
ANMR can be thought of as an acoustic analogue of nuclear magnetic resonance (NMR). The
ANMR is detected by the absorption of ultrasound
at resonance, or by changes in the NMR signal via
acoustical saturation of the spin levels. Further developments include acoustic nuclear–nuclear and
electron–nuclear double resonances (see Double
resonances), nuclear polarization (see Nuclear orientation), and spin echo.
ANMR has been studied in insulators, semiconductors, magnetic materials, and metals. These
measurements provide values of the spin–phonon
interaction tensors (see Spin–phonon Hamiltonian)
and make it possible to clarify the crystal e ld
theory and spin system dynamics descriptions.
A method of crystal defectoscopy based on ANMR
has been developed. For metals and high-conductivity semiconductors ANMR is the only method
for investigating a spin system in regions not limited by the skin depth (see Skin-effect). These
magnetoacoustic methods are useful for the study
of ferro- and antiferromagnets. See also Acoustic
paramagnetic resonance.

ACOUSTIC PLASMON

ACOUSTIC PARAMAGNETIC RESONANCE
(APR)
Resonant absorption of hypersound by paramagnetic centers in a crystal.

This consists in the transfer of sound wave energy to these centers by the modulation of the crystal eld acting upon them. APR is realized under conditions similar to EPR (see Electron paramagnetic resonance), when a quantum of the hypersound elastic vibrational energy is equal to
the Zeeman splitting of the electron spin energy
levels of the paramagnetic centers. The mechanism of APR or the transfer of acoustic vibrational energy to unpaired spins is the same as the
mechanism involved in EPR relaxation via singlephonon processes. They both involve the electron–
phonon interaction, and the intensity of an APR
line, or the hypersound resonant absorption coefﬁcient, is proportional to the strength of this interaction. The selection rules of the allowed transitions in the hypersound wave ﬁeld, which are determined by the electron–phonon interaction, have
a quadrupole character. Therefore, studying APR
can provide direct information on the form of the
electron energy spectrum of a paramagnetic center, and its electron–phonon interaction. In this
way, one removes the known limitations of the
EPR method, which involve the strict selection
rules of allowed magnetic dipole transitions. The
APR of hypersound waves can supplement information gained by EPR, and elucidate particular
features of the paramagnetic center spectrum.
The APR measurements are conducted with
pulse hypersound APR spectrometers (see
Acoustic spectrometer) which record the resonant
absorption of hypersound in dielectric crystals
containing paramagnetic centers at low temperatures. It is possible to retrieve the electron spectral structure of the ground and excited states of
the center by using the position of the APR line
in the magnetic ﬁeld, the anisotropy of the line,
and the temperature dependence of its width and
intensity. The APR method is also employed in
studies of the electron–phonon interaction (the
coupling between the paramagnetic center and the
lattice vibrations). To this end, the APR line intensity is measured for different orientations of the
wave vector of the longitudinal and transverse hypersound wave, and of the magnetic ﬁeld relative
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to crystallographic directions. The complete set
of electron–phonon interaction tensor components
can be obtained. Investigations of the electron energy spectrum by APR make use of non-Kramers
paramagnetic centers via forbidden magnetic dipole transitions, and in particular, those centers
with an orbital ground state degeneracy in a cubic crystal ﬁeld, plus strong electron–phonon coupling. The hypersound APR spectroscopy method
(see Acoustic spectroscopy) has been employed to
investigate non-Kramers spectra of the iron group,
as well as spectra from centers in insulators and
semiconductors with strong electron–phonon coupling. In the case of these centers, the APR line
intensity dependence on the temperature, and the
orientation of the magnetic ﬁeld relative to crystallographic directions, provides the structure of
the electron or electron-vibrational (vibron) levels. It is possible to evaluate the magnitude of the
electron–phonon coupling, and assess the character of the relaxation processes arising from this
coupling.
An intense hypersound propagating in a crystal with paramagnetic centers induces non-linear
APR, which is accompanied by a number of speciﬁc phenomena such as resonant self-channeling
and self-focusing of the hypersound. These occur
because the change in the paramagnetic center exerts an inﬂuence back on the hypersound wave
which has caused these changes.
The investigations of the APR of paramagnetic centers in crystals, and especially centers
with strong electron–phonon coupling, are important because transition series ions often form centers of this type, and APR data can correlate with
some optical and electrical properties of these materials.
ACOUSTIC PHONONS

See Phonons.
ACOUSTIC PLASMON (D. Pines, 1956)

The quantum of low-frequency collective excitations in some plasmas which have the linear
acoustic dispersion law ωq = qu (q → 0), where
q is the plasmon wave vector and u is its phase
velocity.
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ACOUSTIC RADIATION BY DISLOCATIONS

The branches of acoustic plasmons exist in
multicomponent or low-dimensional Fermi systems with Coulomb interactions between particles (e.g., in a degenerate electron–hole plasma,
or in a space-quantized electron gas in an inversion layer of a semiconductor) having a large
difference between the effective masses of the
“light” and “heavy” current carriers, or a strong
anisotropy of the electron spectrum. For a twocomponent isotropic system subject to the conditions m∗1  m∗2 and vF1 vF2 , where m∗i and vFi
are the effective mass and Fermi velocity of the ith
component, respectively, regardless of the charge
carrier sign, the acoustic plasmon spectrum in the
momentum range q  kF1 has the following form
at sufﬁciently high densities:

1/2
2 + 3 q 2 v2
ωp2
5
F2
,
(1)
ωq ∼
=q 2
κ1 + q 2 [1 − κ12 /(8kF2 )]
where kF1 is Fermi wave number of the light
fermions, ωp2 is the plasma frequency of the

heavy fermions, and κ1−1 is the Thomas–Fermi
screening radius of the “light” component (set-

ting  = 1). At q  ωp2 /vF2 , the acoustic plasmon branch falls into the region of strong quantum
Landau damping due to the decay into “heavy”
electron–hole pairs, while at q < ωp2 /vF2 it lies in
the region of relatively weak damping due to the
decay into “light” Fermi excitations. The phase
velocity and group velocity of acoustic plasmons at
q → 0 are
 ∗ 1/2
ωp2
m1 n2
u=
= vF1
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 ∗ 1/2  1/6
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,
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where ni is the concentration of the ith component, so the weak damping condition of the
long-wave acoustic plasmons has the form
vF2  u  vF1 , i.e.
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.
(3)
max
,
3
m∗1
3n1
n2
After the transition of one or both components into
the superconducting state (see Superconductivity),
the acoustic plasmons dispersion relation remains

practically the same, and only the acoustic plasmon damping in the energy range ω < 2Δi vanishes, where Δi is the gap in the quasi-particle
spectrum of the ith superconducting component.
The acoustic plasmons can be viewed as a
Goldstone mode (see Goldstone theorem) in systems with a long-range Coulomb interaction,
which arises due to the spontaneous symmetry
breaking of the initial Hamiltonian as a consequence of the difference in the effective masses
of the particles. That is, when the “light” fermions have the time to shield the “adiabatically
slow” (low-frequency) density oscillations of the
“heavy” fermions, and they effectively block the
long-term interaction which prevents the acoustic
branch (hydrodynamic sound) from appearing.
The “heavy” component can also be acted upon
by the charged bosons, e.g., bipolarons of large
enough mass.
In a two-dimensional electron gas, the plasmon spectrum is quasi-acoustic with a square-root
√
behaviour (ωq ∼ q) and weak damping in the
case of one component, and it is linear (ωq ∼ q
at q → 0) in the case of two components. In
layered quasi-two-dimensional crystals and chain
quasi-one-dimensional crystals with the Coulomb
interaction between conducting layers and chains,
the plasmon spectrum is three-dimensional even
when disregarding the electron tunneling (see Tunneling phenomena in solids) between neighboring layers and chains, but it is anisotropic, ωq ∼
2 )1/2 , q and q be(q /q)ωp , where q = (q2 +q⊥

⊥
ing the longitudinal and transverse components of
the momentum, respectively, so that ωq → 0, but
q⊥ = 0. The virtual low-frequency acoustic plasmons can play an important role in weakening the
Coulomb repulsion between electrons and thereby
favor superconductivity in anisotropic (multiband)
and low-dimensional metals (see Plasmon mechanism of superconductivity).
ACOUSTIC RADIATION BY DISLOCATIONS

Generation of acoustic waves in a crystal,
which accompanies dislocation motion and various dislocation reactions. This is one of the most
important mechanisms of acoustic emission by a
under strain crystal.
Acoustic radiation by dislocations in a homogeneous medium arises in nonstationary processes,

ACOUSTIC SPECTROMETER

as well as at the initiation and annihilation of dislocations. In inhomogeneous media, elastic waves
are also excited under stationary motion of dislocations at points where changes occur in elastic
moduli (transition radiation by dislocations). A particular case of transition radiation is observed at
the escape of a dislocation to the free surface of
a body. A dislocation segment (see Dislocation
string) ﬁxed at its ends can vibrate under the action
of external oscillating stresses in the manner of a
tight string. While moving, a dislocation also experiences the action of the periodic Peierls potential relief (see Peierls–Nabarro model) and alternating ﬁelds of internal stresses; it can be pinned
by impurity atoms, and break away from them. All
of these nonstationary processes make contributions to the radiation of elastic waves.
ACOUSTIC RESONANCE, X-RAY
See X-ray acoustic resonance.
ACOUSTICS
See Geometrical acoustics, Nonlinear acoustic
effects, Quantum acoustics.
ACOUSTIC SELF-INDUCED TRANSPARENCY

Hypersound pulse propagation without resonant absorption of energy by impurity paramagnets and other resonant species, brought about by
the coherent self-action of the hypersound via the
resonant electron system of impurity centers.
The impact of a hypersound pulse on these
resonant centers causes the inversion of the populations of their energy levels E1 and E2 , with
the subsequent stimulated emission of coherent
phonons into the region behind the pulse. Because
of this, the pulse energy remains constant, but its
velocity and envelope shape change noticeably.
Acoustic self-induced transparency may be realized only for pulses which are shorter than the relaxation time of the impurity centers. The region
of the input pulse
Θ = −1

+∞


F12 (t) dt

−∞

(F12 is an electron–phonon interaction Hamiltonian matrix element) must exceed π . When Θ =
2π the pulse is stationary. If Θ > 4π , the input
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hypersound pulse splits into 2π -pulses. Acoustic
self-induced transparency has been observed experimentally in dielectric and ferroelectric crystals, alloyed by paramagnetic ions of the iron
group, satisfying the conditions of acoustic paramagnetic resonance at liquid helium temperatures.
ACOUSTIC SOLID-STATE RESONATOR
A device involving acoustic vibrations in a

mode close to that of a standing wave, viz. when
the distance between the end plates of an acoustic
resonator is an integral multiple of half-wave
lengths.
Typically, an acoustic resonator is made from
a piezoelectric material (see Piezoelectricity), and
the oscillations are excited by an electric ﬁeld.
Piezoelectric acoustic resonators are electrical twopole and multipole elements with the impedance
exhibiting resonant behavior near resonant frequencies. These resonators exhibit a high stability of the natural oscillation frequency, a longterm one of ∼10−6 –10−8 Hz, and a short-term
one of 10−8 –10−10 Hz and higher. These are used
to stabilize oscillator frequencies (of resonators),
and form amplitude responses of ﬁlters (ﬁlter resonators).
ACOUSTIC SPECTROMETER

An experimental installation for measuring
sound absorption and sound velocity dispersion.

An acoustic spectrometer comprises the following basic components: a source of electromagnetic ultra-high frequency (UHF) oscillations,
a component to pass on these oscillations to an
acoustic wave transducer with a connection to the
sample under study, a UHF section from the sample to the receiving end of the spectrometer, and
a recording device. Acoustic spectrometers typically employ pulse and pulse-phase measurement
techniques, those with continuous oscillations being less common. As a rule, the spectroscopic
measurements determine the absorption and sound
velocity dispersion as functions of external parameters such as magnetic ﬁeld, temperature, pressure, etc., at a ﬁxed UHF frequency. In pulse
acoustic spectrometers, these quantities are the
pulse amplitude and its traveling time through the
sample under study, while in pulse-phase acoustic
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spectrometers the pulse that passes through the
sample is compared to a signal coherent with it.
The changes in amplitude and traveling time of
the pulse through the sample are determined by
beating the measured pulse with a reference signal. Pulse and pulse-phase acoustic spectrometers
operate in both “transmission” and “reﬂection”
modes. In the ﬁrst case, two acoustic wave transducers are placed on opposite sides of the sample,
whereas in the second one, the same transducer is
used for exciting and recording the acoustic oscillations. The pulse duration must be much less
than its transit time through the sample. Continuous wave acoustic spectrometers operate in
transmission only, and are used in measurements
requiring low sensitivity to absorption factor variations. To increase the acoustic spectrometer response, use is made of low-frequency modulation
of external parameters, with subsequent synchronous demodulation or digital accumulation of the
signal.
ACOUSTIC SPECTROSCOPY of solids

A collection of methods for investigating the
resonant and oscillatory effects induced by the
interaction of acoustic oscillations with different
subsystems (electron, nuclear, spin, etc.) in a solid.
Acoustic spectroscopy of normal metals. The
acoustic spectroscopy of pure metals in external
magnetic ﬁelds at low temperatures is the most diverse case since a large number of non-damping
low-frequency collective waves can exist in metals. Owing to the cyclotron character of conduction electron motion and its interaction with
acoustic waves in pure metals at low temperatures,
the oscillating and resonant features of the sound
absorption and the sound velocity dispersion depend on the external magnetic ﬁeld. If the conditions kl, Ωτ
1 are met (l, τ are the length and
time of the mean free path of conduction electrons,
k is the wave vector of the acoustic wave, and Ω
is the electron cyclotron frequency), one can observe a magnetoacoustic effect whereby particular
electrons most effectively interact with the sound,
as indicated by the magnitude and direction of the
constant magnetic ﬁeld relative to k, and by the
value of parameter ωτ (ω is the frequency of the
sound wave). Particular phenomena appear, such
as giant quantum oscillations of sound absorption

and velocity dispersion, geometrical resonance,
acoustic cyclotron resonance, Doppler-shifted cyclotron resonance, coupled acoustic and electromagnetic waves. These magnetoacoustic effects
can provide extremum cross-sections, Fermi surface geometry, cyclotron masses, Fermi velocities and other energetic and kinetic parameters of
conduction electrons (see also Electron–phonon
interaction, Electromagnetic generation of sound,
Acoustic wave ellipticity, Rotation of acoustic wave
polarization plane). Acoustic spectroscopy is also
an effective technique for studying an energy gap
and its dependence on temperature and crystallographic direction.
Acoustic spectroscopy of paramagnetic centers
in insulator and semiconductor crystals is based
on the application of hypersound waves for investigating the electron energy spectrum structure
and the electron–phonon interaction of paramagnetic centers based on hypersound acoustic paramagnetic resonance (APR) spectroscopy. The resonant absorption of hypersound corresponding to
APR in dielectric or semiconductor crystals containing paramagnetic centers is associated with induced transitions between the levels of the electron paramagnetic centers’ energy spectrum, and
the APR line intensity (resonant absorption value)
is proportional to the electron–phonon coupling
of the center. That is why the APR characteristics such as the resonant magnetic eld and line
width, as well as their dependence on the temperature, relative orientation of the magnetic ﬁeld and
crystallographic directions, yield direct and accurate data on the positions of the ground and excited
energy levels of the paramagnetic center, and its
interaction with selected crystal lattice vibrations
(electron–phonon interaction). Hypersound APR
spectroscopy is an effective technique for studying the energy spectrum of non-Kramers centers
with forbidden magnetic-dipole transitions and,
especially, paramagnetic centers with orbital degeneracy in cubic crystal e lds, involving a strong
electron–phonon–ion interaction.
Acoustic spectroscopy of magnetically ordered
crystals. These crystals exhibit elementary excitations of magnetization, such as magnons or
spin waves. The magnetic subsystem energy is
determined by the electric (exchange) and magnetic (dipole–dipole and spin–orbit) interactions

ACOUSTIC WAVE AMPLIFICATION

which depend on the distances between atoms.
Magnons interact with phonons and undergo mutual scattering. This interaction is especially pronounced at crossings of magnon and phonon spectral branches in the region of magnetoacoustic
resonance. In this case, coupled magnetoelastic
waves having the amplitude equally dependent
on the magnetization and elastic strain propagate
in the crystal. Hypersound investigations of magnetoacoustic resonance, which underlie acoustic
spectroscopy of magnetically ordered crystals,
provide direct data on the structure of the magnon
spectrum. One measures the resonant absorption
value and the hypersound velocity change in a
magnetic ﬁeld as a function of the temperature for
several relative orientations of the external magnetic ﬁeld and the crystal. Acoustic spectroscopy
is highly effective for the study of phase transitions in magnetically ordered crystals.
ACOUSTIC SPIN ECHO

Coherent acoustic response of an electric or
nuclear spin system in a paramagnetic crystal
to the application of an acoustic or acousticoelectromagnetic pulse sequence during its resonant interaction with a spin system.
Through the spin–phonon interaction (see Spin
Hamiltonian), the acoustic pulse creates an inphase precession of dipole moments or quadrupole
moments which, after the end of the pulse, become
dephased in the time T2 under the inﬂuence of relaxation processes. If the excitation pulse length
is less than T2 , the spin system dynamics is independent of the excitation ﬁeld amplitude at that
given time, but it is determined by its value in the
preceding period. Therefore, the application of the
second pulse after the time τ < T2 causes the reversal of the dephasing process so that the initial
phased state is recovered after the time interval 2τ
(so-called phase memory effect). In materials with
a strong spin–phonon interaction acoustic oscillations are generated (acoustic echo-response) at the
moment of full phasing, in addition to the generation of electromagnetic ﬁeld pulses. Acoustic spin
echo is the acoustic analogue of the magnetic resonance spin echo and photon echo. Acoustic spin
echo enables one to measure the relaxation time
and the spin–phonon interaction. Spin memory accounts for such nonlinear effects as acoustic selfinduced transparency and induction.
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ACOUSTIC VIBRATIONS of crystal lattice

A type (branch, mode) of small oscillations of
crystal atoms, when a displacement of the center
of mass of a unit cell occurs; sometimes they are

called translational vibrations.
The dispersion law (the dependence of the frequency ω on the wave vector k) of acoustic vibrations for small values of k is linear: ω = vph k,
where vph is the phase velocity of the atomic displacement waves. It is an ordinary sound wave
(hence the term “acoustic branch”), i.e. a matter density wave with frequency 0–1013 s−1 . At
high frequencies, the dispersion law becomes nonlinear. In a three-dimensional crystal, there are always three branches of vibrations: with k directed
along the symmetric direction in the crystal, one
longitudinal and two transverse modes exist (the
same as for an elastic-isotropic medium), the displacement vectors in transverse waves being mutually perpendicular. The quanta of vibrations are
referred to as acoustic phonons. See also Crystal
lattice dynamics and Phonons.
ACOUSTIC WAVE AMPLIFICATION by current
carrier drift

An effect which is the reverse of the electronic attenuation of acoustic waves. Ampliﬁcation of acoustic waves by charge carrier drift occurs in semiconductors and layered structures of
the piezodielectric-semiconductor type when the
drift velocity of free current carriers exceeds the
phase velocity of the acoustic wave. For this ampliﬁcation to occur the acoustic waves must interact with free charge carriers. The strongest
and most extensively studied interaction mechanisms are those involving the piezoelectric effect (see Piezoelectricity) and the strain potential. The piezoelectric interaction is dominant
in piezosemiconductors at low frequencies
(<10 GHz). When travelling through a piezoelectric crystal, an acoustic wave is accompanied by
a wave of electric potential ϕ. The free charge
carriers (electrons) screen the wave ﬁeld and become clustered in such a way that a space charge
travelling wave arises. As this occurs energy exchange between the wave and the electrons takes
place. The physical features of this exchange depend essentially on the ratio between the acoustic
wave length λ, and the length l of the charge carrier mean free path. If l/λ  1, then electrons
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tor, is transferred to the wave during the deceleration. The wave amplitude increases, and the wave
builds up. For low wave amplitudes (in the linear ampliﬁcation mode when eϕ/(k B T )  1), the
wave builds up exponentially as it propagates. For
ampliﬁcation, when v d > v s , the electron absorption coefﬁcient becomes negative, and for l/λ  1
it is given (in cm−1 ) by
K 2q
ωτM (1 − vd /vs )
,
2 ω2 τ 2 (1 − vd /vs )2 + (1 + q 2 r 2 )
M
D
(1)
where K is the electromechanical coupling constant for the given direction of wave propagation,
τ M is the Maxwell relaxation time, r D is the Debye screening radius, ω is the wave frequency, and
q = 2π/λ. Eq. (1) provides, for the most part, an
adequate description of experiments on acoustic
wave ampliﬁcation in piezosemiconductors which
exhibit moderate electron mobility: CdS, CdSe,
ZnO, GaAs, etc. (μ = 50–5500 cm2 ·V−1 ·s−1 ).
The general nature of the relation between the
electron absorption coefﬁcient and the drift velocity is shown in Fig. 2. Experimentally obtained
electron ampliﬁcation coefﬁcients are of the order
of tens and even hundreds of dB/cm.
The nature of the interaction changes with increased frequency and with increased mean free
path of the carriers. As the wavelength approaches
the carrier mean free path the energy exchange
between free carriers and the waves ceases to be
dependent on collisions. In the case of a purely
αe =

Fig. 1. Phase relationships between potential wave oscillations (solid lines) and electron concentration oscillations (dashed lines) for three successive times (a), (b)
and (c).

at wavelength λ undergo a large number of collisions. Due to momentum relaxation, the motion of
electrons with the wave is not inertia-free: as a result, the peak values of the electron concentration
lag behind the potential minima, and the majority
of grouped electrons become located at those positions of the charge pattern where the wave ﬁeld
accelerates electrons in the wave propagation direction (see Fig. 1(a)). As this takes place, the energy of the wave is transferred to electrons, and the
wave decays.
The generation of a current carrier drift in the
wave propagation direction in a semiconducting
crystal brings about a change of the value of the
absorption. Once the drift velocity v d equals the
acoustic wave velocity v s , the concentration maxima coincide in space with the negative potential peaks, and the electron absorption discontinues because the wave no longer expends energy
on inducing electron transport (Fig. 1(b)). When
v d > v s , the peak values of electron concentration
are ahead of the negative peaks of the potential
(Fig. 1(c)). The electrons, which had been accelerated by the drift ﬁeld are now decelerated by the
alternating wave ﬁeld. The energy, which is acquired by electrons from the electron drift genera-

Fig. 2. Dependence of the absorption coefﬁcient α on
the ratio v d /v s of the electron drift velocity to the wave
velocity for the two limits ql  1 (curve) and ql
1
(straight line). Note that for both limits at v d = v s the
coefﬁcient α changes sign.

ACOUSTIC WAVE ELLIPTICITY

collisionless interaction (l/λ 1), the energy exchange with the wave involves only those carriers
(e.g., electrons), which exhibit the projections vT x
of the thermal velocity on the wave direction x
close to the acoustic wave velocity (see Landau
damping). The role played by the remaining electrons is limited to shielding the wave piezoelectric potential. In the process of energy exchange,
the carriers characterized by vT x < v s gain energy
from the wave, whereas those of vT x > v s give
up energy to the wave. In the absence of drift, as
well as at 0 < v d < v s (or under the conditions of
back drift), most of the carriers belong to the former group (i.e. exhibit vT x < v s ), and hence the
wave is attenuated. Under supersonic conditions
favoring the drift of carriers (v d > v s ), the electron velocity distribution exhibits a distinguishing
inversion, namely, the electrons that give up their
energy to the wave exceed the number of those that
gain energy, and hence the sound wave is ampliﬁed. The energy of the source of the drift ﬁeld is
transferred to the waves, and the electron absorption coefﬁcient (in cm−1 ) changes sign at v d = v s :
√

2
K 2 q π(vs /vT )q 2 rD
vd
αe =
1
−
. (2)
2
vs
(1 + q 2 r 2 )2
D

The ampliﬁcation coefﬁcient is a linear function of the drift velocity. The collision-free mode
of interaction is easily observed in semiconductors
featuring a high electron mobility, e.g., in n-InSb,
at liquid-nitrogen and liquid-helium temperatures
at sound frequencies 200–500 MHz.
As the frequency increases (10 GHz), the
piezoelectric coupling mechanism gives way to
the strain-potential mechanism, which occurs in
all semiconductors, not only in piezoelectric ones.
At high frequencies and low temperatures the
electron de Broglie wavelength in certain semiconductors becomes comparable to the sound
wavelength. In this case quantum effects are of
considerable importance in the acousto-electronic
interaction. These effects manifest themselves in
certain features of the screening of the electric ﬁeld, and the attenuation and “shutdown”
of acousto-electronic ampliﬁcation at q  2p,
where p is the Fermi momentum or thermal momentum, depending on the electron statistics used.
The effect of ampliﬁcation of acoustic waves by
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charge carrier drift may be utilized in acoustoelectronic ampliﬁers, which are the solid-state
analogues of travelling-wave tubes. These devices convert a signal into an acoustic form,
amplify it, and then convert it back into electromagnetic oscillations. The advantages of acoustoelectronic ampliﬁers are low values of mass and
overall dimensions. These devices, however, are
not free from serious drawbacks, such as: high
heat dissipation, high supply voltages, low efﬁciency, losses by energy conversion, high noise
level, etc. Some of these disadvantages may be
eliminated either fully or partially by application of ampliﬁers that operate by surface acoustic
waves. The latter devices are based on laminated
structures of a piezodielectric-semiconductor, the
surface acoustic waves being initiated and propagated on the piezoelectric surface, which adjoins
the semiconductor. The acousto-electronic interaction in laminated structures is induced by virtue
of ac ﬁelds that penetrate from the piezoelectric
into the semiconductor. Ampliﬁcation of acoustic
waves by current carrier drift was ﬁrst observed by
A.R. Hutson, J.H. McFee, and D.L. White (1961)
in CdS crystals.
ACOUSTIC WAVE CONICAL REFRACTION
See Conical refraction of acoustic waves.
ACOUSTIC WAVE ELLIPTICITY

Quantitative characteristic of an elliptically polarized acoustic wave. The magnitude (absolute
value) of the acoustic wave ellipticity (ε) is the
ratio of the semiminor to the semimajor axes of
the ellipse along which an element of volume of
the medium of a propagating sound wave moves.
The sign of the ellipticity indicates the direction
of the motion. The limiting cases of ellipticity,
namely ε = +1 and ε = −1, correspond to clockwise and counterclockwise circular polarizations
while ε = 0 corresponds to a linearly polarized
wave. The acoustic wave ellipticity is always accompanied by a rotation of the acoustic wave polarization plane. The acoustic wave ellipticity may
be either related to the internal structure of the
medium, or be due to the interaction of the matter
with a magnetic ﬁeld (see Acoustic analog of Faraday effect, Acoustic analog of Cotton–Mouton effect, Rotation of acoustic wave polarization plane).

18

ACOUSTIC WAVE FOCUSING

ACOUSTIC WAVE FOCUSING
Concentration of the sound energy in a small
region by the formation of a convergent wave front.

acoustic channels in space, and increasing the efﬁciency of the non-linear wave interaction.

In an isotropic medium the convergent wave fronts
are portions of spherical and cylindrical surfaces.
The minimum sizes of focused regions are of the
order of the sonic wave length. Focusing is used
for its local effect in small regions of space in the
medium under investigation. Acoustic lenses and
reﬂectors of corresponding shape may be used as
focusing elements.

ACOUSTIC WAVE REFRACTION

ACOUSTIC WAVEGUIDE

A region of a medium relatively small in crosssection compared to its length, which localizes
acoustic wave energy for the transmission and
processing acoustic signals.
The energy localization inside the wave-guiding structure is inﬂuenced by the acoustic nonuniformity of the medium. In the case of a smooth
nonuniformity, the velocity proﬁle of an acoustic
plane wave must have a minimum inside the structure in order to focus acoustic waves into the
waveguide, taking into account wave front curvature. In the case of a sharp nonuniformity of
the acoustical properties at the boundary, almost
all the energy is localized inside the waveguide,
and is retained there owing to the repeated reﬂections from the boundaries. The interference of the
waves produces a complicated ﬁeld pattern in the
waveguide arising from the superposition of normal modes of acoustic oscillations.
Most widespread are planar acoustic waveguides which are inhomogeneous structures on
the surface of substrates: strip waveguides formed
from applied strips of another material, topographic waveguides involving grooves and ridges
etched on the substrate, and diffusion waveguides
wherein the inhomogeneities arise from the implantation of impurities in the substrate. There are
also ﬁber acoustic waveguides.
Distinctive features of the waveguide propagation are the presence of many acoustic vibration
modes with strong dispersion. The latter is widely
used for the development of dispersion devices for
acoustic signal processing: ultrasonic delay lines,
ﬁlters, waveguide lenses. The pronounced energy
localization inside a waveguide enables the directing and transmitting of acoustic signals: without loss from the wave divergence, multiplexing

Variation of the direction of wave propagation
in a nonuniform medium caused by the dependence of the phase velocity on the coordinates. The
term “refraction of acoustic waves” refers to cases
where geometrical acoustics is applicable, and it
means the refraction of sonic beams at a planar or
smoothly bent (on the scale of wavelengths) interface between two media. In the medium with
a continuous dependence of the phase velocity on
the coordinates the beam direction varies continuously, which involves refraction of waves. At the
interface between two anisotropic media (see Bulk
acoustic waves, Elastic modulus tensor) one incident plane harmonic elastic wave in the general
case excites three waves – one quasi-longitudinal
and two quasi-transverse refracted, and three reﬂected waves (see Re e ction of acoustic waves).
The wave vectors of all these waves lie in the
plane of incidence, determined by the normal to
the interface and by the incident wave vector. In
anisotropic cases refraction of the wave vector in
the reﬂection of energy (sonic beam) from the interface can also occur (see Group velocity).
ACOUSTIC WAVE ROTATION
See Rotation of acoustic wave polarization
plane.
ACOUSTIC WAVE SCATTERING in solids

The process of formation of weak additional
sound waves, differing in their characteristics from
the incident wave, as a result of acoustic diffraction in a medium with inhomogeneities or obstacles. The process of scattering may be either coherent or incoherent, depending on whether the
frequency of the vibrations is conserved or not
during the scattering. In either case the scattering results in the attenuation of the sound wave.
An example of incoherent acoustic wave scattering is the observation of hypersound in a dielectric crystal at low temperatures when the condition ωτ > 1 is satisﬁed (ω is the hypersound angular frequency, and τ is a thermal phonon lifetime).
Absorption in that case is due to a three phonon
scattering process whereby the incident phonon

ACOUSTO-ELECTRIC EFFECT

ﬂux forms a hypersonic wave of thermal phonons
with long lifetimes, a result which arises from
anharmonic vibrations of the crystal lattice. Irreversible absorption of the hypersound takes place,
with the incident energy transferred to the thermal phonons. For coherent acoustic wave scattering off static inhomogeneities in a solid, scattered waves of the same frequency appear, with
characteristics that depend on the type of incident
wave, the inhomogeneities, and the boundary conditions at the surface. An example of such a coherent process may be found in the scattering of
sound from crystalline inhomogeneities, such as
the temperature-independent residual attenuation
of hypersound in dielectric crystals at low temperatures.
ACOUSTIC WAVE, SUBSURFACE
See Subsurface volume acoustic waves.
ACOUSTIC WAVE, SURFACE
See Surface acoustic waves.
ACOUSTIC WAVE TRANSDUCER

A device which transforms an electromagnetic
vibration into acoustic ones, and vice versa. The
majority of acoustic wave transducers are reciprocal, i.e. they may serve both as emitters and
as receivers of acoustic vibrations. In ultrasonic
and hypersonic investigations of bulk acoustic
waves the most common transducers make use
of the piezoelectric effect (see Piezoelectricity) or
the phenomenon of magnetostriction. In resonance
piezoelectric transducers, which have a thickness
equal to an odd number of half wavelengths,
monocrystalline quartz or lithium niobate (see
Niobates) plates are used as operating elements
at frequencies up to 1 GHz. Alternative materials
are barium titanate, lithium tantalate, bismuth germanate, and piezoelectric ceramics. At frequencies in the UHF range the resonance acoustic wave
transducers are applied at the samples under investigation, or at the sound wave guides in the
form of thin lms of ZnO, CdS and other piezoelectric materials. The alternating electric ﬁeld is
applied and recorded at the piezoelectric element
either by the direct insertion of the latter into the
electromagnetic circuit, or with the help of UHF
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resonators or transmission lines. A thin magnetostriction transducer of acoustic waves is a magnetic lm applied at the end of the sample. The
ﬁlm magnetized by an applied magnetic ﬁeld is
deformed by the oscillating magnetic component
of the UHF ﬁeld. Improved matching of the impedance of the acoustic wave transducer with the
UHF guides and resonators may be achieved with
the aid of piezoelectric transducers based on the
depletion layers of piezosemiconductors, formed
with many-layered and many-element constructions. For the excitation and recording of surface acoustic waves one may employ counter-pin
transducers, in which the distribution of the electromagnetic ﬁeld and the corresponding deformation at the sound guide surface is pregiven or ﬁxed.
These acoustic wave transducers are also used for
excitation and recording of volume modes, spread
at an angle to the surface at which the transducer
is placed. This mode of exciting volume oscillations is used in dispersion delay lines when the
effect of the sound velocity dispersion is reﬂected
by the passage through different distances of vibrations with different wave lengths. For measurements of the absolute values of crystal lattice vibrations capacitance transducers have found their
wide application, with their design in the shape of
ﬂat plate capacitors, one plate of which is rigidly
connected with the sample. See also Phonon generation, Electromagnetic generation of sound.
ACOUSTO-ELECTRIC DOMAIN

A stationary or moving region of strong electric ﬁeld and an elevated intensity of acoustic noise
which forms in semiconductors as a result of the
ampliﬁcation of thermal crystal lattice vibrations
by the electric current at a charge carrier drift velocity faster than that of the sound (see Acoustoelectric effect).
ACOUSTO-ELECTRIC EFFECT

Establishment of a constant current or electromotive force caused by the transfer of momentum and energy from a traveling ultrasonic wave
to conduction electrons (see Acousto-electronic interaction).
The capture of electrons by the local electric
ﬁelds arising in the conductor under the action
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ACOUSTO-ELECTROMAGNETIC EFFECT

of an ultrasonic wave leads to their being carried along in the direction of the sound propagation, and an acousto-electromotive force arises
along the sample. When the sample is introduced
into a closed electric circuit an electric current
begins to ﬂow through it. The current density is
jA.E. = −2μΓ I /v (G. Weinreich, 1957), where
Γ is the coefﬁcient of sound absorption by the
conduction electrons, I is the ultrasonic wave intensity, v is the sound velocity, μ = eτ/m is the
mobility, τ is the mean free path time. As seen
from the expression for jA.E. , the sign of the
acousto-electric current or acousto-electromotive
force EA.E. = jA.E. σ (σ is the conductivity)
depends on the sign of Γ , and can change depending on the ultrasonic wave propagation direction, its damping, or its ampliﬁcation. During the
propagation of a surface acoustic wave a transverse acousto-electric effect is observable. When
a transverse acousto-electric current directed into
the sample bulk arises along with the longitudinal
one; this is linked with the wave localization on
the surface. See also Acoustomagnetoelectric phenomena, Surface acoustic wave.
ACOUSTO-ELECTROMAGNETIC EFFECT

The appearance of a magnetic moment in a
semiconductor crystal under application of a sufﬁciently strong electric ﬁeld causing the ampliﬁcation of acoustic noise (phonons). The generated
ﬂux of acoustic energy results in the movement of
charge carriers (see Acousto-electric effect), and in
some cases the charges may not move along the
electric ﬁeld direction (e.g., in an anisotropic crystal where the direction of maximal noise ampliﬁcation may not coincide with that of the applied
electric ﬁeld). As a result, a circular electric current begins to ﬂow around the sample, and hence
the appearance of a magnetic moment. Acoustic
energy ﬂux injected into a sample from outside
can induce a magnetic moment in the absence of
the external electric ﬁeld (acoustomagnetic effect).
The nonlinearity of charge carrier motion is related both to the anisotropy of crystals, and the
acoustic energy ﬂux nonuniformity. This phenomenon is also observable in metals. The acoustomagnetic ﬁeld arises, in particular, during the
propagation of surface acoustic waves. In this case

the acting force ﬁeld is always nonuniform because the oscillatory displacement of the particles
decays into the bulk of the sample.
ACOUSTO-ELECTRONIC AMPLIFIER
See Acoustic wave ampli cation.
ACOUSTO-ELECTRONIC INTERACTION (AEI)

Interaction of acoustic waves with charge carriers (conduction electrons and holes in metals,
semimetals and semiconductors).
In metals, due to the Pauli’s principle, the interaction with acoustic waves (sound) involves only
electrons with energies close to Fermi energy EF .
There are two main mechanisms of AEI: (1) the
deformation mechanism involves a change in periodic potential of the crystal lattice and a local
change of the dispersion law of quasi-particles
E(p) in the electron Fermi liquid, (2) the electromagnetic mechanism is due to forces exerted
on the electrons by electric and magnetic ﬁelds
arising from the displacement of ions during the
passage of the ultrasonic wave. For longitudinal
sound, the ﬁelds are electrostatic and are screened
by free electrons (see Electric charge screening)
to a great extent. This leads to renormalization
(p)
of the strain potential Λik = λik (p) − λik (p),
where the angle brackets indicate averaging the
bare deformation potential λik over the Fermi surface. The quantity Λik can be interpreted as a
distinctive phonon electric-charge in the metal.
During propagation of the transverse sound wave
the electrons are affected by the vortex electric
ﬁelds (see Acousto-electric effect). In an external
magnetic ﬁeld B, an additional, so-called induction interaction of the electrons with the acoustic
waves arises, its strength being e(v · [U × B]),
where v is the electron velocity, and U is the
ion displacement velocity. This interaction involves the additional parameter (qRL )−1 , where
q is the wave vector of the sound wave, and
RL = pF /eB is the electron Larmor radius. The
induction interaction prevails over the deformation in sufﬁciently strong magnetic ﬁelds when
qRL < 1. Besides, in the presence of a magnetic
ﬁeld AEI leads to various magnetoacoustic effects, in which electromagnetic resonances, ballistic and collective effects add their characteristic
features.

ACOUSTO-ELECTRONICS

The great difference between the electron and
ion masses leads to the fact that the sound velocity
is many times less than the Fermi velocity of the
electrons. This circumstance (adiabaticity) plays
an important role in the interaction of electrons
with sound. Adiabaticity supports introducing the
concept of electrons and phonons as weakly interacting quasi-particles, and makes it possible to
neglect inertial terms (Stewart–Tolman effect) in
the AEI energy. In pure metals with a long mean
free path l (ql
1) the adiabaticity underlies the
fact that only electrons with a velocity v almost
perpendicular to the sound wave vector can effectively interact with the sound (autophasing effect).
In semiconductors, the AEI is mainly determined by the strain interaction related to the local change in the band gap under the action of the
strain arising when a sound wave travels through
the crystal. In ionic crystals and semiconductors
with a large number of charged impurity atoms in
the lattice, the electromagnetic mechanism of AEI
is also possible.
In superconductors, the AEI at temperatures
lower than critical temperature of superconductors
differs in some features from the AEI in normal
metals. Due to the Cooper pairing of electrons (see
Cooper pairs), the phonon absorption probability
decreases and, as a consequence, a sharp (exponential) decrease of the ultrasound absorption factor occurs. Besides, the Meissner effect precludes
the electromagnetic mechanism of AEI.
ACOUSTO-ELECTRONICS

A branch of electronics dealing with the effects
of excitation and propagation of acoustic waves
in condensed media, the interaction of the waves
with electromagnetic ﬁelds and electrons, and the
development of acousto-electronic devices based
on these effects.
The diversity of effects utilized in the design
of acousto-electronic devices suggests the division of acousto-electronics into the high frequency
(microwave) acoustics of solids (effects of excitation, propagation and reception of high frequency acoustic waves and hypersonic waves),
acousto-electronics proper (interaction of acoustic
waves with conduction electrons in the bulk and on
the surface of solids, see Acousto-electronic interaction), and acousto-optics (interactions between
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light and acoustic waves). Acousto-electronics
was formed as an independent part of electronics
in the decade of the 1960s with the start of intensive studies stimulated by the discovery of the
acoustic wave ampli cation by conduction electrons in cadmium sulﬁde crystals. The rapid development of acousto-electronics was caused by
the necessity to create simple, reliable and smallscale radio signal processing devices for radioelectronic equipment. At the present time acoustoelectronic devices perform the following signal
transformations: (1) in time (delaying and changing the duration of signals), (2) in phase and
frequency (frequency and spectrum conversion,
phase shift), (3) in amplitude (ampliﬁcation, modulation), and (4) those involving more complicated
functional transformations (coding and decoding,
signal convolution and correlation). In some cases,
the acousto-electronic methods of signal transformation are simpler (as compared, e.g., to electronic methods) and, sometimes, they constitute
the only possible choice. The use of these devices is predicated on the low propagation velocity of acoustic waves (compared to that of electromagnetic waves), weak absorption of acoustic
waves in crystals with a high acoustic Q-factor
(quality factor), as well as favorable interactions
of these waves with electromagnetic ﬁelds and
electrons. In acousto-electronic devices, both bulk
acoustic waves and surface acoustic waves (SAW)
are used. The manufacture of these devices employs piezoelectric materials and laminated structures composed of piezoelectric and semiconductor layers.
Many acousto-electronic devices convert high
frequency electric signals into acoustic waves
(acoustic wave transducers) to propagate in a
sound guide and then be converted back again
into a high frequency signal. Components used for
excitation and reception of bulk acoustic waves
are mainly piezoelectric transducers: piezoelectric plates (at frequencies up to 100 MHz) and
ﬁlm transducers (at frequencies above 300 MHz),
while those employed for the excitation and reception of a SAW are opposite-pin transducers.
The ultrasonic delay lines operating in the frequency range from several MHz to several tens of
GHz, as well as quartz resonators for the radio frequency generator stabilization (see Acoustic solid-
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–
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3295
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2270
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0.062
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[110], [111]
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z, 74.4◦
[100]
[110], 24◦
–

state resonator), are among the most widely used
acousto-electronics devices for bulk waves.
The most common are acousto-electronic devices based on the SAW due to small loss for
wave excitation, the possibility of wave propagation control at any point of a sound guide
(along the wave propagation path), and the feasibility for designing devices with controllable
frequency, phase and other responses. Such devices include resonators on the SAW, which are
used as narrow-band acousto-electronic ﬁlters and
are also introduced into a generator circuit for
its frequency stabilization; delay lines (for long
signal delay in memory elements); various ﬁlters
based on the SAW (e.g., band ﬁlters, matched
ﬁlters); coding and decoding devices and so on.
The interaction of acoustic waves with conduction electrons in semiconductors and laminated
structures of the piezoelectric–semiconductor type
leads to such phenomena as electron absorption
or ampliﬁcation of acoustic waves, the acoustoelectric effect, and others. These effects are useful in acousto-electronic generators. The nonlinear effects arising under the interaction of acoustic
waves in piezoelectrics, semiconductors, and laminated structures of a piezoelectric-semiconductor
type ﬁnd wide use in signal convolution and
correlation devices. The interaction of light and
acoustic waves in condensed media forms the basis for the operation of acousto-optic devices (deﬂectors, modulators, ﬁlters etc.). They can be used
to control the amplitude, polarization, and spectral
content of optical radiation, as well as its propagation direction (see Acousto-optics).
ACOUSTO-ELECTRONICS MATERIALS

Pb[(Mn1/3 Sb2/3 )0.08 Zr0.42 Ti0.50 ]O3

α-quartz, SiO2
Lithium niobate, LiNbO3
Lithium tantalate, LiTaO3
Lithium tetraborate, Li2 B4 O7
Bi12 GeO20
Bi1.2 Sr0.8 TiSi2 O8
Pb2 KNb5 O15
K2.98 Li1.55 Nb5.11 O15
Tl3 VS4
Pb0.91 In0.03 [Zr0.44 Ti0.53 (Li3/5 W2/5 )0.08 ]O3

Coefﬁcient of
electromechanical
coupling
Orientation
Material (name, formula)

Table 1. Physical characteristics of some acousto-electronic materials

Speed of
sound, m/s

Existence of cut
with zero
temperature
coefﬁcient of delay
yes
no
yes
no
no
yes
yes
yes
yes
no

Acoustic
loss in air
(dB) at
100 MHz
0.03
0.04
0.03
0.04
0.0145
0.03
0.05
0.05
0.95
0.10

Industrial product
Industrial product
Industrial product
Laboratory product
Industrial product
Laboratory product
Specialized laboratory product
Specialized laboratory product
Specialized laboratory product
Industrial product (high
temperature and pressure)
Industrial product (high
tempetature and pressure)

ACOUSTO-ELECTRONICS MATERIALS

Comments
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Materials used to create working parts for the
branch of functional electronics, which involves
devices and systems for processing large and
extra-large (order of gigabits) information ﬂows.
The physical basis for the operation of such devices is provided by the interaction of space and
surface acoustic waves of various types (Rayleigh,
Gulyaev–Bleustein, Love, etc.) with electromagnetic radiation ﬂuxes at various frequencies – from
10 to 1011 Hz. The main physical characteristics of some important acousto-electronics materials are given in Table 1. Some layered systems
for devices are based on surface acoustic waves,

ACOUSTOMAGNETOELECTRIC PHENOMENA
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Table 1. Physical characteristics of some layered acousto-electronic materials
Material

Coefﬁcient of
electro-mechanical
coupling

Dielectric
constant

Attenuation (dB)
at 1 GHz

Carrier mobility,
cm3 ·V−1 ·s−1

Ideal material
Lithium niobate, LiNbO3
Bi12 GeO20
Lithium tetraborate, Li2 B4 O7
Quartz, SiO2
Aluminum nitride on
colorless sapphire
Zinc oxide on silicon
Cadmium sulphide on silicon
Gallium arsenide on silicon
Silicon (substrate)

>0.010
0.045
0.013
0.012
0.012
(0.010)

<10
36
38
10
4.5
(10)

<1.0
1.0
1.6
(1.0)
2.6
(<1.0)

>5000
–
–
–
–
–

9
9.5
11
12

(3.0)
3.5
4.2
1.6

0.010
0.005
0.002
–

and possibilities offered by applying a piezoelectric material layer to a semiconductor substrate (or
vice versa) are realized in these systems. Parameters for the materials of such systems are given in
Table 2.
ACOUSTOLUMINESCENCE
Luminescence in a solid arising under its ex-

citation by an acoustic wave with an energy ﬂux
density in excess of a certain threshold value.
The threshold energy ﬂux density (typically
1–10 W/cm2 ) decreases as the density of structural defects (e.g., dislocations) rises. The luminescence is nonuniform throughout the bulk, and
is concentrated in regions of defect accumulation.
The spectrum of acoustoluminescence at the energy ﬂux threshold is close to that of photoluminescence of the corresponding material, it contains bands associated with intrinsic structural defects and impurity centers, and it is stable in time
(some hours). The increase of energy ﬂux density by a factor of 1.5 to 2 relative to the threshold leads to a sharp change in the acoustoluminescence spectrum. A large number of narrow
lines having half-widths 1 meV appear instead
of wide bands with half-widths of some tens of
meV. The restructuring of the spectrum is accompanied by an instability in the amplitude and sign
of the acousto-electric current. Under these conditions the luminescence is unstable in time. Alongside of the bulk luminescence there is a surface luminescence with a spectrum which depends on the

200
340
8500
1500

composition and pressure of the ambient gaseous
medium. See also Acoustoluminescence.
ACOUSTOMAGNETOELECTRIC PHENOMENA
Kinetic effects in semiconductors and metals
arising from the entrainment of conduction electrons by an ultrasonic wave in the presence of

an external magnetic ﬁeld. As is the case with
galvanomagnetic effects, acoustomagnetoelectric

phenomena are due to charge carrier trajectories
bending in the magnetic ﬁeld (see Lorentz force).
Identiﬁed as acoustomagnetoelectric phenomena
are the acoustic analogs of the Hall effect, Ettingshausen effect, and so on. Their distinctive feature
is that the ultrasonic ﬂux rather than the external
electric ﬁeld creates the initial current. There also
exists the acoustomagnetoelectric effect consisting in the appearance of an electromotive force
in the direction perpendicular to the ultrasonic
ﬂux under the action of the magnetic ﬁeld, when
there is no acousto-electric current present (see
Acousto-electric effect). In bipolar semiconductors
and semimetals, the acoustomagnetoelectric effect is caused by the separation of the electron–
hole ﬂux drawn along by the ultrasonic wave in
the magnetic ﬁeld. In monopolar semiconductors
and metals, the acoustomagnetoelectric effect is
associated with the fact that carriers with different energies are entrained by the ultrasonic wave
and deﬂected differently by the magnetic ﬁeld.
Therefore, the magnitude and even the sign of the

24

ACOUSTO-OPTIC DEFLECTOR

monopolar effect are sensitive to the carrier scattering mechanism. Acoustomagnetoelectric phenomena are also possible in a planar conﬁguration
when the directions of the ultrasonic ﬂux, magnetic ﬁeld, and resultant electromotive force lie
in the same plane. Acoustomagnetoelectric phenomena have been observed in Bi, Te, InSb, and
graphite.
ACOUSTO-OPTIC DEFLECTOR
See Light de ectors.
ACOUSTO-OPTIC DEVICES

A class of active functional devices based on
light diffraction by acoustic waves (see Acoustooptics, Acousto-optic diffraction).
These devices are used for measuring optical radiation characteristics, controlling its parameters, and processing optical, radio-frequency
and acoustical signals. The basic element of an
acousto-optic device is an acousto-optic cell, a
crystal where the ultrasound is excited by the
acoustic wave transducer, and where the acoustooptic interaction takes place. Since the cell has
two inputs (optical and acoustical), two classes of
acousto-optic devices can be distinguished.
One type for controlling light beam parameters includes adjustable optical lters, light dee ctors and monochromatic radiation modulators (see Modulation spectroscopy). They have
the advantages: fast response (adjustment time
1–30 μs), large light-gathering capability (angular
aperture 1–15◦ , spatial aperture 1–10 cm2 ), considerable resolution (number of resolvable points
is 103 –104 ), and operational ﬂexibility. The adjustments of the transparency window ﬁlters and
the beam scanning deﬂectors are implemented
by changing the ultrasound frequency, whereas
the light intensity modulation is carried out by
controlling the sound power. These elementary
acousto-optic devices can be components of more
complicated instruments: spectrometers, group
switches, scanners, etc.
Another class of acousto-optic devices is intended for processing signals carried by the ultrasound, e.g., radio-frequency signals. In spectrum
analyzers the angular dependence of the diffracted
monochromatic beam repeats the ultrasound spectrum, while in correlators the time dependence

of the intensity of the radiation diffracted in two
acousto-optic cells replicates the correlation function of the acoustic wave amplitude in the cells.
These acousto-optic devices are components of
various systems for radio signal processing.
Of particular importance are acousto-optic matrix processors intended for algebraic matrix operations over numeric data arrays because the latter can be entered into the processor through the
acoustic and optical input.
ACOUSTO-OPTIC DIFFRACTION, diffraction of
light by sound

A class of phenomena involving the deviation
of light from a straight path in a medium under the
action of an ultrasonic wave.
By changing the refractive index of the medium
in a periodic manner the ultrasonic wave acts on
the light as a phase diffraction grating moving at the
sound velocity. When a monochromatic light beam
passes through the region of a medium where an
ultrasonic wave propagates, then beams of diffracted light appear. The frequencies and wave
vectors of the incident (subscript I) and diffracted
(subscript D) light waves are interrelated through
the acoustic wave parameters ωac and kac :
ωD = ωI ± mωac ,

kD = kI ± mkac ,

where the order m of the diffraction is an integer.
The following basic types of acousto-optic diffraction are known:
1. Raman–Nath diffraction (sometimes called
Debye–Sears diffraction or Lucas–Biquard diffraction), which is equivalent to the diffraction by thin holograms, arises for normal light
incident on a low-frequency ultrasonic beam
2 L/k  1 holds, where
when the relation kac
I
L is the length of the domain of interaction of the light and ultrasound in the direction of the ﬁrst diffraction maximum. After
passing through the ultrasonic wave, the light
beam exhibits a sinusoidal phase variation in
the plane perpendicular to the direction of its
propagation. As a result, a series of diffracted
beams appears with frequencies ωD characterized by m = 1, 2, . . . , propagating at angles θ = arcsin(mλ/Λ), where λ and Λ are

ACOUSTOTHERMAL EFFECT

the wavelengths of the light and sound, respectively. The Raman–Nath diffraction is negligible in the hypersound frequency domain where
the above inequality is not satisﬁed.
2. At high frequencies when the inequality
2 L/k
1 holds, then only the zero and ﬁrst
kac
I
order maxima are observed for the diffracted
light. This phenomenon is usually known as
Bragg diffraction, because it arises only for
the light incident on the ultrasonic beam at
the Bragg angle θB = arcsin[λ/(2Λ)]. This is
equivalent to diffraction by a thick hologram.
The diffraction efﬁciency is speciﬁed here by
the formula


kI L
ID
= sin2
II
4(M2 Iac )1/2
and can be as high as 100%, where M2 =
p2 n6 /ρv 3 is the acousto-optic quality factor
of the crystal determined by its density ρ, refraction index n, photoelastic constant p, and
sound speed v.
Under acousto-optic diffraction in anisotropic
media, the polarization of the incident and diffracted light are generally not the same. Therefore,
under this diffraction with a rotated plane of polarization in an anisotropic medium (anisotropic
diffraction), as distinct from diffraction in an
anisotropic medium without any polarization plane
rotation or in an isotropic medium, the angles
of incidence and diffraction are generally not the
same. For oblique light incidence on a solid surface, along which a surface acoustic wave propagates, the diffraction of the light is observed in
both the transmitted and reﬂected beams. This is
explained by the fact that, instead of photoelastic changes of dielectric constant, there is a periodic bending of the surface, which corresponds
to the normal component of the displacements in
the surface acoustic wave, and creates a varying
difference in path-length for the light waves. In a
conducting medium the acoustic wave creates two
diffraction gratings with the same spatial period,
typically phase-shifted, for the electromagnetic
wave. One of the gratings corresponds to a change
in dielectric constant owing to the deformation of
the lattice by the acoustic wave. The other one
constitutes an electron diffraction grating due to
the local change in electron concentration under
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the action of the ultrasonic wave. See also Brillouin
scattering, Raman scattering of light.
ACOUSTO-OPTICS

Study of the diffraction of optical radiation
by acoustic waves in solids, and the development
on this basis of devices for controlling light ﬂux
parameters and processing optical and radio signals (see Acousto-optic diffraction, Acousto-optic
devices).
The basis of acousto-optic diffraction in crystals is the photoelastic effect (see Photoelastic tensor). The elastic wave creates a periodic disturbance of the crystal dielectric constant which acts
as a phase diffraction grating for the light. The frequencies and wave vectors of the incident and diffracted light waves are coupled through the parameters of the acoustic wave. The spectral and angular selectivity of acousto-optic diffraction can
be controlled by changing the sound frequency,
i.e. the period of the acoustic diffraction grating.
The sound intensity determines the energy distribution between the initial and diffracted rays. These
effects underlie acousto-optic methods and visualization of acoustic elds, measurement of different
acoustic characteristics of materials, and a wide
range of acousto-optic devices.
ACOUSTOTHERMAL EFFECT

Appearance of a temperature difference in a
thermally isolated body as a consequence of a heat
transfer by a traveling acoustic wave.
The acoustothermal effect is a result of the departure of the sound wave regime from adiabatic
behaviour. It is more pronounced in materials with
a high thermal conductivity (metals and metal alloys). If the thermal conductivity κ rises with increasing pressure, P , the sample-averaged gradient of temperature ∇T is oriented opposite to the
wave propagation direction
∇T  = −

1 ∂κ
K 2 b2 ω 4
,
αT  2 2
2 ∂P
vω κ + v 5 c2

where α is the volume thermal expansion coefﬁcient, K is the bulk modulus, b, ω and v are the
amplitude, angular frequency and phase velocity
of the wave, respectively; and c is the speci c heat
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per unit volume. With the strain amplitude in the
wave of the order of 10−4 in metals, ∇T  is several hundred K/m.
ACTINIDES (fr. Gr. ακτ ις , beam, and ειδoς ,
type)

A family of 14 radioactive elements with a partially ﬁlled 5f n electron shell and an atomic number in the range 90 to 103, located in the seventh
period of the periodic system of elements after actinium Ac.
Like Ac itself, these elements ﬁt into Group III
of the system. The actinides include, in atomic
number order, the following: thorium Th, protactinium Pa, uranium U, neptunium Np, plutonium
Pu, americium Am, curium Cm, berkelium Bk, californium Cf, einsteinium Es, fermium Fm, mendelevium Md, nobelium No and lawrencium Lr. The
ﬁrst three actinides (Th, Pa, U) are found in nature
(U and Th – in sizeable quantities). The remaining
actinides were artiﬁcially synthesized during the
years from 1940 until 1963 with the help of nuclear reactions, and Np and Pu were later detected
in radioactive ores. Like the lanthanides, the actinides are often listed in a row at the bottom of
the periodic table. The symbol An is sometimes
used as a common designation for an actinide. All
these elements have similar physical and chemical properties, and their electronegativity values
range from 1.1 to 1.2. Free actinide atoms have the
inner electron conﬁguration [Rn]5f n 6s 2 6p6 plus
one 6d and two 7s valence electrons. The latter is
responsible for the usual formation of the species
An3+ in ionic compounds, although other valence
states do form. In the neutral atoms of actinides
and ions with the same charge (e.g., An3+ and
An4+ ), the radius gradually decreases in proportion to the increase of the atomic number; this is
the so-called actinide compression (e.g., the U3+
radius is 0.104 nm, Np3+ is 0.102 nm and Pu3+
is 0.101 nm).
Of all the actinides, U and Pu ﬁnd the widest
practical application. The isotopes 233 U, 235 U and
239 Pu serve as a nuclear fuel in nuclear reactors,
and act as explosives in nuclear weapons, while
232 Th and 238 U can serve as source material for
the production of ﬁssionable 233 U and 239 Pu. Several actinide nuclides emit α-particles in their radioactive decay (238 Pu, 242 Cm, and others).

ACTINIUM, Ac

Radioactive chemical element of Group III of
the periodic system, with atomic number 89.
It has no stable isotopes. The mass number
of the longest living isotope is 227. The electron conﬁguration of the valence outer shells is
6d 1 7s 2 . Successive ionization energies are 6.9,
12.06, and 20 eV. The neutral atom atomic radius is 0.203 nm; and the Ac3+ ionic radius is
0.118 nm. The oxidation state of ionic compounds
is +3, and the electronegativity is ∼1.05. Actinium in a free form is a silvery metal. It has
a face centered cubic lattice with parameter a =
0.5311 nm at 293 K, and crystallographic space
group F m3̄m, Oh5 . The density is 10.06 g/cm3 at
298 K, Tmelting = 1323 K, Tboiling = 3473 K. The
heat of melting is 10.5 kJ/mole and the isothermal bulk modulus is 25 GPa at room temperature. Chemically, it is the highest analogue of lanthanum; and a dangerous radioactive poison. The
mixture of 227 Ac with beryllium is used for the
preparation of radiation sources.
ACTIVATED ADSORPTION
A type of adsorption for which molecules

(atoms) colliding with a surface must overcome a
potential barrier.
The height of the barrier determines the adsorption energy. Due to the long-range character
of van der Waals forces, physical adsorption is the
ﬁrst and necessary stage of the adsorption interaction during the approach of the adsorbing particle to the surface. It requires no activation energy and precedes the subsequent chemisorption.
Depending on the energy where the potential energy curves of physical and chemical adsorption
cross each other, the transition to the chemisorption state can either be activated or non-activated.
The activated transition may occur in the case
of dissociative chemisorption of molecules, when
the “stretching” of the molecule occurs during
its motion in the repulsive range of the physical
adsorption process, which precedes the dissociation. Like a chemical reaction, activated adsorption takes place in accordance with the Arrhenius
law, in which the exponent contains the activation
energy corresponding to the transition from the
state of physical adsorption to that of chemisorption. According to reaction rate theory, the activated adsorption time scale is determined by the

ACTIVATION ENERGY

concentration of adsorbed molecules in the transient activated complex. This complex forms at the
potential energy maximum along the most energetically favorable path of chemisorption.
ACTIVATION ANALYSIS

A method for determining the chemical composition of a substance, together with the impurities that are present, with the aid of parameters
induced by radioactivity.
The sample is exposed to a particular type of
nuclear radiation that induces nuclear reactions in
atoms of the material. Then, the type of induced
radioactivity is determined experimentally, along
with the secondary particle energy and the halflife. Using these data with the aid of nuclear reaction tables one can deduce the isotopes of the
chemical elements that underwent the radioactive
transformations. The intensity of the secondary radiation and the cross-sections of the corresponding nuclear reactions provide the initial concentrations of these isotopes. The sensitivity of the
method varies over a wide range for isotopes of
different elements. A sufﬁciently large nuclear reaction cross-section is required, and the half-life
should be not be too long and not too short. Activation analysis is efﬁcient for determining the gold,
platinum, oxygen, boron content in silicon; the niobium in tantalum, and others. Activation analysis
establishes the total impurity content in the sample, but is insufﬁcient for deducing physical states
in a crystal (phase, doping atoms versus substitutional atoms, etc.). Depending on the type of activating radiation, one can distinguish neutron activation analysis, proton activation analysis and
gamma activation analysis.
ACTIVATION ENERGY

Basic characteristic of a thermally activated
process which determines the rate of the process at
a given temperature T , and its sensitivity to a variation of the temperature. The activation energy U
is related to the probability W of the occurrence of
an elementary event whose successive occurrences
implement the corresponding process through the
expression


U
.
W = W0 exp −
kBT
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Examples of thermally activated processes are the
following: diffusion of impurity atoms or vacancies; electrical conductivity of semiconductors; decay of metastable states at rst-order phase transitions by the formation of nuclei of the new phase;
plastic deformation of a crystal due to the motion
of dislocations overcoming the Peierls barriers
(see Peierls relief) or local defects. Such processes,
referred to as elementary events (elementary structural rearrangements), are the passage of a diffusing atom between neighboring equivalent positions in a crystal lattice, the birth of a current
carrier in the conduction band of a semiconductor,
the breaking loose of a dislocation from its pinning center, the formation of a critical embryo of a
new phase, and so on. Therefore, one can characterize the rate of a thermally activated process by
the number of elementary events per unit time ṅ:


U
,
ṅ(T ) = ṅ0 exp −
kB T

(1)

where ṅ0 is a normalization constant. This expression, called the Arrhenius law, is used in chemical
kinetics to describe thermally activated reactions.
This speciﬁc equation for the activation energy,
and its relationship with the parameters describing
the structure and the state of a material, depend
on the type of process under consideration. The
detailed expression for Eq. (1), and the calculation of the activation energy U for the majority of
cases require solving a complicated statistical mechanical problem. A simple qualitative interpretation of Eq. (1) based on the thermodynamic theory of uctuations consists of the following: an individual event of the thermally activated process
includes overcoming a certain energy barrier of
height U ; the exponential probability law for its
occurrence as a function of the temperature is a
consequence of exponential Gibbs distribution for
the energy states of the subsystem where the given
elementary process takes place.
The value of the activation energy can depend
on external parameters a which determine the material condition: the mechanical stress, the electric
ﬁeld strength, and so on (U = U (a)). This circumstance allows one to control the rate of a thermally
activated process, not only through a temperature
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change, but also by varying the external parameters a: ṅ = ṅ(T , a), where


U (a)
.
(2)
ṅ(T , a) = ṅ0 exp −
kBT

(or the number n of elementary acts per unit time)
is described by the formula


V (σ )
.
(1)
ṅ(T , σ ) = ṅ0 exp −
kB T

One of the experimental methods for determining the activation energy is the measurement of
the rate of a process at various temperatures while
keeping the parameter a constant, then drawing
a plot of ln ṅ versus 1/T , and ﬁnding the slope
of the resulting straight line. Another method is
based on the measurement of the sensitivity of the
rate of a thermally activated process to small variations of the temperature δT (again keeping a constant), with the subsequent application of the following formula deduced from Eq. (2):


ln ṅ(T + δT , a) − ln ṅ(T , a)
U = kBT 2
δT


(3)
∂ ln ṅ
.
≈ kBT 2
∂T a

The activation volume v is introduced formally
as the negative derivative of the activation energy
volume with respect to the stress (pressure), v =
−dV (σ )/dσ . The activation energy change under
a small stress change δσ can be expressed via the
activation volume using the relation V (σ + δσ ) =
V (σ ) − v(σ )δσ . It should be noted that the activation volume does not always have the sense of a
physical volume. The experimental determination
of an activation volume is based on the measurement of the activation energy for different values
of the stress, following numerical differentiation
of the dependence so obtained, or on the change
in the process rate sensitivity to small stress variations at a ﬁxed temperature using the following
formula derived from Eq. (1):

The measurement of the activation energy and the
analysis of its dependence on external parameters is called thermal activation analysis. This provides information on the physical nature of the elementary reactions involved in the thermally activated process (see also Activation volume).
ACTIVATION VOLUME

A quantity with the dimension of volume,
which characterizes the sensitivity of the rate of
activation analysis in a solid relative to the change
of the applied mechanical stress (i.e. a change of
stress tensor σ or pressure P ).
Initially, the term activation volume arose in
the description of the pressure effect on point defect diffusion in a solid, and it had the sense of
the volume change involved in the transition of a
point defect from an initial equilibrium state to a
so-called activated state. At present it is used in
a more general sense, and reﬂects the dependence
of the activation energy of any thermodynamically
activated process on σ or P . For example, in the
case of the diffusion of vacancies the parameter is
uniform pressure, while in the case of the motion
of dislocations it is the shearing stress acting in its
slip plane. In such cases the rate of the process ṅ

ln ṅ(T , σ + δσ ) − ln ṅ(T , σ )
δσ


∂ ln ṅ
 kB T
.
∂σ T

v = kB T

(2)

Measurement of the activation volume and analysis of its dependence on the value of σ (or P ) is
one of the important components of the procedure
of thermo-activation analysis, and it provides information on the energy and geometric parameters
of activation processes.
ACTIVE CARBONS

Highly porous carbon materials containing
85–97% carbon.
These materials are obtained by carbonization
and activation of carbon-containing substances
such as naturally occurring wood, mineral coals,
peat, oil and coal cokes, as well as synthetic
polymers such as phenol-formaldehyde, styrenedivinylbenzene, and other resins. Carbonization
products, the so called carbonizates, comprise an
ordered part (graphite-like carbon crystallites) and
an amorphous part (high carbon content radicals),
associated mainly with the prismatic faces of crystallites. Upon activation (850 to 950 ◦ C), the oxidizing gases (CO2 , H2 O et al.) interact ﬁrst of all

ACTIVE CENTERS

with the amorphous carbon, and then with the carbon of the crystallites. The burning-out of impurities and partially of carbon from the contacting
and coalescent carbonizate crystallites results in
the formation of microporous regions containing
pores of two types: intracrystallite ones with dimensions up to 1.5 nm, which are ﬂat slots with
walls formed by the basic faces of the crystallites;
and intercrystallite ones with the walls in the form
of prismatic faces. A portion of the external surface of the microporous areas forms the surface
of larger mesopores (1.5 to 100 nm) and macropores (200 nm). The dimensions of single zones in
active carbons are between 10 and 60 nm, while
their number per unit of mass for the majority of
active carbons is the order of 1016 . The number of
micropores in a single microporous area is as high
as several thousand.
Typical of active carbons is the turbostrate
structure characterized by the absence of strict
periodicity of the elementary layers. The distances between the latter are unequal, and ﬂuctuate within the range 0.334 to 0.365 nm, in contrast
to the equidistant graphite structure which has an
inter-layer separation of 0.33554 nm. The carbon
atoms in the crystallites of the turbostrate structure
are displaced relative to the lattice plane within
the range 0.014 to 0.017 nm. Active carbons possess high electrical conductivity due mainly to
π -electrons in the planes of hexagonal rings along
the system of conjugated bonds. The electric resistance of the active carbons depends strongly on
the pretreatment temperature and its duration, and
can be 108 to 1010 ·cm for the carbonizates, and
0.1 to 10 ·cm for well-activated carbons. This
is associated with structural changes: of the conductive systems in cokes (carbonizates) separated
from one another by compounds with an aliphatic
character which burn out during an oxidizing thermal treatment. The ordering of the structure is associated with the reduction of the electric resistance.
Active carbons, in comparison with other transitional forms of carbon, are characterized by a
broad spectrum of atomic carbon hybrid electronic
states – sp2 , sp, sp2 π , etc. Dangling bonds at
the surface of active carbons may bind oxygen,
nitrogen, hydrogen, sulfur, etc., with the formation of strong surface compounds. Of great im-
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portance are surface compounds with oxygen. Especially prepared oxidized carbons form a separate class of active carbons with speciﬁc properties
such as an extremely high cation-exchange selectivity. Surface compounds with nitrogen and sulfur exert a strong effect on the properties of active
carbons.
Active carbons, because of their well developed porosity, have important applications as adsorbents and catalysts: for air and gas puriﬁcation, for extraction of solvents, for preparation
of drinking water, for puriﬁcation of sewage, in
the production of food, and for the extraction of
valuable components (e.g., rare and noble metals) from their complex mixtures. Oxidized carbons are used for the acquisition and analysis of
particularly pure materials for electronic engineering, and they are used in medicine for detoxiﬁcation of blood and other biological liquids (hemo-,
lympho-, plasmo-, enterosorbtion), during treatment of many diseases, and also as carriers of
medicinal preparations.
ACTIVE CENTERS

These centers are impurity atoms injected into
solids to produce changes in their electrical, optical, magnetic and other properties. An injected
impurity which brings about no change is called a
passive impurity. The impurity activity in a given
material is determined not only by its chemical
nature, but also by its position in the crystal lattice, and this depends on the manner and conditions of its injection, and the subsequent processing of the sample. Activation or passivation of
impurities can be caused by heat treatment, the
effect of nuclear radiation, pressure, and other factors. For instance, electrically inactive interstitial
atoms of oxygen in silicon transform under hightemperature annealing into donor centers (called
thermo-donors). The injection of Au, Cu and other
atoms into photoelectrically inactive silicon crystals results, after subsequent exposure to radiation,
in the appearance of photoconductivity. Impurity
activation can arise from the change in position of
the impurity atom as a result of irradiation. Active centers are not necessarily impurities, but can
be intrinsic crystal lattice defects, as well as complexes of intrinsic defects and impurity atoms.
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ACTIVE LASER ELEMENT

Table 1. Important properties of active solid state laser materials doped with neodymium
Material

Ruby
Aluminum- Gallium(aluminum oxide
yttrium
scandiumdoped with
garnet
gadolinium
chromium)
garnet

Property

trigonal,
optically uniaxial

cubic,
isotropic

cubic,
isotropic

Wavelength of emitted
radiation λ, μm
Density, g/cm3
Melting or softening
temperature, ◦ C
Index of refraction (for
emission wavelength λ)
Thermal conductivity,
W·cm−1 ·K−1
Concentration of
activators, ions/cm3
Cross-section of
basic generator
transition σ , cm2
Excited state lifetime, μs
Emission linewidth, nm
Activator distribution
coefﬁcient

0.694

1.06

1.06

1.06

1.05

1.05

3.92
2040

4.55
1970

6.55
1850

5.35
1875

2.55
435

2.85
400

1.755–1.763

1.82

1.943

1.94–1.97

1.56

1.555

0.42

0.13

0.07

0.11

0.013

0.01

1.6·1019

3·1019

2·1020

2·1020

5·1020

3·1021

2.5·10−20

8·10−19

1.5·10−19

2.5·10−20

3·10−20

3.8·10−20

3000
0.53
0.7–0.8

230
0.45
0.18

200
1.4
0.28

200
1.0
0.8

300
26
–

330
15
–

ACTIVE LASER ELEMENT

An optical element in quantum ampli ers or
generators which attains population inversion (see
Level population). Active elements in use with
solid-state lasers are ruby, neodymium glass,
yttrium–aluminum garnet with a neodymium admixture, alkali-halide crystals with color centers,
semiconducting heterostructures, etc.
ACTIVE MEDIUM

A material disturbed from its thermodynamic
equilibrium state in such a way that, when waves
of a certain type (electromagnetic, sonic) propagate in it, their intensity increases in some frequency range. In other words, energy is pumped
from the active medium to the waves. The active
medium, in its turn, receives its energy from an
external source, e.g., an intense light beam (optical pumping), an incident electron beam, etc. See
also Laser active medium.

Yttrium
aluminate

Silicate
glass

Potassiumneodymium
phosphate
glass

orthorhombic, amorphous, amorphous,
optically biaxial
isotropic
isotropic

ACTIVE MEDIUM OF LASER
See Laser active medium.
ACTIVE SOLID-STATE LASER MATERIALS
Monocrystals and glasses (see Vitreous state
of matter) used as laser active media. The basic

properties of active solid-state laser materials most
widely used in industrial applications are given in
Table 1. Characteristics of materials intended for
use in minilasers are given in Table 2. Such materials are expected to permit pumping by minilamps and/or semiconductor light diodes, so that
such minilasers may be built into systems of ber
optics.
ACTIVE SPECTRUM in radiation physics

Stationary space-energy distribution of fast
particles within solids arising from nuclear radiation. The active spectrum is essentially different
from the spectrum of the primary radiation source
because it is formed as a result of interaction of the

ACTIVE SPECTRUM
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Table 2. Important properties of minilaser materials
Material, chemical formula

Concentration
of neodymium,
ions/cm3

Pump level
absorption
coefﬁcient,
cm−1

Excited
state
lifetime,
τ , μs

Effective
cross-section of basic
generator transition,
arbitrary units

Relative
efﬁciency,
arbitrary
units

Y0.7 Nd0.3 Al5 O12
Silicate glass doped with Nd
NdAl3 B4 O12
Nd0.16 Y0.84 Al3 B4 O12
NdP5 O14
Nd0.15 La0.85 P5 O14
LiNdP4 O12

0.14·1021
0.28·1021
5.5·1021
0.88·1021
4·1021
3·1021
3·1021

1.1
2.0
90
15
40
30
30

230
300
19
48
120
240
120

1
0.05
2
2
0.4
0.4
0.6

1
0.14
6.7
57
38
56
48

primary radiation with the irradiated system; it is
the active spectrum that causes radiation effects in
solids. This spectrum is characterized by the set of
functions Ni (ε, r), where ε is the particle energy,
r is the space coordinate, and the dimensionality
of N is MeV −1 ·cm−2 ·s−1 . The expression
Ni (ε, r) ε A t

(1)

gives the number of fast particles with energies in
the range from ε to ε + ε, which intersect at right
angles any region of the large cross-section of the
sphere A centered at the point r during the time
interval from t to t + t (see Fig.). Vectors 1–3

designate the trajectories of the motion of three
particles, whose energies during the motion in the
time interval t lie within the range (ε, ε + ε).
During the interval t particles 1 and 2 intersect
the area A at a right angle and contribute to
Eq. (1). Particle 3, though it succeeded in penetrating the sphere, did not proceed far enough to
pass through the large cross-section area at right
angles, and hence it does not make any contribution to the value (1).
The active spectrum, as well as the absorbed
dose, has a macroscopic value, unambiguously deﬁned only for such A and t at which it is possible to neglect ﬂuctuations of the value N(ε, r). For
a sufﬁciently large volume the Bragg–Grey approximation is valid, namely that the energy given
by the particle to the ionization and excitation of
atoms remains entirely within the volume. In this
case the Bragg–Grey correlation holds between
the absorbed dose of radiation D(r) and the active
spectrum:

(2)
D(r) = T N(ε, r)S(ε) dε,
ε

Construction for the determination of the active spectrum at the point r. Incoming particles 1 and 2 contribute
to the value N (ε, r) of Eq. (1), whereas particle 3 does
not do so.

where S(ε) is the average mass braking capability, which describes the charged particle energy
loss during passage through the material (dimensions are MeV·g−1 ·cm−2 ); T is the time of the
radiation, with T
t . Knowledge of the active spectrum is necessary for calculating the basic parameter of the radiative processes, namely
the yield G. Fast particles in particular energy
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ranges contribute to different radiation induced
processes (ionization of different atomic shells, removal of an atom from its site, etc.). Thus, besides
the spectrum, it is necessary to know the crosssections of the processes σ (ε) as a function of the
incoming particle energy. It is possible to calculate the yield G of the radiation induced formation of Frenkel defects within a crystal irradiated
by accelerated electrons, with the aid of the formula

(3)
G(r) = N(ε, r)σF (ε) dε,
ε

where σF (ε) is the cross-section of Frenkel defect
formation upon collision of fast incoming electrons of energy ε with crystal atoms.
ACTIVITY of particles (quasi-particles)

A quantity that represents the effective concentration of a solute in an ideal solution. It has the
dimension of particle concentration, and is used
in the equation of the law of mass action in cases
when the Boltzmann distribution does not apply.
The classical expression for the relationship between the particle concentration n and the chemical potential μ is
μ = μ0 + k B T ln n,

(1)

where μ0 = const. This equation does not hold
in the presence of degeneracy (e.g., when Fermi–
Dirac statistics or Bose–Einstein statistics apply),
or when the interaction (electric, elastic, etc.) between particles and quasi-particles leads to a redistribution and spatial nonuniformity of their concentration, with a component of shielding. Under
these conditions a quantity a called the activity
is introduced instead of n to retain the form of
Eq. (1). The ratio A = a/n, called the activity coefﬁcient, is a measure of the effectiveness of particular particles (atoms, ions, etc.) in undergoing
reactions or other actions. The concept of activity
is widely used in physical and chemical research.
In descriptions of non-equilibrium processes the
form of Eq. (1) is sometimes retained, but with
the chemical potential μ associated with the Fermi
level replaced by a Fermi quasi-level counterpart
that corresponds to a non-equilibrium concentration n.

ADDITIONAL LIGHT WAVES, Pekar waves,
supplementary light waves
Waves arising from effects of spatial dielectric dispersion in the range of exciton resonances
in crystals. In contrast to classical crystal optics,

which implies that in a given direction s and at a
frequency ω two mutually orthogonally polarized
waves can propagate (birefringence), the appearance of additional light waves means that there
can be more than two such waves with the same s
and ω. In the case of isolated exciton transitions,
there are two waves with the same polarization
but with different complex refractive indices, i.e.
with different velocities and attenuation coefﬁcients. The number of additional light waves is
equal to the number of excitons that are at resonance. The dispersion of additional light waves is
shown in Fig. for the cases of positive (a) and negative (b) exciton effective masses, where a dashed
line indicates curves that do not take into account
the spatial dispersion.
In the presence of additional light waves the
Maxwell boundary conditions imposed on the
ﬁelds for reﬂection and transmission at the interface between two media are insufﬁcient for the
determination of the amplitudes of all the waves.
Therefore, it is necessary to introduce additional
boundary conditions that are obtained from the
law of exciton wave reﬂection from a crystal surface [P ex (r, t)]z=0 = 0, where z = 0 is the surface, and P ex (r, t) is the partial exciton contribution to the polarization P (r, t). For excitons of
large radius, due to the image forces in the vicinity
of the surface, there appears a “dead” layer with a
thickness of l ≈ 2–3 exciton radii into which the
excitons cannot penetrate; and one should impose
the additional boundary conditions on the surface
z = l. There also exist other boundary conditions.
The additional light waves exist in a narrow
spectral range in the vicinity of an exciton resonance at low temperatures. When moving away
from the resonance toward higher or lower frequencies a transition takes place to the classical
theory of birefringence because the amplitudes of
the additional light waves go to zero. When the
temperature is raised and the exciton–phonon interaction constant Γ is increased, then a rearrangement of the dispersion curves takes place; and
when Γ reaches a certain critical value Γ cr they
acquire the classical form.

ADIABATIC APPROXIMATION
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Additional light waves.

The existence of additional light waves is supported by many experiments. For example, two
equivalently polarized waves with different refractive indices were observed after the transmission
of light through a wedge-shaped crystal of CdS.
ADHESION (fr. Lat. adhaesio , sticking)

Coupling or attachment of two dissimilar bodies brought into contact.
In the case of bodies of the same physicochemical nature, the phenomenon is referred to
as cohesion. Adhesion is caused by interatomic
(intermolecular) surface attraction, the nature of
the latter being related to the deformation of the
atomic electron shells at the interface of the bodies. Various mechanisms can be operative, such as
polarization attraction via the van der Waals interaction (see Van der Waals forces) with characteristic energies ε ≈ 10−3 –10−1 eV/atom, and the
interchange or sharing of valence electrons (chemical interaction, ε ≈ 1–10 eV/atom). High adhesion durability (several units of eV/atom) is exhibited by contacts of metal with most (but not
all) other metals and semiconductors, as well as by
those of polymeric ﬁlms with different materials.
The durability of contacts of metals with insulators and graphite is much lower (10−1 eV/atom).
Adhesion plays an important role in some interface phenomena such as friction, wetting, and the
heterogeneous growth of crystals. Adhesion ﬁnds
practical use in soldering, welding, and gluing.

A speciﬁc method of approximate solution of
quantum mechanical problems, based on the distinction between “fast” and “slow” variables.
In solid state physics, this approximation is
used to separate the electronic (r) and nuclear
(ionic, R) variables in the Schrödinger equation.
A solid body is an electron–ion system bound together by strong interactions, in which the characteristic frequencies of the electron subsystem
are much higher than those of the vibrating ions.
This makes it a good candidate for applying adiabatic perturbation theory. The basic parameter that permits this application is the mass ratio
κ = (m/M)1/4 , where m is the electron mass and
M is the mass of an ion. The kinetic energy of the
ions is κ 2 times less than the characteristic electron energy so it is neglected in the zeroth-order
approximation, i.e. the Schrödinger equation is
solved for the electrons with the ions ﬁxed in position at their equilibrium conﬁguration. The resulting wave function n (r, R) and energy En (R)
of electrons in the state n depend on the coordinates R of all the ions. At the next stage of
the problem the ion movement is solved for; the
motion, as a rule, being oscillations of the ions
around their equilibrium positions. In the adiabatic approximation, the motions of the ions do
not induce transitions in the electron subsystem,
but there can be a non-dissipative transfer of energy between the electronic and ionic subsystems.
The adiabatic approximation makes it possibile to
treat the electronic states of the system independently, to a considerable extent, of the oscillations
of the lattice, and hence, every subsystem makes
an additive contribution in the total energy. In this
approximation, the oscillations of ions occur in
the ﬁeld of an effective potential (adiabatic potential) which equals to the sum of the electron energy En (R) and ion–ion interaction potential. The
adiabatic description assumes that terms higher
than κ 5 are neglected. Higher-order terms describe
interactions between the electron and ion systems
(electron–phonon interaction) and higher-order anharmonicity (phonon–phonon interaction).
The main adiabaticity criterion is that the electron spectra have no excitations with energies of
the order of nuclear oscillation frequencies: i.e.
that ωD  |En − Em |, where En and Em are the
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energies of the free and occupied electron states,
and ωD is the characteristic nuclear vibrational
frequency. This criterion is well satisﬁed in insulators and semiconductors due to the presence
of a band gap Eg in the electron spectrum. For
this case the adiabaticity parameter is ωD /Eg .
This criterion can be violated in narrow-gap semiconductors. In metals, the excitation energy is of
the order of the Fermi energy EF (see Fermi energy), so for electrons far below the Fermi surface the criterion is satisﬁed due to the smallness
of the ratio ωD /EF . The delocalized electrons in
the energy range ∼ωD near the Fermi surface are
non-adiabatic. The relative smallness of the volume occupied by such states permits the use of the
adiabatic approximation for bulk characteristics of
a metal such as the binding energy and the phonon
spectrum.
ADIABATIC DEMAGNETIZATION COOLING,
magnetic cooling

Decrease of crystal lattice temperature, T , arising from demagnetization without heat exchange
with the surrounding medium of paramagnetic
particles (spins) contained in the crystal lattice.
This was predicted independently by P. Debye and W. Giauque (1926). The ﬁrst experiments
were carried out in 1933–1934. It is used to obtain temperatures considerably lower than 1 K
(e.g., ∼10−3 K). Transition metal ions of the iron
group or rare-earth elements can be used as paramagnetic particles, as well as other nuclei with
non-zero magnetic moments. The cooling is performed in several stages: (1) the sample is precooled to an initial moderately low temperature
(∼1 K) by other methods; (2) at these temperatures, the sample is magnetized isothermally in a
ﬁeld B ∼ 1–10 Tesla; (3) then the sample is adiabatically demagnetized and its temperature falls
rapidly far below 1 K. The physical reason for this
decrease is associated with the transfer of entropy
from the magnetic subsystem to the crystal lattice
(and vice versa). At stage 2 the spin alignment
of the magnetic subsystem occurs, diminishing its
entropy and increasing the crystal lattice subsystem entropy. Since step 2 is isothermal there is no
change in the sample temperature. Since stage 3
is isentropic the demagnetization is accompanied
by withdrawal of the heat from the lattice, and the
sample temperature decreases.

ADIABATIC FAST PASSAGE

Manner of scanning the applied magnetic ﬁeld
Bapp through the Larmor magnetic resonance condition Bapp = B0 = ω0 /γ in a time subject to
two criteria: (1) the effective magnetic ﬁeld vector direction, B e = B 0 − B app + B 1 , changes so
slowly that the magnetization vector, M, remains
approximately parallel to B e ; and (2) the passage
through the resonance is so rapid that the relaxation processes have no time to deviate M from
the direction of B e . The mathematical statement
of these two criteria in solids is as follows:
1 dB app
1
 |γ B 1 |,

T1
B1
dt
where B 1 is the alternating magnetic ﬁeld vector
which oscillates at the ﬁxed frequency ω0 ; B 0 is
the resonant ﬁeld, γ is the gyromagnetic ratio, and
T1 is the spin–lattice relaxation time.
ADIABATIC PARAELECTRIC COOLING

Decrease of the temperature of a dielectric (insulator) via a decreasing electric ﬁeld due to adiabatic depolarization; the electric analog of adiabatic demagnetization of a spin system (see Adiabatic demagnetization cooling).
Cooling by adiabatic depolarization occurs in
systems with impurity electric dipoles, such as
KCl:OH− , KCl:Li+ , RbCl:CN− . In these systems, the temperature was observed to decrease
to 4 mK. Systems of reorientable electric dipoles
having large dipole moments and a small inversion
splitting are favorable for obtaining low temperatures. The measurement of the temperature change
(ΔT ) dependence on the electric ﬁeld strength and
on the initial temperature elucidates some basic
characteristics of these dipoles, such as the impurity concentration and the magnitude of the dipole
moment, as well as the inversion splitting of the
impurity energy levels.
ADIABATIC POTENTIAL

The energy of a many-atom system as a function of nuclear coordinates, obtained in the solution of the electronic part of the Schrödinger
equation with the nuclei ﬁxed in position. If the
criterion for the validity of the adiabatic approximation is met, the adiabatic potential has the sense
of the potential energy of the nuclei in the ﬁeld

ADSORPTION

of the electrons (this interpretation is inapplicable
in the case of electronic degeneracies or pseudodegeneracies, when the adiabatic potential is especially complicated and leads to a whole range of
new properties of the system). See also Vibronic
instability, Jahn–Teller effect.
ADIABATIC PROCESS

A thermodynamic process taking place without the heat transport to and from the surrounding
medium.
It is represented by an adiabat on a phase diagram. It occurs in a thermally isolated system or
one enclosed in an-insulated environment. It also
can occur in a high-speed process, such as the rearrangement of electron subsystem of a crystal, or
a molecule undergoing rapid rearrangement of its
conﬁguration (see Adiabatic approximation).
ADIABATIC SHIFT in plastic deformation

Formation of localized zones of enhanced plastic deformation in a material under stress (see Localization of plastic deformation).
The adiabatic shift phenomenon is due to the
fact that almost 90% of the plastic deformation energy transforms to heat, and the yield limit of most
metals diminishes as the temperature increases. If
the heat generation under plastic deformation occurs faster than its removal by thermal conduction, pronounced localized heating occurs near slip
bands, which leads to the appearence of the adiabatic shift. The transition from uniform deformation via shear strain to adiabatic shift is determined by the magnitude and the plastic deformation rate. The temperature in the adiabatic shift
domain depends on the amount and the rate of local strain, as well as on the thermal, elastic and
strength characteristics of a material. The plastic deformation in the adiabatic shift zone is superplastic (see Superplasticity), and the deformation rate is high. The adiabatic shift is observed in
explosion deformation, during collisions between
bodies, pressure processing, mechanical processing, static pressing, grinding, etc. When steels are
heated above a certain temperature there is a transformation of the ferrite into austenite. The formation of adiabatic shift zones in materials, whose
strength diminishes as the temperature increases,
can lead to catastrophic failure along these bands.
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ADIABATIC SURFACE SCATTERING

Scattering of quantum particles or waves, taking place in situations when the scattering potential on the surface varies slowly from point to
point. Such scattering occurs at the multiple nearspecular reﬂection of particles from the boundary,
when they undergo ﬁnite periodic motion in the
direction transverse to the surface (e.g., electrons
in a conductor with a constant magnetic ﬁeld parallel to the boundary, or current carriers in a thin
plate with mirror faces). Under these conditions,
the state of such motion is “quantized”, i.e. the
corresponding energy levels are discrete. The adiabaticity of the scattering potential manifests itself in the correlation of successive collisions of
the particles with the surface. The strong correlation of neighboring collisions causes the scattering
to preserve the adiabatic invariant of the periodic
motion. It reduces of the phase volume of states,
into which the particle can transit after collision,
which in turn diminishes the scattering intensity.
ADSORPTION (fr. Lat. ad , on, and sorbeo, am
taking in)

Accumulation of material (adsorbate) from a
gaseous or liquid phase on a solid surface or liquid surface (adsorbent) due to its unusually strong
attraction and retention near the phase interface.
Adsorption is due to forces between the molecules (atoms) that form on the adsorbent surface
and those arriving from the gaseous medium or
solution. Depending on the nature of these forces,
two types of adsorption are distinguished, namely
physical and chemical (chemisorption). Physisorption is caused by van der Waals forces of intermolecular interaction, and chemisorption occurs
under the action of chemical bonding forces. Depending on the forces acting, there are also two
types of heats of adsorption. In case of physical adsorption, the heat of adsorption slightly exceeds that of condensation and is approximately
10 kJ/mole, while the heat of chemisorption is
typically the same order of magnitude as that
of molecular bonding, namely ∼300 kJ/mole.
Chemisorption involves saturation of the free valence bonds of surface atoms, and this occurs via
the formation of chemical compounds with the adsorbent on the surface. Valence bonds become saturated after laying down a monolayer of adsorbent.
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ADSORPTION, ACTIVATED

ADSORPTION, ACTIVATED
See Activated adsorption.

and r is the distance of the particle from the surface. A more general description of the absorption potential is obtained by summing over over
the contributions of each pairwise interaction of the
particle being adsorbed with each atom of adsorbent. This potential depends not only on the distance between the particle and the surface, but also
on its particular position relative to the substrate
atoms.

ADSORPTION, CHEMICAL
See Chemisorption.

ADSORPTION, RADIATION-INDUCED
See Radiation-induced adsorption.

ADSORPTION FATIGUE

AEROSOL PARTICLES in the atmosphere

A nonreversible change in the condition of a
solid body subject to cyclic strains, revealed in
an adsorption-active medium when cracks appear
(see Strength reduction through adsorption). The
essential feature of the process of the development
of adsorption fatigue is that the adsorption of the
substance on the crack surface promotes its development under extension and prevents its closing
at compression. Adsorption fatigue is clearly evident in brittle materials; the degree of its appearance diminishes as the cyclic deforming frequency
increases, and it rises as the amplitude of the deformation rises. The adsorption fatigue effect can
be weakened by the creation of residual stress of
compression in the solid.

An aerosol is a suspension of very ﬁne particles of a solid, or very ﬁne droplets of a liquid in a
gas.
The radii of aerosol particles in the Earth’s atmosphere are 10−3 to 10−4 m, their concentration
in polluted air may reach 1011 m−3 . The aerosol
particles enter the atmosphere or are formed in it
as the result of chemical reactions between gases
(the anthropogenic sources contribute 20%). Natural sources of these particles are air erosion of
soil and rocks, forest ﬁres, volcanic eruptions,
sea foam spraying, reactions between atmospheric
gases resulting in the formation of sulfates, nitrates and ammonium salts. The contribution from
extraterrestrial sources is about 0.05%. The typical particle lifetime in air depends on its size and
its altitude in the atmosphere: particles live up
to 2 days in intermediate layers (to 1.5 km), and
as long as 2 weeks in the middle and upper troposphere. The concentration drops exponentially
with the altitude in the lowest atmospheric layer,
remaining constant in higher layers. The density of
the distribution in size is of the form r −n (where
r is the particle radius, and n = 4 for Junge’s law).
The atmospheric aerosol plays a signiﬁcant role
in the optics and energetics of the atmosphere,
with some particles (∼1%) acting as centers for
heterogeneous vapor condensation (condensation
nuclei). A few aerosol particles in a cubic meter
could be the centers of ice nucleation (nuclei of
ice formation or freezing). Experimental studies
of the aerosols make use of impactors, millipore
ﬁlters, condensation counters, diffusion chambers
and thermoprecipitators.

The compounds that are formed are not necessarily stoichiometric. Their components are atoms or
individual radicals of molecules dissociated during the process of adsorption. Sorption is a more
general concept which includes adsorption and absorption (see Activated adsorption).

ADSORPTION-INDUCED STRENGTH
REDUCTION
See Strength reduction through adsorption.
ADSORPTION POTENTIAL

The potential energy V (r) of interaction between a particle being adsorbed (atom, molecule)
and a solid surface.
This energy depends on their separation distance, and is numerically equal to the work required to transfer the particle to inﬁnity (see Adsorption). The curve deﬁning the adsorption potential consists of two regions, one corresponding
to the short-range forces of repulsion, the other
arising from long-range forces of attraction. The
distance dependence is often approximately described by the Lennard-Jones potential V (r) =
−A/r 6 + B/r 12 , where A and B are positive,

AHARONOV–BOHM EFFECT

AFFINITY, ELECTRON
See Electron af nity.
AGING

See Alloy aging, Magnetic aging, Strain aging,
Recovery of aged alloys.
AGING OF POLYMERS

Change of properties of a polymer, e.g., mechanical or electrical, with time; this change results from concurrently proceeding chemical and
physical processes. Oxidation processes due to interaction with atmospheric oxygen and ozone are
accelerated under exposure to light or radiation,
when internal stresses are present in the polymeric material. In combination with various mechanisms of polymer degradation, internal stresses
may result in the propagation of a network of
cracks. The course of polymer aging is inﬂuenced by microscopic structural inhomogeneity,
and by the change of this characteristic with time,
by migration of the polymeric material components (plasticizers, antioxidants, light stabilizers
(UV absorbers), etc.) either to the surface of the
polymer, or into regions that separate individual structural components of polymeric material
from one another. Acids, alkalis, oxidizing agents,
surface-active agents, and moisture are capable of
changing the polymer structure, and affecting the
strength of the adhesion contact between the components of the polymeric composite material. The
rate of polymer aging changes with time in accordance with the mechanism of the process; in particular, if the major mechanism of aging is oxidative breakdown, then the rate of aging increases
with decreasing concentration of antioxidant, and
with growing concentrations of products which
deﬁne the auto-catalytic nature of the process.
AHARONOV–BOHM EFFECT (Y. Aharonov,
D. Bohm, 1959)

A macroscopic manifestation of the nonlocal
dependence of the phase Θ of the wave function Ψ = |Ψ |eiΘ of a charged particle with a
charge e on the electromagnetic ﬁeld vector potential A(r, t)

e
A dl,
(1)
Θ(A) = Θ0 +
h
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where the integration is carried out along the
quasi-classical trajectory of the particle. The nonlocal dependence (1) is a consequence of the local
gauge symmetry of the electromagnetic interaction in quantum mechanics (see Gauge invariance). In view of this, the electromagnetic ﬁeld
must affect charged particles even when the magnetic (B = ∇ × A) and electric (E = −(∂A/∂t))
ﬁeld strengths are zero, i.e. when the Lorentz force
is absent, but the time-independent vector potential A(r) is nonzero. In order to observe the dependence of the phase Θ on A, Bohm and Aharonov
proposed an experiment involving the interference
of coherent electron beams passing on both sides
of an inﬁnite solenoid. The constant magnetic
ﬂux Φ is concentrated inside the solenoid, while
outside the magnetic ﬁeld B is zero, but A(r) = 0.
Since, according to Stokes’ theorem,

(2)
Φ = dS ∇ × A = dl A,
S

L

where the integration is carried out over the crosssectional area, S, of the solenoid, and along a
closed contour, L, encircling the solenoid, the
phase difference of the electron wave functions in
the two beams is
Θ1 − Θ2 =

e
h

A dl =
L

Φ
.
Φ0

(3)

Here Φ0 = h/e. Thus, the electron beam interference pattern observed beyond the solenoid (e.g.,
on a ﬂuorescent screen) exhibits a shift that results
from a variation of Φ. The ﬁrst experiment of this
kind using a tiny (R ≈ 14 μm) solenoid (Chambers, 1960) conﬁrmed qualitatively the theoretical predictions. Subsequent more precise experiments were carried out using long and very thin
(R ∼ 1 μm) ﬁlaments of ferromagnetic materials
(see Ferromagnet), toroidal solenoids having almost no stray ﬁelds, and superconducting quantum interference devices in which the interference
of wave functions of Cooper pairs with charge
2e takes place. The double charge of a Cooper
pair is responsible for the factor of 2 in the denominator of the ﬂuxoid (ﬂux quantum) deﬁnition
Φ0 = Φ0 /2 = h/2e (see Flux quantum).
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AIRY STRESS FUNCTION

AIRY STRESS FUNCTION (G.B. Airy, 1863)

A function used to express the solution of the
problem of planar strain of a homogeneous, linear
elastic solid. Planar strain is the strain at which
one of the components of the displacement vector u, called uz , is equal to zero, and the other two
components ux and uy do not depend on z. In this
case the equations for the equilibrium of the elastic
body can be written in the form
∂σxy
∂σxx
+
+ ρX = 0,
∂x
∂y
∂σxy
∂σyy
+
+ ρY = 0,
∂y
∂x
where σij are the components of the stress tensor, ρ is the density, X and Y are components
of the bulk force density vector. If this vector can
be derived from a potential V , i.e. X = −∂V /∂x,
Y = −∂V /∂y, then there exists a function χ called
the Airy stress function, in terms of which one can
express the components of the stress tensor that
are the solutions of the problem at hand:
σxx =

∂2χ
+ ρV ,
∂x 2

σyy =

∂2χ
+ ρV ,
∂y 2

σxy = −

∂2χ
.
∂x∂y

Under certain conditions the Airy stress function
is biharmonic.
ALBEDO

The reﬂecting ability of a matte surface. The
plane (Lambert) albedo is the ratio of the light
ﬂux scattered by a ﬂat element of surface to the
incident ﬂux. This is measured by an albedometer.
The apparent albedo is the ratio of the brightness
of a ﬂat surface element illuminated by a beam of
parallel rays to that of an absolutely white surface oriented normal to the incident beam. The
albedo for monochromatic radiation is called spectral albedo. A similar physical quantity in neutron
optics, neutron albedo, is the probability of the
neutron reﬂection that results from multiple scattering in the material. The concept of albedo is
used, e.g., in optical engineering calculations, in

temperature measuring by the radiometer method,
and in neutron diffusion theory.
ALFVEN WAVES
See Solid-state plasma.
ALGEBRA, COMPUTER
See Computer algebra.
ALKALI-HALIDE CRYSTALS
Ionic crystals of compounds of alkali metals

and halogens. They crystallize mainly in the NaCltype FCC crystal lattice (except CsCl, CsBr, CsI
which adopt the CsCl BCC structure). NaCl is a
typical representative of alkali halides: the ionicity is 0.94; interionic spacing is 0.282 nm; binding energy per pair of ions is 7.93 eV; melting
temperature 1074 K; Debye temperature 281 K;
speci c heat 48.86 J·mol−1 ·K−1 (250 K); thermal conductivity 0.07 W·cm−1 ·K−1 (273 K); static dielectric constant is 5.9, optical dielectric constant 2.25. Alkali halides are one of the most
important model systems in solid state physics.
During investigations of these crystals many fundamental phenomena were discovered, such as
self-localization of electron excitations, the existence of free and self-localized states of quasiparticles, the decay of electron excitations per pair
of defects, light absorption and luminescence, relations of intraband transitions in insulators.
The valence band (width 2–5 eV) develops
from p-states of the halogen, the conduction band
(somewhat wider) arises from the empty s-state of
the alkali metal. The broad band gap (6–14 eV)
causes the transparency in the visible and UV
spectral regions. In the IR range the transparency
region is limited by the lattice absorption (excitation of optical phonons ν ∼ 1013 Hz).
In the UV region the transparency limit is determined by the exciton absorption bands situated
on the long-wave edge of the fundamental absorption. These bands involve the excitation of the
halogen s-state to the p-state (Frenkel exciton). In
the transparent region absorption bands caused by
structural or impurity defects (color centers) may
be observed.
A strong electron–phonon interaction results
in a sharp difference between free and relaxed
quasi-particle state properties. Effective masses
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are: for the electron band m∗e ≈ 0.5me , and for
the polaron m∗p ≈ me . The drift mobility
is about 104 cm2 ·V−1 ·s−1 at 5 K, and about
10 cm2 ·V−1 ·s−1 at 300 K. For holes and excitons
relaxation leads to the self-localization of quasiparticles in the regular lattice (holes as a molecular halogen ion X−
2 , exciton as an excited quasi-

∗
molecule (X2−
2 ) ).
Holes travel a distance of about 102 –103 nm
in a time of about 10−11 s before their selflocalization. For the self-localization of an exciton
the activation energy of about 10 meV is required,
therefore, the lifetime of a free exciton and its shift
depend on the temperature. With the increase in
temperature the thermally activated motion of selflocalized holes and excitons is observed, with activation energies 0.18–0.54 eV for holes and approximately half that value for excitons. It is likely
that for excitons this motion represents a series of
∗
reorientation jumps of (X2−
2 ) , terminating in a
radiative or nonradiative annihilation, or capture
by a defect. For holes there is a combination of reorientation jumps of X−
2 and “great leaps” for a
distance about 100 nm. This hopping, which provides the major part of the contribution to the hole
motion, is due to a thermally activated transition
of the Vk -center in a hole band, or a hole polaron
of large radius.
The recombination of an electron with a selflocalized hole, or a nonradiative exciton annihilation, takes place with a high probability of the formation of a Frenkel defect pair in the anion sublattice. This is responsible for the low radiation resistance of alkali halides. Luminescence of alkali
halides is related to both radiative exciton annihilation (free and self-localized exciton) and radiative transitions in local centers (luminescent center). An impurity ion or impurity atom (e.g., Ag+ ,
In+ , Tl+ , Pb2+ ), or a structural defect, is typically
a nucleus of such centers.
The luminescence of local centers in alkali
halides is observed both at the photoexcitation of
absorption bands of these centers (the intra-center
luminescence), at the excitation in a region of fundamental absorption, and by interactions involving incident high-energy particles and quanta. In
the latter case the energy transfer from the lattice
to the luminescence centers is provided by elec-
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tron and hole migration (recombination luminescence), or by exciton migration. At T  200 K the
ionic conductivity arises mainly from the motion of
cation vacancies, while for T  300 K it is due to
the motion of anion vacancies.
The main technical applications of alkali
halides are for optical materials, for the detectors
of nuclear radiations (scintillators NaI doped with
Tl, CsI with Tl, CsI with Na, and thermoluminescence dosimeters based on LiF), and lasers based
on color centers.
ALKALI METALS, alkali elements

Chemical elements of Group I of the periodic
table (Li, Na, K, Rb, Cs, radioactive Fr). Owing
to the high radioactivity of Fr its properties have
been rarely examined. The distribution of Na and
K in the Earth’s crust is rather high (2.64 and 2.5
mass %); the remaining alkali metals are rare and
widely dispersed. All alkali metals have low electronegativities, with electronegativity values ranging from 0.96 (Li) to 0.69 (Fr). The outer electronic shell of an alkali atom contains a single
s-state electron (conﬁguration s 1 ), with a stable
inert gas shell (s 2 or s 2 p6 ) lying below it. The
atomic radius expands from Li (0.155 nm) to Fr
(0.280 nm). At the same time, the number of electron shells increases, resulting in a decrease of the
electrostatic attraction force of the outer valence
electron to the nucleus, and a decrease of the ionization energy from 5.392 eV for Li to 3.894 eV
for Cs. This is why alkali metals easily give up
their valence electron and transform into ions M+ .
Alkali metals are light metals: density increases from 0.539 g/cm3 (Li) to 1.9039 g/cm3
(Cs). They melt easily: Tmelting changes from
453.69 K (Li) to 301.75 K (Cs). These metals
have the ability to color a colorless ﬂame: Li into
red, Na into yellow, K and Cs into violet, Rb into
a purple-red color. Alkali metals are similar in
their physical and chemical properties, all being
very active chemically. They interact with oxygen
and water at room temperature. Hydroxides of alkali metals with the general formula MOH are all
strong bases, and are highly water soluble. They
are often referred to as caustic alkalis. Most alkali
metals salts are very water soluble, exceptions being the Li compounds LiF, Li2 CO3 , Li3 CO4 , and
also perchlorate salts MClO4 , where M = Li, Na,
K, Rb, Cs, Fr, NH4 .
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ALLOTROPY

Uses of alkali metals in the free state are
severely limited: Na and K are used as thermocarriers; Cs and other alkali metals as getters in
vacuum equipment, etc.
ALLOTROPY (fr. Gr. αλλoς , other, and τρoπη ,
turn)

The ability of a chemical element to exist as
two or several distinct forms (allotropic forms)
having different physical and chemical properties.
The allotropy can be caused by various processes
such as the formation of molecules having different numbers of atoms (e.g., oxygen O2 and ozone
O3 ), crystals of a different structure (e.g., graphite,
diamond, carbyne, fullerene forms of carbon), or
high pressure (diamond). In the case of carbon the
allotropy is a kind of polymorphism.
ALLOWED SPECTRAL LINES
Spectrum of lines of allowed transitions, i.e.

those which satisfy quantum-mechanical selection
rules, and have intensities that far exceed the intensities of forbidden quantum transitions.
ALLOWED TRANSITIONS

Transitions which are permitted by the selection rules of quantum mechanics. The dimensionless squared magnitude of the matrix element
of the periodic perturbation that induces transitions between particular initial and ﬁnal states prescribes the probability of such a transition to occur, and for an allowed transition this matrix element is close to unity. The relative intensity of
transitions in magnetic resonance is proportional
to |ini |gμB J |f nf |2 B 21 , where B 1 is an alternating microwave or radio-frequency ﬁeld, g is
the dimensionless g-factor, μB is the Bohr magneton (the nuclear magneton is used for NMR),
J is the spin, ni,f are the numbers of photons, i
and f are the quantum numbers of the spin system initial and ﬁnal states. If one denotes the states
of an isolated spin by the value of its projection
M along the applied magnetic ﬁeld B 0 , then the
transitions with ΔM = ±1, n = 1 are allowed in
strong magnetic ﬁelds for B 1 ⊥B 0 . For very weak
applied magnetic ﬁelds (e.g., weaker than a crystal ﬁeld term that causes magnetic quantum number splittings) the intensities of other transitions
(forbidden in high ﬁelds) sometimes approach the

value unity as well, that is they also become allowed, e.g., ΔM = ±2, ±3, . . . or ΔM = 0 (integer spin and B 1  B 0 ). When spins interact with
each other, transitions involving a change in the
projection of just one of the two are considered allowed transitions as well: ΔM1 = ±1, ΔM2 = 0,
Δn = 1 or ΔM1 = 0, ΔM2 = ±1, Δn = 1.
ALLOY AGING
Change of crystal structure and physical properties of alloys as a result of the decomposition of a supersaturated solid solution (see Alloy
decomposition), which is generated when an alloy undergoes rapid cooling (quenching) from the
single-phase region of the phase diagram to the

two-phase (low-temperature) one. The process of
alloy aging takes place when the mutual solubility
of alloy components in each another decreases because of a lowered temperature. The resulting supersaturated solid solution is in a metastable state
and attains equilibrium, i.e. reaches a state characterized by a minimum of free energy (see Thermodynamic potentials), by precipitating the excess
amount of alloying element in the form of secondphase particles (see Alloying). This process is referred to as natural aging if it occurs at room
temperature, as distinguished from the artiﬁcial
aging process, which requires heating of the hardened alloy. Natural alloy aging is common to aluminum alloys (e.g., Al–Cu, Al–Zn, Al–Ag, etc.),
whereas the artiﬁcial variety is characteristic of alloys featuring higher heat resistance (e.g., Cu–Be,
Cu–Ti, Ni–Be, Co–Be, Co–Ti, Co–Cu, Ni–Al,
Ni–Ti, Fe–Be, Fe–Cu, etc.).
Alloy aging is a rst-order phase transition involving nucleation of a new phase followed by
growth of the nucleus. The late stages of alloy aging are characterized by the coalescence process,
with larger particles growing at the expense of
smaller ones. The formation of the new phase nucleus calls for overcoming a potential barrier due
to the generation of a new volume which exhibits a
new crystal structure (different from original matrix), composition and phase boundary. When the
matrix and precipitated phase have different speciﬁc volumes, an additional contribution to the
new volume is made by the elastic energy, which
is due either to elastic coherent stresses arising
in the case of a coherent interface, or to ﬁelds
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of stresses due to interphase dislocations in the
case of an incoherent interface (see Coherent precipitates). Two decomposition types are distinguished. If the structures of the matrix and of the
precipitated phase have much in common, then the
process is called isomorphic decomposition (see
Isomorphism), otherwise it is referred to as nonisomorphic decomposition. The potential barrier
may be substantially lowered if the nucleus of the
new phase arises at grain boundaries, dislocations,
stacking faults, i.e. a discontinuous-type heterogeneous nucleation takes place. In the event that the
nuclei are formed at point defects, the process is
called “continuous homogeneous nucleation”. Another mechanism of alloy aging is spinodal decomposition.
The form and nature of the spatial arrangement
of the precipitated particles in an aged alloy are determined by the following factors: type of decomposition (continuous or discontinuous), magnitude
of coherent interphase strains, value of the difference between the elastic moduli of the phases,
type of anisotropy of elasticity exhibited by the
matrix, volume fraction of precipitates in the alloy. Provided a certain balance is reached between
the above parameters (elastically isotropic matrix,
high coherent strains, and volume fraction of precipitates), the particles of the coherent phases in an
alloy can achieve a regular distribution in the form
of a macrolattice, forming a so-called modulated
structure during the process of coalescence. The
shape of precipitate particles depends on the coherent strains and on the ratio between the elastic
moduli of the matrix and of the precipitated phase.
There exist spherical, laminar-shaped, and needleshaped precipitate particles.
The process of aging does not ordinarily involve the immediate formation of the precipitated phase: the alloy passes through a sequence
of intermediate metastable states which correspond to certain free energy minima. At the initial stages (pre-precipitation), either zones enriched with the alloying element (Guinier–Preston
zones), or dispersed particles of the coherent intermediate phase are formed. The dimensions of
the latter range from 0.5 to 1.0 nm. At subsequent
stages their structure and composition approximate the equilibrium values of the equilibriumprecipitated phase. The realization of one or an-
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other intermediate state is determined by the kinetics of alloy aging (i.e. depends on the activation
energy of the process). Aging is accompanied by
considerable changes in alloy properties: increase
of strength and high-temperature strength, coercive force, magnetic energy, electrical conductivity,
etc. It is for this reason that alloy aging is used in
industry for the purposes of upgrading alloy characteristics.
ALLOY BRITTLENESS

High susceptibility to brittle failure, appearing
at the alloying of metals, and at the formation of
alloys. The brittleness of alloys appears due to:
(1) Hardening, introduced by atoms of the doping
element. The increase of ﬂow stress σS within
the solid solution limits results in a decrease
of plastic characteristics (elongation δ, transverse narrowing ψ ), and in an increase of the
cold brittleness temperature Tb . Alloys where
a rhenium effect occurs are an exception.
(2) Dispersion hardening (see Precipitation-hardened materials). When phases of refractory
compounds are introduced into the alloy as
dispersed particles, then the mean free path
of dislocations is restricted. Also this favors
their conglomeration at barriers, leads to an
increase of σS , and to a decrease of δ and ψ ,
thereby inducing an increase of Tb .
(3) Formation of intermetallic brittle phases (see
Intermetallic compounds) (σ -, χ -phases, etc.).
The reasons are the same as in case of disperse hardening, but they are compounded by
the primary release of these phases along grain
boundaries.
(4) Decay of solid solutions oversaturated by
interstitial impurities (dispersion hardening).
The reasons are the same as in two previous
cases (see Alloy decomposition).
(5) Solid solution decay of the stratiﬁcation type
(see Strati cation-type failure). At the decay
extremely small (of the order of nanometers)
solid solution regions based on each alloy
component are formed (e.g., in the Cr–Fe system: α-phase based on Fe, and α  -phase based
on Cr). The presence of ﬁne-grained phases
presents difﬁculties for the formation and motion of dislocations, and thereby decreases δ
and ψ and increases σS and Tb .
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ALLOY DECOMPOSITION
A rst-order phase transition involving the sep-

aration of an excess doping element in the form
of a new phase, or the separation of a pure component from a supersaturated solid solution of the
alloy in which one of the components exhibits a
drop in its solubility in the other at lower temperatures. The separated phase either may exhibit a
crystal structure similar to that of the alloy or the
matrix (isostructural decay), or it can have a different structure (heterostructural alloy decomposition). As for the acting mechanism, the alloy can
separate via a spinodal decomposition, or through
the formation and growth of an embryo of a new
phase. One may also identify a heterogeneous alloy decomposition when defects of a crystal lattice take part in the nucleation (except for point
defects), and a homogeneous alloy decomposition
when the embryos form without any input from
defects. As for their morphology, one may distinguish a continuous alloy decomposition that proceeds uniformly throughout the bulk of the crystal
grain, and a fragmentary alloy decomposition (cellular alloy decomposition) which starts at grain
boundaries and propagates into the bulk grain in
the form of pseudopearlite cellular colonies.
ALLOY DEHARDENING
See Dehardening by alloying.
ALLOY DISORDERING
A process inverse to alloy ordering, when atoms

of each type redistribute so that the parameters of
long-range and short-range order decrease in their
absolute values. Disordering of alloys may occur with increasing temperature and corresponding change of pressure under the effect of various
radiations, and also during plastic deformation.
ALLOY HETEROGENIZATION

A process of obtaining metal alloys with a
structure consisting of two or more phases (heterogeneous structures). According to the equilibrium phase diagram of an alloy the phase
composition may change under a variation of temperature or pressure. For example, if there is a
single-phase (homogeneous) solid solution in thermodynamic equilibrium at a high temperature,
then lowering the temperature could convert it

to a nonequilibrium state. In this case, using a
rapid-rate of cooling (quenching) a homogenous
(in the macroscopic sense) solid solution with
the high temperature composition becomes ﬁxed
at room temperature, despite its lack of thermodynamic equilibrium. During subsequent heating
and exposure to air this homogeneous solid solution could undergo a decay with the precipitation of inclusions of new phases, i.e. it proceeds
toward heterogenization. This heterogenization is
alloy aging. At aging of, for example, an alloy on
a base of aluminum (duralumin, 4% Cu + others)
has its strength signiﬁcantly increased. Nickel alloys doped with aluminum, chromium, and titanium noticeably improve their high-temperature
strength as a result of the formation of a system of
isolated regions of a new phase (gamma phase).
Heterogenization is extensively used for obtaining
hard magnetic materials. Heating and subsequent
exposure are often carried out in a strong magnetic ﬁeld (thermomagnetic treatment). Inclusions
of a strongly magnetic phase grow in the magnetic
ﬁeld so the direction of their stretching coincides
with the ﬁeld direction. Rod-like precipitates result in magnetic anisotropy and an increase in the
coercive force.
Heterogeneous structures are produced not only
by the thermal treatment of alloys, but also with
the help of other diverse techniques applied during the manufacture of neutron glasses, composite materials (impregnation of high-strength ﬁbers,
networks, etc., arranged in a particular way).
ALLOYING

Introducing atoms of various chemical elements into materials (insulators, metals, and alloys) so as to impart certain properties. The formation of metal alloys with various properties that
differ from those found in pure metals (increased
strength, high-temperature strength, corrosion resistance, highly increased coercive force, ﬁne dispersion structure, etc.). Concentrations of alloying
elements in metals and alloys vary typically from
tenths of a percent to tens of percents.
ALLOYING ELEMENT
An auxiliary alloy added to liquid metals or al-

loys to alter their chemical composition and improve their qualities. The doping element (see Alloying) is better assimilated if one uses an alloyed
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element, rather than the element in its pure form.
Alloying elements are obtained by melting together the necessary components, or by reducing
ores, concentrates and oxides. Alloying elements
ﬁnd their widest application in ferrous metallurgy,
mainly for the modi cation and doping of steel and
cast iron.
ALLOY ORDERING

The process of redistribution of atoms in alloys, whereby atoms of each type begin to occupy their individual crystal lattice sites so longrange order becomes established (see Long-range
and short-range order). As this takes place, the local increase (or reduction) of the concentration of
atoms in the coordination spheres around a central (arbitrarily chosen) also atom takes place; this
local change of concentration corresponds to the
presence of short-range order along with the longrange order (see Correlation in alloys). The phenomenon of alloy ordering is of common occurrence; it is observed in both substitutional alloys
and interstitial alloys (vacancies at the sites and
interstices of the lattice may also be involved),
in oxides, in two-dimensional structures consisting of atoms adsorbed on the crystal surface, in
ferromagnetic (see Magnetic materials) and antiferromagnetic metals (where differently oriented
atomic spin moments become ordered), etc. Consider the simplest case of a binary alloy consisting of NA atoms of type A and NB atoms of
type B that are distributed over respectively N 1
positions of type 1 and N 2 positions of type 2 (positions of types 1 and 2 being, respectively, the
sites and interstices of the lattice). In this case,
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the relative concentrations of atoms A and B may
be introduced: cA = NA /N , cB = NB /N , where
N = NA + NB = N 1 + N 2 . The long-range order is characterized by the long-range order parameter η (see Order parameter), which is given by
(1)
(1)
the formula η = (pA − cA )/(1 − ν), where pA
is the a priori probability of site 1 being occupied
by atom A, and ν = N 1 /N . The name “disordered
alloy” is commonly given to alloys that exhibit
no long-range order (short-range order may exist,
(1)
however), i.e. pA = cA and η = 0. For a completely ordered alloy the stoichiometric composition is cA = ν, so the long-range order parameter
η = 1. Also other types of long-range order parameters (as well as short-range order ones) may be
introduced.
The most direct and widely used methods
for experimentally investigating ordered structures (superlattices) in alloys are radiographic (see
X-radiography) and neutron diffraction (see Neutron diffractometry) methods, which allow the determination of the arrangement of atoms in various superlattice structures (Fig. 1). It has been
found that η decreases with increased temperature. For many alloys, η becomes equal to zero
at a certain absolute temperature T = T0 (ordering temperature) below the melting temperature.
Here T0 is called the order–disorder phase transition temperature, which may occur at either a
second-order phase transition (e.g., in alloys like
β-brass) or a rst-order phase transition (in alloys
of AuCu3 and AuCu type). The temperature dependence of the long-range order parameter for
these cases is given in Fig. 2. The value of the
ordering temperature T0 depends upon the alloy

Fig. 1. Distribution of atoms A (open circles) and B (closed circles) in perfectly ordered alloys with three common
structures of the types (a) β-brass, (b) AuCu3 and (c) AuCu.
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Fig. 2. Temperature dependence of the order parameter
η(T ) for a phase transition of (a) second order and (b)
ﬁrst order.

composition. The short-range order does not die
out at T = T 0 , but reduces gradually with increasing T . Certain alloys (e.g., Fe–Al) exhibit successive formations of various superlattice structures
at various temperatures; i.e. these alloys feature
not only order-disorder transitions between superlattice structures, but also transitions of the orderorder type. Various phase transitions involving a
change of atomic order have been found in the
subsystem of interstitial atoms in interstitial alloys
(e.g., in metal–hydrogen systems).
The theory of atomic ordering is ordinarily
based on one of two approaches: the thermodynamic approach or the statistical one. The thermodynamic theory treats alloy ordering in the
neighborhood of the T0 temperature on the basis of the general Landau theory of second-order
phase transitions. Another thermodynamic approach (E.M. Lifshits, 1941, 1944) consists in analyzing the symmetry of the atomic probability density function using group theory methods, which
allows the determination of structures prone to
second-order transitions.
The statistical theory of alloy ordering is based
on employing simpliﬁed models of alloy atomic
structure. It provides a means of determining the
equilibrium values of order parameters in alloys
over the whole range of variation of these parameters. The commonly used model is based
on the pairwise interactions of atoms in the context of the conﬁguration approximation. Even
when the only interatomic interactions considered are those between nearest neighbor atoms
(Ising model), the determination of thermodynamic functions remains a complicated task. The
exact solution of this statistical problem has been

Fig. 3. Dependence of the ordering temperature T 0 on
the relative concentration cA = NA /N of A type atoms
in the alloy β-brass.

obtained for one- and two-dimensional crystal
lattices (Onsager method). The difﬁculties associated with the three-dimensional problem necessitate the application of approximate methods, of
which the simplest is the Gorsky–Bragg–Williams
approximation (V.S. Gorsky, 1928; W.L. Bragg,
E.J. Williams, 1934–1935), which completely ignores correlation in alloys. The application of this
method gave rise to the theory of ordering in
binary A–B alloys with two equivalent atom positions. In the context of this theory the equilibrium equations for determining the T - and
cA -dependences of the equilibrium value of η
have been derived. The general forms of these
equations, which are applicable to all types of
structures, are given by
kB T Z =

∂E
1
,
ν(1 − ν)N ∂η

Z = ln

[cA + (1 − ν)η](1 − cA + νη)
,
[1 − cA − (1 − ν)η](cA − νη)

where E is the pairwise interaction energy of an
atomic system. The η(T ) dependences are presented in Fig. 2, and the corresponding phase transitions follow from these expressions. One can
also obtain the T 0 (cA ) dependence, which takes
the form given in Fig. 3 in the case of alloys of
the β-brass type. Generalization of the alloy ordering theory to alloys with inequivalent sites, and
to interstitial alloys with inequivalent interstices,
brings the equilibrium equation to the following
form: k B T Z = R 1 η + R 2 , where R 1 and R 2 are
constants, and R 2 = 0 for the case of equivalent
positions of atoms. The latter equation suggests
the occurrence of order–order phase transitions,
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which do not involve the generation of new superlattice structures. The alloy ordering theory is
extended also to cases when the type of the resulting superlattice structures is not known in advance
(method of branch points, and method of static
concentration of waves); it allows the prediction
of the types of superlattice structures arising from
the disordered state of an alloy of a given structure. The theory of alloy ordering under pressure
is developed by taking into account the relationship existing between the energies associated with
the interatomic interaction and the interatomic distance.
Allowance for correlation in alloy ordering
theory has been made using various approaches,
of which the Kirkwood approximation (J.G. Kirkwood, 1938) and the quasi-chemical approximation should be mentioned. The former is based
on expanding the free energy in a power series
of w/(k B T ), where w is the ordering energy. The
latter approximation treats groups of neighboring
atoms as quasi-molecules. Allowance made for
correlation results in the T0 (cA ) curves being contracted to the medium region of the phase diagram, in the increase of the η0 jump at ﬁrst-order
transitions, in a more correct determination of the
phase transition type in alloys of the AuCu type,
and in other reﬁnements of the theory.
In a theory of alloy ordering, consideration
must be given to the electronic subsystem of the
crystal. Alloy ordering has a pronounced effect
on the mechanical properties of alloys, strongly
affecting the elastic moduli, critical shear stress,
creep, high-temperature strength (e.g., the hardness of the alloy CuPt more than doubles on ordering). Alloy ordering is responsible for abrupt
changes in atomic diffusion coef cients and the
speciﬁc electrical resistance (see Resistivity of ordered alloys), as well as for profound changes
in thermal properties (characteristic anomalies of
speci c heat in the neighborhood of T 0 , abrupt
changes of alloy energy during the course of ﬁrstorder transitions). The assumption of the existence
of ordered structures is based on the observation
of minima on the plots of ρ(cA ) for the Au–Cu
alloys. Quantum perturbation theory (with no regard for correlation) provides the dependence of
residual resistivity on cA and η under conditions
of alloy ordering:
ρ0 ∼ cA (1 − cA ) − ν(1 − ν)η2 .
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Alloy ordering strongly affects the energy spectrum of electrons (theoretically, there is a certain probability of generating a gap in the electron energy spectrum (see Band gap) which may
in principle induce metal–insulator transitions),
therefore, alloy ordering exerts a strong inﬂuence
on galvanomagnetic effects. The Hall constant of
the alloy AuCu3 even exhibits a change of sign.
Alloy ordering has a pronounced effect on magnetic properties (e.g., the alloy Ni3 Mn is weakly
magnetic in the disordered state, and becomes a
ferromagnet in the ordered state).
ALLOYS

Macroscopically homogeneous many-component systems. The main method of alloy production is crystallization from the melt. There are also
other techniques of alloying: sintering, diffusion of
the alloying elements into a solid; accumulative
crystallization of vaporized components; electroplating; ion implantation, etc. In certain cases the
concentrations of the components are in a strictly
deﬁned ratio, i.e. the alloy is a chemical compound (with only slight deviations from stoichiometric composition); e.g., brass structures of the β
(CuZn), γ (Cu5 Zn8 ) and ε (CuZn3 ) types, or compounds AuCu3 , AuCu, etc. The alloy name is often determined by the name of its major component (copper alloys, titanium alloys, aluminum
alloys, etc.). Certain groups of alloys go under
conventional names: cast irons and steels (Fe–C),
brasses (Cu–Zn), bronzes (remaining Cu-based alloys). Alloys are divided into single-phase (homogeneous) and multiphase (heterogeneous) types.
The following individual alloy phases are distinguished: solid solutions formed when atoms or
ions of components share a common lattice (characteristic of one of the components) when mixed
in arbitrary proportions; intermetallic compounds
characterized by certain relations among the constituent elements; crystal lattices of intermetallic compounds that differ from those of the constituent elements. Alloys are grouped according
to common inherent features: nonferrous metal
alloys, refractory metal alloys, ferrous metal alloys, semiconducting alloys, etc. The most widely
used types are metal alloys which are divided into
casting alloys and wrought alloys depending on
the technique of production of semiﬁnished items
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or complete articles. In terms of applications, alloys are classiﬁed into constructional alloys, tool
alloys, alloys with special electrical properties,
solders, etc. In terms of the principal operating
characteristic, high-temperature alloys, thermalenvironment resistant alloys, wear-resistant (see
Wear) ones, corrosion-resistant (see Corrosion resistance) alloys, extra-hard alloys, etc., are distinguished. The large group of alloys with special
characteristics due to their deﬁnite chemical composition, lack of harmful (exerting strong adverse
effect on properties) impurities, are called precision alloys. This group includes soft magnetic
alloys and hard magnetic alloys (see Soft magnetic materials, Hard magnetic materials), alloys
with speciﬁed electric, thermal, elastic properties
(including alloys exhibiting particular temperature
dependences of these properties), as well as superconducting and bimetallic alloys. High purity of
alloys is achieved by using components of extrapurity, and performing the smelting in vacuo, inert,
or reﬁning (hydrogen-containing) media, by application of zone re nement, electroslag remelting,
vacuum reﬁning, methods of ﬂoating zone melting. In order to increase the anisotropy of properties, directional crystallization and thermomagnetic treatment are used. The ﬁnishing stage of
the development of alloy properties is heat treatment, which facilitates eliminating the nonuniform distribution of alloying components within
the boundaries of individual grains, establishing
the needed dislocation structure (see Dislocations),
phase composition, distribution of atoms within
separate phases (see also Alloy ordering, Alloy aging, Order parameters in alloys). The thermodynamic description of alloys usually involves the
temperature T and composition (molar ratios of
components) as independent state variables. The
characteristic functions are entropy S, enthalpy H ,
and Gibbs free energy G = U − T S + pV (U is
internal energy, V is volume) (see Thermodynamic
potentials). The components of alloys are described using partial molar derivatives, e.g., chemical potential μ = ∂G/∂ni .
ALLOYS OF METALS

For different kinds see Aluminum alloys, Beryllium alloys, Chromium alloys, Copper alloys,
Germanium–silicon alloys, Iron alloys, Lead alloys,

Magnesium alloys, Molybdenum alloys, Nickel alloys, Noble metal alloys, Rhenium-bearing alloys,
Tantalum alloys, Titanium alloys, Tungsten alloys,
Heusler alloys, Mishima alloys.
ALLOY STRATIFICATION
A phase transition consisting in isostructural
decay of a supersaturated solid solution (see Alloy decomposition) into two or perhaps three so-

lutions with differing concentrations of doping
elements. Experiments have demonstrated alloy
stratiﬁcation in systems exhibiting immiscibility regions in their solid states (such as Au–Pt,
Au–Ni, Cu–Ni–Fe). A spinodal mechanism of the
phenomenon is suggested (see Spinodal decomposition).
ALLOY STRUCTURE AND PROPERTIES

For structure and properties of different kinds
of alloys, see Amorphous metals and metallic
alloys, Binary alloys, Eutectic alloys, Eutectoid
alloys, High-coercivity alloys, Interstitial alloys,
Monotectic alloys, Peritectic alloys, Superconducting alloys, High-temperature alloys, Substitutional
alloys, Thermal-environment resistant alloys, Ferromagnetism of metals and alloys, Radiation physics of metals and alloys, Failure of amorphous
metallic alloys, Order parameters in alloys, Resistivity of ordered alloys.
ALNI (fr. aluminum and nickel)
Hard magnetic materials

of the system
Fe–Ni–Al with Cu commonly added. The optimal composition is close to Fe2 NiAl. The products from these alloys are manufactured by casting
and grinding. A high-coercivity state results from
the decomposition of an oversaturated solid solution. Properties of some alni alloys are given under
the entry Hard magnetic materials.
ALNICO (fr. aluminum, nickel and cobalt)
Hard magnetic materials based on the system

Fe–Co–Ni–Al. They are commonly used with the
addition of up to 4% Cu. They are similar in
many aspects to alni alloys. Alloys with contents
of Co 18 to 25% are sensitive to a thermomagnetic
treatment resulting in the formation of anisotropic
magnetic materials. Their properties are given in
the table under the entry Hard magnetic materials.

ALUMINUM ALLOYS

ALPHA PHASE (α -phase) (introduced by
F. Osmond, 1885)
A phase on the basis of the low-temperature

modiﬁcation of a polymorphous chemical element
(see Polymorphism). The term alpha phase was introduced to designate the low-temperature modiﬁcation of iron and related solid solutions; later it
was extended to other polymorphous elements. In
binary systems, the alpha phase indicates the solid
solution of the second component in the substrate
metal. The temperature and concentration regions
of the alpha phase are determined by the thermodynamic potentials of its initial and concurrent
phases. If the alpha phase exists over wide concentration limits, then alloy ordering, alloy strati cation, and magnetic transformations may occur at
its cooling.
ALUMINOSILICATES
A group of minerals: various salts of silicic acid
where aluminum occupies the same position in the
crystal structure as silicon. Also present are an-

ion complexes, namely SiO4 tetrahedra, and also
AlO4 . The number of Si4+ ions replaced by Al3+
ions does not exceed 50%. The ratios Si : Al equal
3 : 1 and 1 : 1 are found. The ratio (Si + Al) : O in
anion radicals is also 1 : 2. Aluminosilicates can
have chain, laminar or framework structures. In
minerals with the chain structure, Al can replace
up to 1/4 of the Si, and in the laminar and three
dimensional framework ones – up to 1/2 of Si. In
this case, the charge balance is restored by the introduction of ions of monovalent (Na, K) or divalent (Ca, Ba) elements into the structure. The
most common aluminosilicates are feldspar, zeolites, scapolite, micas, chlorites, and others.
ALUMINUM, Al

A chemical element of Group III of the periodic table with atomic number 13 and atomic mass
26.98154.
The electron conﬁguration of the outer shell
is 3s 2 3p1 . Successive ionization energies are
5.99; 18.83; and 28.44 eV. Atomic radius is
0.143 nm; radius of Al3+ ion is 0.051 nm. The
main oxidation state is +3, with +2 and +1 possible at high temperatures. Electronegativity is
1.5. Free aluminum is a silvery-gray metal, under normal conditions covered with a thin oxide ﬁlm. It has one stable isotope 27 Al. It is the
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most abundant metal in the earth’s crust. It cannot occur free in nature due to its high chemical activity. The crystal lattice of aluminum is
face centered cubic, with lattice parameter a =
0.4049 nm. Its density is 2.70 g/cm3 (at 293 K),
Tmelting = 933 K, Tboiling = 2793 K. Heat of
melting is 10.55 kJ/mole; heat of vaporization is
291 kJ/mole, speciﬁc heat is 25.1 J·kg−1 ·K−1
(at 273 K). Debye temperature is 663 K; thermal
linear expansion coefﬁcient is 24.56·10−6 K−1
from 293 to 473 K. Speciﬁc thermal conductivity is 225 W·m−1 ·K−1 , electric resistivity is
2.66 μ·cm (at 273 K). The superconducting transition temperature is 1.2 K. Aluminum is weakly
paramagnetic. Its elastic modulus is 68.6 GPa,
Brinell hardness for calcined aluminum is
167 MPa. Aluminum is easy to process by pressing, rolling, forging, stamping and drawing. Its
ultimate tensile strength is 78.5 to 98.1 MPa,
yield limit upon stretching is 29.4 MPa, its rigidity is 25.5 GPa. After cold rolling, its ultimate
strength grows to 177 to 245 MPa. Adiabatic elastic moduli of the aluminum monocrystal: c11 =
106.43; c12 = 60.35; c44 = 28.21 GPa (at 300 K).
Pure aluminum has a high reﬂection factor which
makes it suitable for the manufacture of reﬂectors. Aluminum and aluminum alloys are used as
construction materials in machinery, buildings, aircraft, civil engineering, etc.
ALUMINUM ALLOYS
Alloys based on aluminum.

They are characterized by low density, as well
as high corrosion resistance, thermal conductivity,
electrical conductivity and speciﬁc strength. There
are deformable and cast aluminum alloys.The deformable alloys possess high plasticity, they can be
welded (see Welding), and machined, do not become brittle (see Embrittlement) at low temperatures. They are separated into hardenable and nonhardenable types by a thermal treatment. The mechanical properties of nonhardenable alloys can be
improved by alloying and work hardening, while
those of the hardenable alloys are improved by
quenching and aging (see Alloy aging). To increase
their plasticity the alloys are annealed (see Annealing). Basic alloying elements of deformable alloys
are Cu, Mg, Mn, Si, Zn, and Cr. Cast alloys possess ﬂuidity, high density, and low linear shrinkage. They do not tend to form voids or cracks. The
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main alloying elements of cast alloys are: Cr, Cu,
Mg, Mn, Ni, Ti, and Zr. Aluminum alloys are used
as antifriction materials. In volume of production
and range of application aluminum alloys are second after ferrous metals.
ALUMINUM NITRIDE, AlN

The only chemical compound of aluminum
with nitrogen. It has a hexagonal wurtzite-like
4 ); crystal
(ZnS) lattice of space group P 63 mc (C6v
lattice parameters are a = 0.3112 nm,
c = 0.4981 nm. Aluminum nitride decomposes
at 2400 ◦ C; density is 3.26 g/cm3 ; heat conductivity of polycrystalline samples varies from
50 to 150 W·m−1 ·K−1 depending on purity;
heat conductivity of monocrystals is 270 to
360 W·m−1 ·K−1 ; microhardness is 1.2 GPa. Aluminum nitride is an insulating material with electrical resistivity ρ > 1015 ·m and band gap width
exceeding 6.2 eV. It reacts with water, diluted by
mineral acids; it does not interact with melt Al,
Ga, Cu, cryolite, gallium arsenide. Aluminum nitride is obtained by nitration of Al, by reduction
of Al with simultaneous nitration, by thermal decomposition of aluminum-containing compounds
(AlCl3 ·6NH3 ). It is used as a ﬁreproof and electrical insulating material.
ALUMINUM–YTTRIUM GARNET
See Yttrium–aluminum garnet.
AMBIPOLAR DIFFUSION
The diffusion of quasi-neutral disturbances of

an electron–hole plasma density n driven by the
gradient ∂n/∂x (see Solid-state plasma). If the
electron and hole diffusion rates differ then some
spatial charge separation occurs. An electric ﬁeld
arises inside the disturbed density region to retard the fast carriers and accelerate the slow ones.
Therefore, the carriers of either type, while diffusing in the direction of their concentration gradient, simultaneously drift in the self-consistent
(so-called imbedded) electric ﬁeld of the separated
charges. With this ﬁeld accounted for, it is possible to describe the density cluster dynamics by just
one ambipolar diffusion coefﬁcient
D=

ne μe Dh + nh μh De
,
ne μe + nh μh

where ne,h , μe,h , De,h are the concentrations, mobilities and diffusion coef cients of electrons and
holes. Non-degenerate carriers obey the Einstein
relation De,h = (T /e)μe,h , where e is the elementary charge, T is the temperature expressed in energy units, and as a result, the previous equation
simpliﬁes to
D=

ne + nh
.
ne /Dh + nh /De

AMBIPOLAR DRIFT

The drift of the quasi-neutral perturbation of
charge carrier density under the action of an exter-

nal electric ﬁeld: E = −q∂n/∂x. Since the electric force acts in opposite directions on electrons
and holes, an additional electric ﬁeld arises due to
charge separation in the density perturbation. In
addition to the drift ﬂuxes from each-type carrier
density irregularity, ﬂuxes in the disturbed ﬁeld
arise which to some extent compensate the former.
When the undisturbed electron and hole concentrations are equal (ne = nh ), complete compensation takes place, and the bunches become immobile. The ambipolar drift velocity is given by v =
μE, where μ = μe μh (ne − nh )/(ne μe + nh μh )
is the ambipolar mobility, where μe,h are the
electron and hole mobilities. It follows from the
nh and
formula that in the limiting cases ne
ne  nh the ambipolar mobility μ is equal to μh
and −μe , respectively, i.e. it coincides with the
mobility of the minority carriers. The expression
for the ambipolar drift mobility is valid if the carrier mobilities are isotropic and independent of ne
and nh and there is no heating of the electrons and
holes by the ﬁeld. Otherwise v can differ from zero
even when ne = nh .
AMERICIUM, Am

A chemical element of Group III of the periodic table with atomic number 95 and atomic mass
243.0614.
Fifteen radioactive isotopes are known with
mass numbers 232, 234 to 247. There are no stable isotopes. Electronic conﬁguration of ﬁlling
and outer shells is 5f 7 6d 0 7s 2 . The ionization energy is 5.99 eV. Atomic radius 0.174 nm; radius
of Am3+ ion is about 0.10 nm, of Am4+ ion
0.09 nm, of Am5+ ion 0.086 nm, of Am6+ ion

AMORPHOUS EPITAXY

0.080 nm. Oxidation state is +2 to +7, that of +3
being the most stable in solution. Americium in a
free form is a silvery metal, luminous in the dark
due to its intrinsic α-radiation. Depending on temperature and pressure, americium exists in three
crystallographic modiﬁcations, the room temperature form being the α-modiﬁcation with a double hexagonal close-packed structure. Americium
is used for manufacturing sources of neutrons,
α-particles and γ -radiation (used in the defectoscopes and densimeters) as well as for the production of heavier transuranium elements. Americium
and its compounds are extremely toxic.
AMORPHIZATION

The transformation, without melting or sublimation, of a solid from the crystalline state characterized by long-range order to an amorphous one
which lacks long-range order.
Since the amorphous state of a solid is a
nonequilibrium one, the process of amorphization necessarily includes the transition to a nonequilibrium state. Amorphization may be brought
about by intense penetrating radiation which generates many structural defects in the solid, under
strong plastic deformation, or under the special
thermal annealing of a mixture of two crystalline
materials. For example, if multilayer metal ribbons Ni–Zr–Ni–Zr· · · are annealed at the temperature 300 ◦ C, the amorphous material Ni–Zr appears after 260 hours. The amorphization in this
case is due to the diffusional mobility of one type
of atom (Ni). Amorphous solid solutions are also
obtainable by mixing the atoms of multilayer crystalline ﬁlms under ion or electron exposure. The
strong plastic deformation of some alloys (e.g.,
Ni–Ti) results in their amorphization. Amorphization also occurs at some chemical reactions in
crystalline bodies; e.g., the oxidation of silicon
ﬁlms in an atmosphere of oxygen leads to the formation of amorphous lms of silicon dioxide. Different methods of amorphization of solids are under development to provide bulk samples of amorphous materials (mainly metallic ones), which are
not available via the methods of quenching or sedimentation.
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AMORPHON
A type of noncrystalline cluster, the element of

a structure of amorphous material having tetrahedral bonding (e.g., amorphous silicon, germanium,
etc.), which is a regular dodecahedron with pentagonal faces, and atoms located at its apices.
AMORPHOUS EPITAXY, arti cial epitaxy

Formation of single crystal (usually semiconductor) layers on amorphous substrates. As distinct from the epitaxy carried out on single crystal
substrates, a strip-like microscopic relief is produced on the surface of an amorphous insulator
or semiconductor by photolithography. The relief depth is usually to 0.3 μm with a step of a
few microns. During the heating of this structure,
e.g., by laser or light pulses, the relief-induced
nonuniformity of the heat absorption in the layer
leads to a periodic temperature distribution. Therefore, the heterogeneous nucleation of the crystal phase (see Crystallization) in the forming melt
turns out to be ordered, resulting in a directional
growth of crystallites. Proﬁled cuts are made in
the substrate to serve as heat sinks. The oriented
block formation is facilitated by the anisotropy
of surface energy of the melt–substrate boundary,
which determines the rate of crystal nucleation
during the crystallization, and by that the crystal growth rates. Use is also made of the effect
of oversaturation at the artiﬁcial epitaxy, and the
formation of a liquid layer under the crystallites
(rheotaxy). These methods were applied to the
systems Si/Si3 N4 , GaAs/SiO2 , Ge/SiO2 , and are
used for producing A2 B6 , A3 B5 ﬁlms and other
substances (see Semiconductor materials). Artiﬁcial epitaxy, in addition to the “penciled” type
(graphoepitaxy), includes methods leading to the
outgrowth of monocrystalline portions from the
orienting matrix (Si, GaAs) through the windows
in an insulator (selective epitaxy), and between dielectric layers (SiO2 , glass) from the end-face orienting crystal. The orienting action of the substrate
can be used through an amorphous layer or a gap
(reproductive epitaxy). The layers obtained using
the artiﬁcial epitaxy method have the following
defects: dislocations, grain boundaries, extended
stacking faults. Yet, one can attain the required degree of structural perfection, and the electrophysical properties that sufﬁce for making the elements
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of integrated circuits. The artiﬁcial epitaxy method
has been developed as a basis for the technology
of multilayer three-dimensional microelectronics.
AMORPHOUS FILMS

Layers of solid materials in the amorphous
state or vitreous state of matter with thicknesses
up to several tens of millimeters. Physical properties (structural, mechanical, electrical, magnetic,
optical) of amorphous ﬁlms differ a great deal
from those of crystalline lm s and from bulk amorphous materials.
Amorphous ﬁlms are obtained mainly by rapid
condensation (103 to 107 K/s) of the source material onto a substrate via spraying in vacuo or in an
inert atmosphere, by rapid cooling of a thin layer
of melt of the material, or by electrical deposition. Methods are available for producing amorphous ﬁlms by amorphization of crystalline ﬁlms.
The best studied are amorphous ﬁlms of semiconductor materials (silicon, chalcogenides of arsenic, germanium, phosphorus, antimony, etc.); of
insulators (SiOx , Al2 O3 , Si3 N4 , etc.); of metals (Be, Cr, Mn, Fe, Co, etc.); of alloys (metals
of Group VII and transition metals with B, C, P,
Ge, Si, alloys of Fe, Co, Ni, Cu with transition
metals, alloys of Te with Cu, Ag, In, Tl, etc.).
The structure and stoichiometric composition of
amorphous ﬁlms are thermodynamically unstable.
Amorphous ﬁlms subject to heat or radiation can
undergo crystallization, changes in chemical composition (evaporation through the surface, reactions with the ambient medium), and deviations
from uniformity (granular lms). There are various applications in electronics (magnetic shields,
electronic switches with memory, eld-effect transistors, etc.), in optoelectronics (optical memory
including optical storage disks), audio and video
information storage (screens of color kinescopes,
photoresistors in xerography, etc.) (see also Metallic glasses, Amorphous semiconductors). Many
amorphous materials deposited from vapors onto a
substrate at cryogenic temperatures exhibit superconductivity (e.g., granular superconductors, superconducting amorphous ﬁlms of Ga, Tl90 Te10 ,
Be, Sn90 Cu10 ).

AMORPHOUS MAGNETIC MATERIALS

Amorphous magnetic materials are those
which exhibit amorphous magnetism.
These materials come in the form of metallic
glasses and coordination compounds. Pure transition metals obtained as amorphous thin lms have
low crystallization temperatures (about several tens
of Kelvin degrees). In order to hinder the generation and growth of the crystalline phase, and the
increase of the crystallization temperature, one can
introduce into metallic alloys either elements with
strong covalent bonds such as B, P, Si, C, Ge (up
to 15 to 20 atomic %), or elements, differing appreciably in their atomic size (rare-earth elements,
Nb, Zr, Hf), up to 10 atomic %. Amorphous magnetic materials are obtained in the form of ribbons,
wires, ﬁlms, or foils by the following methods:
cooling of the melt jet at the rotating disc or between cooled rollers, drawing of the melt in the
form of microwire, ion-plasma and laser spraying,
chemical and electrochemical deposition, and ion
implantation.
Magnetic ordering of different types (see Amorphous magnetism, Spin glass) is observed in
amorphous magnetic materials. Such parameters
as magnetization, exchange interaction parameter, and local magnetic anisotropy are determined
in amorphous magnetic materials as average values, and also by the values of their root-meansquare uctuations and by their correlation radii.
The type of magnetic order in an amorphous magnetic material may differ signiﬁcantly from that of
its crystal analogue. Amorphous magnetic materials have a unique combination of physical properties: high strength (350 to 400 kg/mm2 ) and
hardness (1000 kg/mm2 ); good plasticity; resistance against all types of corrosion (it is enhanced
with proceeding along the sequence P, C, Si, B);
high saturation induction (up to 17.5 T) and high
magnetic permeability (up to 6·105 ); low coercive
force; rectangular shaped hysteresis loop, low sensitivity of magnetic properties to mechanical factors; high electric resistance (3 to 4 times higher
than that of crystal analogs), low speciﬁc loss
for magnetic reversal. The last is associated with
the absence of long-range crystalline order (see
Long-range and short-range order), and hence,
of crystallographic magnetic anisotropy, and of
those common defects which inhibit remagnetization such as crystallite boundaries, dislocations,

AMORPHOUS MAGNETIC SUBSTANCES

and stacking faults. Immediately after their synthesis, amorphous magnetic materials have high
internal stresses bringing about the appearance
of magnetoelastic anisotropy. To eliminate these
stresses, thermal and thermomagnetic annealing is
performed at temperatures below the crystallization temperature, and alloys with a zero magnetostriction coefﬁcient are used. One disadvantage
of amorphous magnetic materials is the presence
in them of structural relaxation.
Amorphous magnetic materials have prospective applications in electrical and electronic engineering. The replacement of conventional electrical sheet steels, precision alloys of the permalloy
type (see Soft magnetic materials) and ferrites in
different electromagnetic devices and transformers with amorphous magnetic materials manufactured by a simpler and cheaper process allows
reducing the dimensions of the devices, the energy loss, and the cost. In electronic engineering, the low-coercive ﬁeld amorphous magnetic
materials ﬁnd wide application in the production of magnetic heads, delay lines, and magnetic
shields. Ferromagnetic ﬁlms (see Magnetic lms)
of amorphous magnetic materials of a transition
metal or rare-earth metal type, with high singleaxis magnetic anisotropy (up to 5·105 erg/cm3 )
induced during the process of synthesis, can be
used as inexpensive media for the recording devices in magnetic bubble domains. With the ﬁlms
Co–Gd, the diameter of magnetic bubble domains achieves submicron dimensions with mobility 20 m·s−1 ·Oe−1 . The Fe–Tb ﬁlms are prospective materials for contact printing and optical information recording with magneto-optic reading.
Their advantages are low Curie temperature (310
to 370 K) and, hence, low optical energy required for the thermomagnetic information recording, strong magnetooptical effects, absence of the
intercrystallite boundaries which bring about additional scattering and absorption of light, and, as
a result, high signal-to-noise ratio in the reading of
information.
AMORPHOUS MAGNETIC SUBSTANCES

Involves solid substances having long-range
magnetic order, but lacking long-range crystalline
order (see Long-range and short-range order).
There are three classes of amorphous magnetic
substances. The ﬁrst such class includes highly
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disordered ferromagnets with ferromagnetic exchange interactions which ﬂuctuate noticeably in
magnitude. The class is exempliﬁed by metallic glasses Fe80 B20 , Fe40 Ni40 B20 . Most physical properties of these systems differ only slightly
from those of ordered ferromagnets. The main distinction is that amorphous ferromagnets are characterized by local frozen magnetization mi and
its ﬁrst moments M = mi c and q = m2i c (averaging over the conﬁgurations of exchange integrals). As a result, some interesting new phenomena arise which are also present in other classes
of amorphous magnetic substances, e.g., the critical magnetic scattering of neutrons by the conﬁguration ﬂuctuations of magnetization, and ﬂuctuations decaying with distance following the exponential dependence exp(−κr) rather than the
Ornstein–Zernike law.
The second class of amorphous magnetic substances comprises systems with concurrent ferroand anti-ferromagnetic exchange interactions, exempliﬁed by the alloys Eux Sr1−x S and metallic glasses Fex Mn1−x P16 B6 Al3 . The exchange
interaction can have different signs at different
bonds, and depending on these signs these materials may be paramagnets, ergodic ferro- or antiferromagnets, nonergodic ferro- or antiferromagnets (asperomagnets) as well as spin glasses.
These states are characterized by different sets of
ﬁrst and second moments, possible local frozenin magnetization, and the presence or absence of
nonergodicity. The most interesting property of
this class of substances is the emergence of nonergodic phases; experimentally the phases are associated with various irreversible phenomena.
The third class of amorphous magnetic substances comprises alloys and the metallic glasses
which include rare-earth elements and noble metals of the DyCu and TbAg type. These exhibit ferromagnetic interactions and high local magnetic
anisotropy with random directions of anisotropy
axes. The last property is the salient one characterizing the physics of this class of magnetics.
Amorphous magnetic substances are asperomagnets (typically, nonergodic) or spin glasses, and
they are used as hard magnetic materials; magnetic
bubble domains can be observed inside them. Despite the dissimilarities of their interactions, this
class of materials is quite close to the previous one
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in some of its properties, including various characteristics of the local frozen magnetization and its
different manifestations of nonergodicity.
The magnetic branch of the boson spectrum
of amorphous ferro- and antiferromagnets in the
long-wavelength range corresponds to magnons
which obey the dispersion law ω = Ak 2 . Typically,
the magnon stiffness coefﬁcient A in the amorphous magnetic phase is less than that in the corresponding crystalline phase. In the wave vector
range k ∼ a −1 (a is the atomic distance), the frequency function ω(k) has a minimum which corresponds to a magnetic roton, the excitation speciﬁc to amorphous magnetic materials.
AMORPHOUS MAGNETISM

The ﬁeld of the physics of magnetic phenomena dealing with the magnetic properties of atomically disordered solids (see Amorphous magnetic
substances, Amorphous magnetic materials, Spin
glass).
AMORPHOUS METALLIC ALLOYS
See Amorphous metals and metallic alloys, Failure of amorphous metallic alloys, Plastic deformation of amorphous metallic alloys.
AMORPHOUS METALS AND METALLIC
ALLOYS
Solid metals and metallic alloys of different

chemical composition without periodic structure,
but with topological and compositional (see Disordered solids) short-range order. Long-range order
(see Long-range and short-range order) is absent,
as in liquids. Amorphous metallic alloys form a
new type of metallic material which is of interest for both fundamental solid state physics and
applications. These alloys have high mechanical
viscosity, high yield limit, high magnetic permeability and low coercive force, high corrosion resistance, and an electric resistance which depends
weakly on the temperature. Amorphous metallic
alloys are obtainable by amorphization of crystalline phases, by condensation of vapors onto a
cold substrate, with the help of chemical and electrochemical deposition, by plasma spraying, and
with the aid of rapid cooling (quenching) of the
liquid melt. Amorphous metallic alloys obtained
by quenching are called metallic glasses.

AMORPHOUS PHOTOCONDUCTIVITY
See Photoconductivity of amorphous materials.
AMORPHOUS SEMICONDUCTORS
Materials in the amorphous state, possessing
the properties of semiconductors.

They are obtained by deposition of atomic
or molecular ﬂuxes and ionized gases onto substrates, by amorphization of crystalline solids, and
by rapid cooling of melts. Amorphous semiconductors obtained by cooling of melts are called vitreous semiconductors (see Vitreous state of matter). According to their composition and structural
properties, amorphous semiconductors (ASCs) are
divided into tetrahedral, chalcogenide, pnictide
based, oxide, and organic types. Tetrahedral ASCs
include simple materials such as amorphous silicon and germanium; binary materials (GaAs type)
and more complex ones (of the type of solid solutions Gex Si1−x , Six (GaSb)1−x , etc.). The atoms
in these materials are fourfold coordinated, each
having four covalent bonds which are saturated.
Chalcogenide ASCs include glasses based on Se
and Te, and also binary, ternary, and quaternary
systems (sulftellurides), e.g., AsS, AsSe, AsTe,
AsSSe, AsGeSeTe, AsSbSSe, etc. There are materials of the CdAs2 and CdGeAs2 types, which
can be considered as mixed tetrahedral ASCs and
pnictides. Among oxide amorphous semiconductors are Y2 O5 and other compounds based on transition metal oxides.
Atomic structure and structural defects. Amorphous semiconductors have no long-range order
(see Long-range and short-range order) in the location of atoms, but they do have short-range order, and often the intermediate order due to the
saturation of interatomic bonds. These semiconductors have structures of the random continuous
network type. Different cluster models as well as
the Polk model were suggested as the model structures of tetrahedral ASCs. The structural defects
of ASCs include empty sites, networks, interstitial
atoms, impurity atoms, dangling bonds, and twodimensional defects of the boundary type, typical
of amorphous bodies (see Polycluster amorphous
solids). Multicentered, “stretched” and distorted
bonds, atomic conﬁgurations of low rigidity, and
“soft” anharmonic interatomic potentials with low
elastic moduli may exist in amorphous semiconductors. Three-centered bonds probably play an
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Fig. 1. Sketch of the rearrangement of atomic conﬁgurations under the 2D 0 → D + + D − transformation.

important role in chalcogenide amorphous semiconductors. The concentration of broken bonds
of tetrahedral amorphous semiconductors, and of
three centered bonds in chalcogenide ones, according to different measurements, may be as
high as 1020 to 1021 cm−3 . The dangling bonds
in tetrahedral ASCs are mostly electrically neutral (each of them has spin 1/2) and thus they
can be detected by electron paramagnetic resonance. Pairs of electrically neutral broken bonds
in chalcogenide ASCs transform, as a rule, into
charged ones according to the scheme 2D 0 →
D + + D − (Fig. 1). In such a transformation, two
electrons are coupled at one of the defects, thus
forming D − , while the Coulomb repulsion between the electrons is compensated by the rearrangement of the ambient atomic conﬁguration,
and D + is built into the network with an increase
of coordination number (see Fig. 2). The charged
defects D + and D − are usually called variable valence pairs. In binary ASCs defects of the “irregular bonding” type are observed, e.g., Se–Se and

Fig. 2. The dependence of the energy of states on the
conﬁguration variable.

Fig. 3. Diagram of the density of electronic states of
amorphous semiconductors while neglecting the levels
associated with defects (a), and while taking them into
account (b). The regions of the spectrum corresponding
to localized states are shaded. E c1 , E c2 are the mobility
edges of the conduction and valence bands, and E A1 and
E A2 are the edges of “tails” in these regions.

As–As in As2 Se3 , the peroxide bridge O–O and
“oxygen vacancy” Si–Si in SiO2 , etc. Large-scale
ﬂuctuations of the concentrations of atoms participating in the material composition and density,
crystalline inclusions, and pores fall into the category of three-dimensional defects.
The electronic structure of amorphous semiconductors resembles, due to the presence of
short-range order (in accordance with the Ioffe–
Regel hypothesis), that of crystalline semiconductors, i.e. it is close to the band type. Due to the
topological disorder of a random continuous network, the “tails” of valence bands and of conduction bands are found to extend to the pseudogap and contain energy levels of localized states
(see Fig. 3(a)). The hypothesis on the existence of
“tails” of the electron distributions in the pseudogap of ASCs was ﬁrst formulated by A.I. Gubanov
and later elaborated by N. Mott and E. Davis (see
Mott–Davis model). Also located in the gap are
electron levels associated with defects, viz., the
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levels of broken bonds D 0 and of charged D +
and D − states (Fig. 3(b)). The presence of two
unﬁlled electronic levels lying below the singleelectron states in chalcogenide ASCs due to the
effective attraction Ueff between electrons and of
free electronic levels at the broken bonds in tetrahedral ASCs brings about the so-called Fermi level
pinning in the middle of the gap. Doping with
donor (acceptor) impurities fails to shift the Fermi
level EF from the middle of the pseudo-gap to
the mobility edge of electrons (holes) at doping
with donor (acceptor) impurities because the electrons (holes) ﬁll the empty levels of defects in the
middle of the pseudo-gap. Experimental measurements reveal rapidly decaying “tails” of the valence and conduction bands, and the presence of
several peaks in the of density of states in the
pseudo-gap, apparently associated with different
types of structural defects.
A possible way to change electronic properties of tetrahedral ASCs with doping is accomplished by preliminary hydrogenization, or the
introduction of hydrogen, which saturates the broken bonds and thus counteracts the Fermi level
pinning in the middle of the gap. Changes in the
electronic properties of ASCs without the preliminary saturation of broken bonds can be brought
about by the introduction of relatively higher concentrations of doping elements (see also Doped
amorphous semiconductors).
Electrical conductivity. In amorphous semiconductors the Fermi level lies in the energy gap.
The transfer of electrons to the external electrical ﬁeld may occur either by crossing over to the
conduction band above the mobility edge Ec1 , or
by hopping (jumping) from the level of one defect to an empty level of another, adjacent defect
(see Hopping conductivity). The prevalence of either mechanism of conductivity depends on the
electronic structure of ASCs and on the temperature. Prevailing at high temperatures and small
gaps between EF and Ec is the transfer connected
with activation transitions of electrons to the conduction band; here


Ec − EF
,
σ = σ0 exp −
kB T
where σ0 ∼ 103 to 104 −1 cm−1 . At lower temperatures, the electrons from the pseudo-gap may

transfer to delocalized states of the conduction
band, arriving ﬁrst at the localized states (the
“tail”) of this band. In this case


E − EF + W
σ = σ1 exp − A
,
kB T
where typically σ0  10 −1 cm−1 , W is the activation energy of the transitions between localized states within the tail of the conduction band.
At low temperatures and large energy gap widths,
jump conductivity prevails. This latter conduction
mechanism is characteristic of tetrahedral ASCs,
while the former one applies to chalcogenide
ASCs. The mobility of electrons and holes is usually low, depending on the electric ﬁeld strength
and on the sample thickness. The conductivity of
such amorphous semiconductors can be changed
by 7 to 8 orders of magnitude with the help of doping.
Many chalcogenide amorphous semiconductors have the property of conductivity switching,
i.e. the ability to transform reversibly from a state
with high electrical resistance to one with low
resistance under the inﬂuence of a strong electric ﬁeld with intensity 105 V/cm (and higher).
The switching commonly occurs during short
(10−10 s) time intervals, and the underlying cause
of the phenomenon is twofold. First, it can occur as a result of injection of additional electrons
(or holes) into ASCs with an associated increase
of the concentration of carriers in the delocalized state. It can also be due to ohmic heating of
the sample in the area of a current channel. The
formation of current channels with small crosssections occurs due to the local heating of the sample upon the reduction of resistance, so that the
switching in this case involves the rearrangement
of the material, uniform in cross section, by the
ﬂow of electrons into narrow current channels. In
some chalcogenide ASCs, the state of low electrical resistance persists for a long time, which is
explained by the partial crystallization of the sample in the region of a current channel. The return to
the state with high electrical resistance occurrs by
the transmission of a short pulse of current. Amorphous semiconductors exhibit the phenomenon of
photoconductivity (see Photoconductivity of amorphous materials).

AMORPHOUS SILICON

Optical properties. The absorption spectra of
light in amorphous semiconductors reﬂect the
structure of the electron density of states. The coefﬁcient of absorption of the photon α(ω) with
energy ω is proportional to the density of electrons which are capable, having absorbed the energy, of transferring it to unﬁlled levels. Accordingly, it is high when ω is approximately equal
to or greater than the width E0 of the pseudo-gap.
In this case α(ω) ∝ c0 (ω − E0 )/(ω), where
c0 ∼ 105 to 106 cm−1 eV−1 . For a photon energy
slightly below E0 , the absorption coefﬁcient exponentially decreases along with ω (Urbach rule):
α(ω) ∝ exp[−β(E0 − ω)], where E0 differs little from E0 , and the constant β depends weakly
on the temperature. An explanation of the Urbach
rule given by J. Dow and D. Redﬁeld (see Dow–
Red eld model) is based on local ﬂuctuations of
the potential, which occur due to the topological distortions of the network of atoms. The absorption of the photons with energies considerably lower than E0 is associated with transitions
of electrons to localized states within the pseudogap.
The phenomenon of photoluminescence, which
was discovered in chalcogenide and tetrahedral
ASCs, is inherent in ASCs, the number of radiated light quanta being comparable to that of absorbed phonons (or an order of magnitude less).
The luminescence spectra, usually wide, lie in the
interval of energies below E0 and lack n e structure. Chalcogenide ASCs exhibit a reduction of luminescence in time during the excitation process,
accompanied by the detection of electron paramagnetic resonance. This phenomenon of photoinduced electron paramagnetic resonance is explained by the redistribution of D 0 , D + and D −
defects under the action of light.
Applications. Amorphous semiconductors ﬁnd
a variety of applications along with crystalline
semiconductors. In electrical photography, they
are used as photosemiconductor layers with high
electrical resistance and low charge mobility. They
serve as materials for nonsilver photography which
includes a stage of chemical development; in holography, for manufacturing of masks, microﬁches,
etc., where use is made of the unique property
of chalcogenide ASCs to change optical parameters under the irradiation with strongly absorbed
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light, known as the phenomenon of photostructural transformations. These amorphous semiconductors form the basis of elements of electronics
and ﬁber optics in the IR range, including the wave
length 10.6 μm. Fast switches and memory arrays
based on switching phenomena are available. Hydrogenated silicon and other tetrahedral ASCs are
used in the manufacture of solar cells, effective
electroluminophors, videocons, etc.
AMORPHOUS SILICON (α -Si)

Silicon is one of the most comprehensively
investigated amorphous semiconductors. It has
tetrahedral coordination, and is characterized by
the same short-range order (see Long-range and
short-range order) as crystalline silicon: the coordination number is close to four, interatomic
distances in α-Si differ from corresponding crystalline values by several percent, and uctuations
of tetrahedral angles are about 10◦ . Usually α-Si
is obtained in the form of lm s by spraying or
decompositing silane SiH4 in a high-frequency
glow discharge. The latter method is used to obtain
amorphous lms of hydrated amorphous silicon
(α-Si:H) with hydrogen content of several atomic
percent.
In the pseudogap of the non-hydrated material, the density of the localized states is high (1016
to 1019 eV−1 cm−3 ). As a result, the Fermi level
undergoes almost no shift upon doping. Dangling
bonds are considered to be the main type of defect that creates deep levels in the mobility gap.
For these deep defects, the intracenter energy of
electron correlation is positive. The concentration
of defects changes under annealing, and also under the Stebler–Vronsky effect, which consists in
the reversible (after annealing) reduction of the
conductivity of ﬁlms after long-term preliminary
irradiation with white light. The direct current
conductivity σ at low temperatures (T  300 K)
is described by the Mott law ln σ ∼ T −1/4 , and
the alternating current electrical conductivity depends on the frequency according to the power law
Re σ (ω) ∼ ωs , where typically s = 0.8 to 0.95; the
thermal electromotive force at low temperatures is
independent of temperature. All this indicates that
the hopping conductivity mechanism with a variable jump length is realized in amorphous silicon.
The hydrated material differs by a low density of localized states in the pseudo-gap. By
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bringing the hydrogen concentration in ﬁlms to
5–15 atomic %, the density of localized states can
be reduced to 1015 to 1016 eV−1 cm−3 . The material can be doped by adding phosphine PH3 or diborane B2 H6 to the source gas mixture during the
fabrication of ﬁlms. In both doped and undoped
ﬁlms the resistance usually depends exponentially
on the inverse temperature.
The optical width of the band gap of
α-Si:H depends on the hydrogen content, and is
usually 1.6 to 1.8 eV. Films of α-Si:H exhibit a
high coefﬁcient of light absorption (in the maximum region of the solar spectrum, it exceeds the
absorption coefﬁcient of crystalline silicon by approximately an order of magnitude) and have high
photosensitivity (ratio of photoconductivity to dark
conductivity is as high as 106 –107 ). The abovementioned properties of α-Si:H, and the possibility of obtaining large-area multilayer structures on
its basis within the scope of a continuous automated process, make α-Si:H favorable for the production of inexpensive solar cells. Maximum efﬁciencies achieved for such structures of small area
exceed 13%. Amorphous silicon is used in electric
photography and microelectronics, in particular for
creating thin-ﬁlm transistors acting as drivers in
ﬂat liquid-crystal displays. See also Amorphous
semiconductors, Doped amorphous semiconductors.
AMORPHOUS SOLID
See Polycluster amorphous solids.
AMORPHOUS STATE

A state of a solid without any long-range order (see Long-range and short-range order) of the
atomic arrangement. As distinct from liquids and
gases, the mean atomic positions in amorphous
solids do not change in time, i.e. the changes in
atomic conﬁgurations due to the thermal u ctuations occur randomly about ﬁxed lattice sites and
can be ignored in the structure description. Solids
can be transformed to the amorphous state by several different methods: deposition of molecular,
atomic, ion and plasma ﬂuxes on substrates, rapid
cooling (quenching) of a liquid, amorphization of
crystalline solids. Amorphous solids obtained by
cooling of liquids are called glasses. The solid

material in the amorphous state is a thermodynamically unstable or metastable system that usually becomes crystalline upon annealing. However, polymeric glasses consisting of high molecular weight compounds typically do not yield to
crystallization. The physical properties of amorphous solids differ substantially from those of
crystalline solids with the same composition. See
also Vitreous state of matter, Amorphous metals
and metallic alloys, Amorphous semiconductors,
Metallic glasses.
AMORPHOUS SUPERCONDUCTORS

Superconducting materials with an amorphous
structure.
These materials are, typically, amorphous metallic lm s obtained by deposition on cold substrates and metallic glasses produced by rapid
cooling (quenching) from the melt. Many compounds which are nonsuperconducting in the crystalline phase become superconducting in the amorphous state, e.g., Be, Bi, transition metal alloys
such as Zr1−x Nix , Zr1−x Cox , and others. Conversely, many crystalline compounds lose superconductivity upon amophization, e.g., compounds
with the A-15 structure (e.g. Nb3 Sn), and hightemperature superconductors.
Amorphous superconductors based on nontransition metals have a strong electron–phonon
interaction, while those based on transition metals and their alloys have a weak or intermediate
strength electron–phonon interaction, even though
in the crystalline phase these metals have a trend
toward strong coupling. At temperatures below
the critical temperature of superconductors Tc ,
amorphous superconductors are the most favorable materials for studying two-level systems in
metals. In these materials, due to their short coherence length ξ , the domain of strong thermodynamic uctuations covers a considerably wider
temperature range than in ordered systems. In the
case of extensive disorder (at the threshold of Anderson localization), thermodynamic ﬂuctuations
bring about a reduction of Tc . Here, statistical spatial ﬂuctuations of the superconductor order parameter become essential; they may involve the
percolation nature of the superconducting phase
transition. A reduction of Tc in amorphous superconductors can also occur as a result of: (a) the enhancement of the Coulomb repulsion at the slow
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diffusion motion of electrons; (b) renormalization of the electron density of states due to interference of the non-elastic electron–electron interaction, and the elastic scattering of electrons
by impurities and defects (Altshuler–Aronov effect), and (c) weakening of the electron–phonon
interaction due to the “inefﬁciency” of the low
frequency phonons with a wave length in excess
of the electron mean free path. The upper critical elds Bc2 of amorphous superconductors are
comparable to the maximum critical ﬁelds of crystalline type II superconductors. The temperature
dependence Bc2 (T ) of amorphous superconductors reveals, in contrast to that of crystalline superconductors, that over a wide temperature range
there are regions of zero and even positive curvature, which are attributed to the effects of Anderson localization and the electron–electron interaction. The current carrying capacity of amorphous
superconductors in a magnetic ﬁeld is considerably lower than that of crystalline materials due to
high homogeneity of amorphous systems, and to
the paucity of effective centers where vortex pinning might have occurred. The main mechanism
of pinning in amorphous superconductors is collective pinning, and this is incapable of providing
high values of critical current. Amorphous superconductors have a high mechanical strength and
plasticity, and a high stability of their critical parameters with respect to radiation damage.
AMPHOTERIC CENTER
A defect having both donor and acceptor levels
(see Acceptor, Donor) in the band gap of a semi-

conductor. Depending on the electron ocupancy,
an amphoteric center can be (alternately) in three
or more charge states including: negative, positive
and neutral. An amphoteric center is a common
type of local electric center in semiconductors. For
example, atoms of Au in Ge crystals produce four
energy levels; the lowest is a donor and the remainder are acceptors. See also Local electronic
levels.
AMPLIFIER, ACOUSTIC WAVE
See Acoustic wave ampli cation.
AMPLIFIER, ACOUSTOELECTRONIC
See Acoustic wave ampli cation.
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AMPLITUDE-DEPENDENT INTERNAL
FRICTION
Change of internal friction with the magnitude

of the applied stress.
This results from a nonlinear relation between
the stress and the strain (static hysteresis). Hysteresis energy loss in nonmagnetic materials is
mainly determined by the movement of dislocations. The displacement of domain walls and the
rotation of domains cause static hysteresis in ferromagnets and antiferromagnets, as well as in ferroelectrics. Relative strain amplitudes during studies of amplitude dependent internal friction range
within 10−7 –10−2 , while the frequencies lie in
the range 0.1–106 Hz. The most widely studied amplitude-dependent internal friction is that
caused by dislocations. In its initial stage this
value of friction arises most often by the dislodging of dislocations from their pinning points (see
Granato–Lücke model), and at its subsequent second stage by the action of Frank–Read sources, as
well as by the cross slip of the dislocations. See
also Internal friction.
AMPLITUDON

Energy quantum of a normal vibration of a
crystal in an incommensurate phase (see Ferroelectricity) that corresponds to a change in the
modulus of the order parameter for a symmetric

normal–incommensurate phase transition. In the
simplest case, the order parameter for this transition is one of the normal coordinates (or more
precisely, a linear combination of these coordinates) of the crystal, corresponding to the wave
vector within the Brillouin zone of the symmetric phase. Such a normal coordinate is a complex
quantity, i.e. one characterized by its modulus and
phase. In other words, the order parameter is transformed according to a one-dimensional complex
representation. The structure of the incommensurate phase is often expressed in terms of a periodic spatial nonuniformity of the order parameter
of a symmetric, commensurate phase transition.
The oscillations of the amplitude of such a “wave”
correspond to amplitudons. Since oscillations of
only the modulus of the order parameter are involved, the amplitudon is quite similar to a soft
mode phonon in an ordinary structural phase transition. In the general case, the order parameter of
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the symmetric incommensurate phase type transition may correspond to a non-unidimensional representation of the symmetry group of the symmetric phase, so that several amplitudon branches may
exist in this phase. During vibrations corresponding to amplitudons, quantum effects are usually
not too noticeable.
ANALYSIS, CHEMICAL
See Chemical methods of analysis.
ANALYTICAL MECHANICS (introduced by
J.L. Lagrange)

Theoretical mechanics based on mathematical
equations without the aid of geometric constructions.
Modern analytical mechanics applies a set of
effective and quite general methods, based in part
on minimization principles, for the solution of mechanical problems; in particular utilizing symmetry for ﬁnding the various integrals of motion.
One expresses the equations of motion in the form
of Lagrange’s equations in the presence of holonomic constraints, and adopting generalized coordinates can make it possible to eliminate some unnecessary coordinates.
The Lagrange function L (the difference between the kinetic and potential energies of the
system), is expressed via the generalized coordinates qk and generalized velocities q̇k . The n Lagrange’s equations have the form
d ∂L
∂L
−
= 0,
dt ∂ q̇k
∂qk

where k = 1, 2, . . . , n.

If one deﬁnes the generalized momenta as
pk = ∂L/∂ q̇k , and composes the Hamiltonian
H (. . . , pk , . . . , qk , . . . , t) = pk q̇k − L, the system of 2n ﬁrst-order equations q̇k = ∂H /∂pk ,
ṗk = −∂H /∂qk (Hamilton’s canonical equations)
is obtained. Another approach is to deﬁne Hamilton’s principal
 function S in terms of the action integral S = tt0 L(. . . , qk , . . . , q̇k , . . . , t) dt + const.
While evaluating the integral, the time dependences of qk and q̇k are assumed to correspond
to the actual motion between the initial and ﬁnal qk (t) values of the system coordinates. Then
the function S depends on these coordinate values,

and satisﬁes the Hamilton–Jacobi partial differential equation


∂S
∂S
+ H ...,
, . . . , qk , . . . , t = 0,
∂t
∂qk
with the momenta in the Hamiltonian being replaced by the partial derivatives pk → ∂S/∂qk .
After integration, the Hamilton–Jacobi equation
provides n + 1 arbitrary constants, S = (t, q1 , . . . ,
q0 , α1 , . . . , α0 ) + αn+1 , and it is possible to obtain
the solutions of the equations of motion by means
of the set of partial differentiations ∂S/∂αk = βk ,
where βk are additional constants. All qk are expressed in terms of them as functions of time and
the constants αk . Instead of solving the differential equations, one can use the least action principle and seek
 the extremum trajectory from the
condition δ L dt = 0 (Hamilton’s principle), or
from other principles related to it. The application
of variational calculus methods often allows solving the dynamic problem approximately, or investigating the character of the solution. If some variables from the set q1 , . . . , qk are explicitly absent
from α or H (they are called cyclic coordinates),
then the integrals of the motion can be found directly. For example, if ∂H /∂qk = 0, then the corresponding canonical momentum pk is conserved.
When the Hamiltonian has no explicit dependence
on the time t , and the forces are derivable from a
conservative potential (i.e. work is independent of
the path), then the Hamiltonian is the total energy:
H (p, q) = E.
ANDERSON–BOGOLYUBOV MODE
in superconductors
Oscillations of the order parameter phase when
a superconductor is treated as a neutral superﬂowing Fermi uid (see Super uidity). The Anderson–

Bogolyubov mode corresponds to a Goldstone
excitation arising from a spontaneous symmetry
breaking at the transition to the superconducting
state. At zero temperature and small wave vectors k, the Anderson–Bogolyubov mode has a linlaw ω = vk, where in a pure case
ear dispersion
√
v = vF / 3 (vF is the electron Fermi velocity). At
the excitation of this mode, an electron density
disturbance takes place, and the spectrum of such
oscillations in real superconductors arises due to
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Coulomb interactions involving the plasma frequency (see Collective excitations in superconductors).
ANDERSON HAMILTONIAN
See Anderson model.
ANDERSON LOCALIZATION
The disappearance of electrical conductivity in

a system of noninteracting electrons when the impurity concentration becomes sufﬁciently high.
This can explain metal–insulator transitions at
a low temperature in amorphous semiconductors,
doped amorphous semiconductors, and other disordered solids. Anderson localization is also studied in disordered spin systems (disappearance of
spin diffusion), and for normal modes of disordered lattices (fractons). Under consideration
when investigating Anderson localization is the
correlation function of the density–density type
n(r, t)n(r, 0), or the Green’s function Grr (t). If
these functions do not vanish in the limit t → 0,
the electron “remembers” its initial state and,
hence, is in a localized state. Serving as a localization criterion in the energy representation is
the presence of a pole of the Fourier-transformed
Green’s function G(ω, t) at zero frequency. In the
initial formulation, use was made of a model in
which an electron jumps from site to site, the energy of a site having random values in the range
(−W, W ), with the tunneling amplitude depending on the distance according to a power law r −α
(see Anderson model). If the tunneling amplitude
decays rapidly enough (α > 3), all the states are
localized provided the following inequality holds:
t < γ W,

γ ≈ 1,

(1)

where t is the mean tunneling amplitude, or a
quantity proportional to it, the width of the conduction band that would be created for W  t .
The value of γ is determined numerically. In the
Lifshits model, the disorder is not speciﬁed by the
spread in the site energies, but by the randomly
positioned short-range impurities. In this model,
Anderson localization takes place when the mean
free path decreases to the order of the de Broglie
wave length. If condition (1) for complete localization is not satisﬁed then the states in the central
region of the band are not localized, but the ones
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close to the top and bottom of the band still are.
In this case, the electron system is in the insulating state if the Fermi energy EF is lower than the
threshold energy (see Mobility edge) Ec ≈ W , and
it is in the conducting state, if EF > Ec . The electrical conductivity behaves in the close vicinity of
the metal–insulator transition point as follows:
σ ∼ (t − γ W )ν
σ ∼ (EF − Ec )ν ,

or
ν = 0.5.

(2)

If the random potential in which the electrons
move changes only slightly on a scale of the order of the electron wavelength, then the quantum
value of the critical index ν = 0.5 “works” in a
very narrow region, whereas in a wider region near
the critical point the index ν takes on the quasiclassical value 1.7 predicted by percolation theory.
All the preceeding remarks concern ordinary
three-dimensional systems. It has been proven that
in the one-dimensional case an electron has only
localized states for any value of the disorder parameter W . Apparently this is also valid in the twodimensional case, except for the only inﬁnitely extended state in the middle of the band.
Closely related to Anderson localization are
such phenomena as weak localization and mesoscopics, in which the interference of electron
scattering processes by several impurities, although weak, still plays a signiﬁcant role. It
should be noted that Anderson localization is described in the single particle approximation. At
ﬁnite temperatures, the inelastic particle interaction becomes signiﬁcant and cancels Anderson localization. However, it can be shown that selflocalization takes place even in an ideal crystal if
inequality (1) is satisﬁed, where the quantity W
has the sense of a characteristic level difference at
neighboring sites. In an ideal crystal, this difference of levels is not due to impurities, but to the
intrinsic interaction of particles with one another.
Autolocalization has been observed in studies of
the diffusion of 3 He atoms in solid 4 He. See also
Elementary excitation spectra of disordered solids.
ANDERSON MECHANISM OF HIGHTEMPERATURE SUPERCONDUCTIVITY
(P.W. Anderson, 1987)
A mechanism of superconductivity in systems

with “resonating” valence bonds (RVB).
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This magnetic mechanism of Cooper pairing
involves a fundamentally new type of ordering
for two-dimensional systems with an antiferromagnetic Heisenberg interaction (see Antiferromagnetism). Proceeding from the experimental
data on the insulating (La2 CuO4 ) and conducting
(La2−x (Ba, Sr)x CuO4 ) phases of lanthanum compounds, Anderson proposed several hypotheses regarding their properties, and a possible superconductivity mechanism of high-temperature superconductors. The presence of bivalent copper Cu2+
with one hole in the unﬁlled 3d-shell classiﬁes
La2 CuO4 as a magnetic insulator adequately described by Hubbard’s Hamiltonian (see Hubbard
model) with a strong intra-atomic Coulomb repulsion hindering the free motion of the carriers (holes), and causing their localization (Mott
metal–insulator transition). The Mott–Hubbard insulator ground state with one electron (hole) per
atom (half-ﬁlled band) is equivalent to Heisenberg’s antiferromagnet (see Heisenberg magnet)
with one spin S = 1/2 per site. A second Anderson suggestion based on H. Bethe’s works on
one-dimensional magnetic materials, as well as
on L. Pauling’s chemical bond theory, matches
with the essentially quasi-two dimensional character of the structure of superconducting cuprates.
The suggestion means that under certain conditions quantum ﬂuctuations, even at T = 0, are able
to completely destroy antiferromagnetic ordering
in the CuO2 planes, so that the complete wave
function of the ground state of an individual plane
can be represented by a linear combination of the
wave functions of “valence-coupled” pairs of the
localized carriers:


C{n, m}
(αn βm − βn αm ),
ΨRVB =
{n,m}

|ΨRVB |2 = 1,

n,m

(1)

where n, m are the bidimensional site vectors,
{n, m} represent all possible conﬁgurations with
contributions determined by the coefﬁcients
C{n,m} , and αn , βn are functions of “up” and
“down” spin projections. In this state, the mean
value of a spin at each site is zero, but the phase coherence is retained. The lowest excitations above
the ground state (1), known as spinons, are dangling bonds or individual unpaired spins. The lat-

ter are the topological defects (kinks), their thermodynamically equilibrium number being determined by the temperature. The kink displacement
corresponds to the “valence bond transfer” from
one site to another, with no change in energy and
no transfer of charge taking place. It is in this sense
that the state (1) corresponds to “resonating valence bonds”, while spinons (S = 1/2) turn out to
be neutral, zero mass fermions.
The transition from the insulating RVB-state
to the metallic one is caused by introducing new
holes into the system (by doping or a change in
stoichiometry). The “extra” (free) holes are coupled to a spinon forming a new charged Boseparticle called a holon. The motion of holons
both inside and between planes, their scattering
by spinons, and the phenomenon of holon conﬁnement determine the ﬁnite resistance in the normal metallic phase, as well as the attraction with
the formation of holon Cooper pairs, thereby facilitating a transition to the superconducting state
at temperatures on the order of Heisenberg exchange interaction constant. The holon gas does
not undergo a Bose–Einstein condensation. There
is a relationship between the wave function (1)
and the condensate wave function of the Bardeen–
Cooper–Schrieffer theory

ΨBCS =


+ + 
a−k↓ |0,
uk + vk ak↑
k

|ΨBCS |2 = 1,

(2)

+
where uk , vk are coefﬁcients, and akσ
(σ =↑, ↓)
are Fermi creation operators of carriers from the
vacuum state |0. The wave function (2), projected
on the pairs and then transformed into real coordinate space, acquires the functional form (1).
Another feature of the Anderson mechanism lies
in the possibility of a qualitative description of
some unusual properties of high-temperature superconductors (such as the anomalous temperature dependence of the heat capacity, the resistance in the normal phase, anisotropy of conductance, etc.). Experiment shows that cuprate metal
oxides in the normal state are ordinary Néel antiferromagnets. However, some arguments favor inducing the RVB-state in metal phases under conditions of strong spin interactions of free and localized carriers.

ANDREEV REFLECTION

ANDERSON MODEL (P.W. Anderson)

(1) In disordered systems theory – a strong coupling model with diagonal disorder described by
Anderson’s Hamiltonian


|nm| +
εn |nm|,
H =J
n,m

n

where n, m are the sites of a d-dimensional lattice, n, m are pairs of the nearest neighbors,
J is the transfer integral, and the energies εn at different sites n are independent, uniformly distributed random quantities. The pioneer work of Anderson gives arguments in favor of the fact that for
d = 3, if εn are uniformly distributed in the interval [−W/2, W/2] and the quantity W/J exceeds
some critical value (W/J )c , then all the states of
this Hamiltonian are localized (Anderson localization). The Anderson model provides an effective
analysis of the transition from quasi-Bloch (propagating) states to localized ones, and clariﬁes the
presence and position of the mobility edge, characteristics of the ﬂuctuation elementary excitation
spectra of disordered solids, and other properties
of disordered solids.
(2) In the theory of magnetism this approach
provides a model Hamiltonian to describe the formation of the local magnetic moment of an impurity atom in a nonmagnetic metal as the impurity level changes relative to the Fermi level. The
model admits an exact solution by means of the
Bethe substitution (Bethe ansatz).
(3) In the theory of metal-oxide superconductors – the model provides an explanation of
resonating valence bonds (see High-temperature
superconductivity, Anderson mechanism of hightemperature superconductivity).
ANDERSON THEOREM (P.W. Anderson, 1959)
A theorem stating that the electron scattering

by nonmagnetic impurities in superconductors has
a slight effect on the critical temperature only. This
theorem is based upon the invariance of the Hamiltonian with respect to time inversion. The Anderson theorem is not necessarily valid outside the
framework of the Bardeen–Cooper–Schrieffer theory, namely, if one takes into account the weak localization of carriers, anisotropy of the Fermi surface, ﬁne structure of the density of electron states,
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the presence of a dielectric gap on a part of the
Fermi surface, etc.
ANDREEV REFLECTION of quasi-particles
(A.F. Andreev, 1964)
A speciﬁc reﬂection of quasi-particles (electrons and holes) from the interface between the

superconducting (S) and normal (N) phases of a
metal (NS-boundary).

During this process the quasi-momentum p
of a reﬂected particle is conserved, but the signs
of the charge and all three velocity components
change. When an electron of energy ε (measured
from the Fermi level) and velocity v = ∂ε/∂p
is incident from the normal metal side on the
NS interface, the reﬂected quasi-particle is a hole
with the same energy ε and velocity v. The reﬂection of holes proceeds in a similar way. The
value of the Andreev reﬂection coefﬁcient R depends on the quasi-particle’s energy: R(ε) = 1 for
0 < ε < Δ (Δ is the value of the energy gap in
the superconducting phase); R(ε) → 0 for ε Δ.
The essence of Andreev reﬂection is that at the
NS-boundary the incident electron enters the superconducting condensate, forming a Cooper pair
with an electron having the opposite momentum.
A hole arising in the process moves back into the
normal region. When the normal metal layer is
situated between superconducting slabs (e.g., in
the intermediate state of a superconductor or in
SNS-junctions), Andreev reﬂection gives rise to
distinctive quantization of the low-energy (ε < Δ)
excitations of the N-layer (Andreev quantization).
This quantization corresponds to a periodic motion of quasi-particles inside the N-layer, with the
quasi-particle being an electron for half of the period and a hole for the other half.
Andreev reﬂection manifests itself in a number
of features of the thermodynamic and kinetic properties of the intermediate state of a superconductor. In particular, it leads to geometrical oscillation
effects in ultrasonic attenuation, and to an additional thermal resistance of the intermediate state
during thermal ﬂux propagation normal to N- and
to S-layer, etc. As distinct from thermal ﬂux propagation, the passage of an electric current through
the NS-boundary at low temperatures (kB T  Δ)
is not associated with overcoming the excess resistance of the S-boundary due to the quasi-particle
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ANGULAR DEPENDENCE OF SPECTRA

reﬂection, since the conversion of the normal excitation current into that of Cooper pairs takes place
under Andreev reﬂection. Andreev reﬂection has
been directly observed experimentally in studies
of the radio-frequency size effect, and of transverse
magnetic focusing of electrons in NS-structures.
ANGULAR DEPENDENCE OF SPECTRA
of magnetic resonance
The dependence of the resonant magnetic eld
Br (in case of electron paramagnetic resonance,
EPR) or resonance frequencies (in case of electron–
nuclear double resonance, ENDOR; nuclear magnetic resonance, NMR) on the relative orientation

of the constant external magnetic ﬁeld B and the
crystal axes, i.e. on the values of the polar angle θ
and azimuthal angle ϕ that specify the B direction in a coordinate system relative to the crystal.
The parameters of a generalized spin Hamiltonian
are obtainable by comparing experimentally observed angular spectral dependences to those calculated from the Hamiltonian. Examining angular
spectra in three mutually perpendicular planes permits determination of all parameters of the effective spin Hamiltonian (see Spin Hamiltonian para-

meters, Invariants), and the local symmetry groups
of its interactions. An example of the angular dependences of the magnetic resonance spectra of
the Gd3+ ion at a site of symmetry C2 is given
in Fig. which plots the values of the resonant magnetic e ld Br versus the azimuthal and polar angles
θ and ϕ, respectively, for the indicated transitions
M → M − 1, where M is the eigenvalue of the
projection of the electronic spin S = 7/2 on B.
When the symmetry and arrangement of crystallographic axes (see Crystal symmetry) are unknown,
they can be determined from EPR (NMR) spectra recorded for rotations around three mutually
perpendicular axes ﬁxed in the crystal. In certain
cases, the values of θ and ϕ also affect the line
width and line intensity.
An EPR spectrum is customarily called an
anisotropic EPR spectrum, if the positions and intensities of its lines depend on the orientation of
the sample relative to the external magnetic ﬁeld.
For spin S  1 and in the absence of anisotropic
hyper ne interactions, the anisotropic spectrum is
observed only for centers belonging to non-cubic
spin Hamiltonian symmetry groups, whereas in
the presence of anisotropic hyperﬁne interactions

Angular dependence of EPR spectra of Gd3+ .

ANISOTROPIC MAGNETIC MATERIALS

with surrounding nuclei an anisotropic spectrum
can be observed even for cubic symmetry groups.
If the positions and intensities of EPR spectral
lines are independent of the orientation of the sample under investigation relative to the direction of
the external constant magnetic ﬁeld, then the spectrum is called an isotropic EPR spectrum. The concepts “anisotropic spectrum” and “isotropic spectrum” are valid also for other resonance phenomena such as NMR.
ANGULAR MOMENTUM, moment of momentum

Vector product r × mv, where r is the position vector, v is the velocity of a material point of
mass m. The angular momentum of an arbitrary
system of points with masses mi , which move
with velocities v i , is the sum of vector products
i r i × mv i , where r i is the position vector of
the ith mass point relative to an origin of coordinates 0. The angular momentum depends on the
choice of origin.
ANHARMONICITY, VIBRONIC
See Vibronic anharmonicity.
ANHARMONIC VIBRATIONS of crystal lattices

Deviation from the simple harmonic nature of
atomic vibrations in a crystal, i.e. a nonlinear relationship between the displacements of atoms
(ions) from their equilibrium positions and the
restoring forces.
While the potential energy of a crystal in the
harmonic approximation includes only terms of
second order in the relative atom displacements,
taking anharmonic vibrations into account leads to
the appearance of cubic and higher order terms in
the potential energy expansion in powers of the
displacements. Anharmonicity of vibrations involves interaction between the normal modes (see
Normal vibrations) of a harmonic crystal, which
corresponds to taking into account both elastic
and inelastic phonon collisions from the quantum point of view. Anharmonic vibrations are responsible for the thermal conductivity of insulators, the thermal expansion of bodies, the change
in the dielectric function of the crystal with temperature, IR absorption and Raman scattering, etc.
The anharmonic interaction of phonons leads to
their scattering and decay which, in turn, determines the width (lifetime) and shift of the energy
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levels. Accounting for the anharmonicity is a typical many-body problem, with its solution providing the answers to some fundamental questions
of solid state physics, such as the possibility of
forming two-phonon coupled states (biphonons),
the role of soft modes in structural phase transitions, etc. Slightly and highly anharmonic crystals
can be distinguished. Quantum crystals, systems
with structural phase transitions, in particular ferroelectrics, fall into the latter type. The presence of
solitons, which can contribute to the energy transfer and to the process of the restoring the equilibrium state after an external perturbation, is possible in an anharmonic crystal.
ANISOTROMETER
See Magnetic anisotrometer.
ANISOTROPIC MAGNETIC MATERIALS
Magnetic materials having different magnetic

properties along different directions.
The most common anisotropic magnetic materials have one easy magnetization axis. Along this
axis, high magnetization and low values of the coercive force are observed in soft magnetic materials and the maximal remanence is realized in hard
magnetic materials. The magnetic anisotropy is
natural for monocrystalline magnetics. The widely
used polycrystalline anisotropic magnetic materials are obtained by a variety of methods. One of
them is the production of crystallographic texture,
i.e. preferable orientation of easy magnetization
axes of individual crystallites along one common
direction. Thus, in sheets of anisotropic electrical steel, the crystalline structure is produced by
cold rolling and annealing, and in magnetically
hard materials it is obtained by powder metallurgy
which involves pressing in a magnetic ﬁeld. Another method of obtaining anisotropic magnetic
materials involves producing magnetic texture by
means of thermomagnetic treatment or thermomechanical treatment. In some anisotropic magnetic
materials, both the crystallographic and magnetic
texture are used simultaneously. Thus, e.g., the
best magnetic properties are realized after thermomagnetic treatment of alloys of the alnico type,
in which the columnar crystallographic texture is
produced by directed crystallization.
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ANISOTROPIC MEDIUM

ANISOTROPIC MEDIUM

A medium with some properties that depend on
the spatial directions in it.
Anisotropic media necessarily possess longrange order, involving translational and/or orientational order (see Long-range and short-range order). The natural anisotropy of crystals is related to
the symmetry of the ordered arrangement of atoms
(molecules) in space, and is the more pronounced,
the lower the crystal symmetry. Many mechanical (anisotropy of elasticity, plasticity, hardness,
etc.), thermal (thermal expansion and others),
electric (electrical conductivity, dielectric constant,
etc.), magnetic (magnetic anisotropy), and optical (birefringence) properties of monocrystals are
anisotropic. Only a few crystal properties (e.g.,
density and speci c heat) do not depend on direction (isotropy). Ordinary liquids, in the absence
of external factors, are isotropic like gases, due to
the absence of long-range order in the relative positions and orientations of the constituent molecules (or atoms). The anisotropy of liquid crystals is due to the asymmetry and the long-range
correlation of relative molecular orientations. The
quantum liquid 3 He exists in two antiferromagnetic modiﬁcations: a highly anisotropic A-phase
with weak ferromagnetic properties (in which superﬂuid motion is not always possible in some directions) and a weakly anisotropic B-phase. The
inhomogeneity of a body in its surface layer results in local anisotropy of physical properties.
Some chemical characteristics of a medium can
also be anisotropic, e.g., the oxygenation and etching rates. The anisotropic properties of a medium
can be characterized by corresponding tensor coefﬁcients (susceptibilities).
ANISOTROPY FACTOR of a cubic crystal

This factor H = 2c44 + c12 − c11 depends
on the elastic constants cij (see Elastic moduli).
For an isotropic medium, H = 0 (see Isotropy).
The anisotropy elasticity ratio deﬁned by A =
2c44 /(c11 − c12 ) has the value A = 1 for an
isotropic medium. The quantity A can be either
less than or greater than unity. For example, A has
the values 1.00 for W, 1.21 for Al, 2.36 for Fe,
3.21 for Cu, and 0.69 for Cr. H is measured in Pa,
and A is dimensionless.

ANISOTROPY FIELD
See Magnetic anisotropy.
ANISOTROPY, GROWTH
See Growth anisotropy.
ANISOTROPY, MAGNETIC
See Magnetic anisotropy.
ANISOTROPY OF CRYSTALS

Dependence of the physical properties of crystals on the direction.

The anisotropy is caused by the periodic arrangement of atoms in a crystal, and is related
to the crystal lattice symmetry (see Crystal symmetry). Physical properties are the same only in
equivalent crystallographic directions. According
to the Neumann principle (see Crystal physics),
the symmetry of any physical property cannot be
lower than the symmetry of the point group of
the crystal, but can be higher than that. Physical
properties of crystals are described by tensors of
rank from zero to four. Examples of properties
described by a zero-rank tensor (scalar) are density and speci c heat (they are isotropic for every
crystal). A ﬁrst-rank tensor (vector) describes,
for instance, the pyroelectric effect, while thermal
conductivity, thermal expansion and magnetic susceptibility are described by tensors of rank two.
Tensors of third rank describe the piezoelectric effect (see Piezoelectricity) and electrooptical effect;
most elastic properties of a crystal are described
by a tensor of rank four. The symmetry of these
properties depends on the crystal lattice symmetry. For crystals of low symmetry (triclinic, monoclinic), all these properties are anisotropic. Some
of these properties for high symmetry crystals are
isotropic, e.g., in a cubic crystal, all the properties
described by a tensor of rank two are isotropic.
ANISOTROPY OF ELASTICITY

Dependence of the elastic properties of a material on the spatial direction in it.
The anisotropy of elasticity is characterized by
the symmetry of its elastic modulus tensor, and by
the values of its components. The elastic modulus
tensor for an isotropic medium has the form
Ciklm = λδik δlm + μ(δil δkm + δim δkl ),
i, k, l, m = x, y, z,

(1)

ANISOTROPY OF LIQUID CRYSTALS

where λ and μ are Lamé coef cients. Any deviation of a tensor Ciklm from the form (1) corresponds to the presence of anisotropy of elasticity.
In Voigt notation, the tensor Ciklm is replaced by
the matrix cI J (I, J = 1, 2, . . . , 6) which, for the
lowest symmetry, has 21 independent elements.
The symmetry of interatomic interactions in a
crystal imposes restrictions on the number of independent elements of cI J . If central forces act
between atoms and every site of a crystal lattice is
a center of symmetry, six Cauchy relations are satisﬁed: c12 = c66 ; c13 = c55 ; c23 = c44 ; c14 = c56 ;
c25 = c46 ; c36 = c45 , which, for instance, in crystals with a heteropolar bond reduce to one relation: c12 = c44 . In hexagonal close-packed crystals no site is a center of symmetry, and the Cauchy
relations do not hold even if the interatomic forces
are central. The deviations from the Cauchy relations give an insight into the contribution of anharmonicity to cI J , and about nonpairwise (manyparticle) forces of interaction. Noncentrality of the
interaction has a strong effect on the temperature
dependence cI J = cI J (T ), as well as on the value
cI I . The elements of cI J must satisfy a number
of relations which are corollaries of the mechanical stability conditions for a crystal. For example,
in a hexagonal close-packed crystal
cI I > 0 (I = 1, . . . , 6);
2 − c2 > 0;
c11
12
2 > 0;
c33 (c11 + c12 ) − 2c13
2 > 0.
c11 c33 − c13

Cubic crystals exhibit anisotropy of shift, which
can be characterized by the factor Ashift = 2c44 /
(c11 − c12 ). In addition to the shift anisotropy with
the factor Ashift = c44 /c66 , crystals of hexagonal, trigonal and tetragonal symmetry have also
an anisotropy of linear compressibility (with the
factor Acompr = (c11 + c12 − 2c13 )/(c33 − c13 )
for hexagonal symmetry). Near the polymorphic
transformation temperature, some combinations
of elasticity constants can diminish abnormally
(softening of normal modes). The defects in a crystal cause the components of the tensor of effective elastic moduli to decrease by several percent.
When studying crystal distortions localized near
defects, one needs to know elastic moduli tensors
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of higher orders. The effective elastic moduli in
a polycrystalline material are found by averaging
over orientations of grains.
ANISOTROPY OF g -FACTOR

A property which reﬂects the dependence of
the splitting of electronic (nuclear) energy levels
in a magnetic ﬁeld (see Landé g -factor) on the mutual orientation of the crystal and the ﬁeld. It manifests itself in the angular dependences of spectra of magnetic resonance, and is described by the
second-rank g-factor tensor gpq (p, q = x, y, z)
with unequal principal values. The magnitude of
the tensor in the principal axis system for the po2 sin2 ϕ +
lar angles θ, ϕ is given by g = [(gxx
2
2
2
2
2
1/2
gyy cos ϕ) sin θ + gzz cos θ] . For axial sym2 sin2 θ +g 2 cos2 θ)1/2 , where g =
metry g = (g⊥
⊥

gxx = gyy and g = gzz . Anisotropy is present
in paramagnetic centers with a local symmetry
lower than cubic. Ordinarily the tensor is symmetric, with gpq = gqp .
ANISOTROPY OF LIQUID CRYSTALS

Dependence of physical properties of liquid
crystals on the direction of a measurement.

In oriented samples the direction of the orientational order is speciﬁed by the director. If
n , χ , and ε are respectively the refractive index, diamagnetic susceptibility and dielectric constant along the director, and n⊥ , χ⊥ and ε⊥ are
the same quantities in a transverse direction, then
n = n − n⊥ , χa = χ − χ⊥ and εa = ε − ε⊥
are referred to as optical anisotropy, diamagnetic anisotropy and dielectric anisotropy, respectively. For example, for thermotropic liquid crystals n ∼ 0.1–0.4; χa ∼ 10−7 emu, εa ∼ 5–30.
The sign of the anisotropy depends on the
chemical structure of liquid crystals. For nematics (see Nematic liquid crystal), χa > 0, n > 0,
εa > 0 and εa < 0. For cholesterics (see Cholesteric liquid crystal), χa > 0 and χa < 0, n < 0,
εa > 0 and εa < 0. For smectics (see Smectic
liquid crystal), χa > 0,
n > 0, εa > 0 and
εa < 0. Typical values for lyotropic liquid crystals
are: χa ∼ 10−8 emu, n ∼ 10−3 . For lyotropic
discotics χa > 0 and χa < 0, n > 0, for lyotropic
calamitics χa > 0 and χa < 0, n < 0. Because
of the anisotropy, the description of elasticity and
viscosity of liquid crystals requires using several
coefﬁcients.
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ANISOTROPY OF MECHANICAL PROPERTIES
Differences in mechanical characteristics: elasticity, plasticity, and durability, along various direc-

tions of a solid.
There are two types of anisotropy of mechanical properties: the natural or fundamental (primary) anisotropy, and the induced (secondary)
type. The former is determined by the crystal
symmetry (see Anisotropy of crystals) and can
be easily observed. The latter is acquired during
the process of mechanical and thermal treatment
of a metal. There are two origins of secondary
anisotropy: textural (see Texture) and structural.
The textural type arises as a result of reorientation of crystallites along preferred crystallographic
directions. The structural secondary anisotropy is
caused by the oriented arrangement of grains and
subgrains, inclusions of the second phase, and
pores (see also Structural texture of metals). The
elastic anisotropy for a number of textures can be
derived analytically (see Anisotropy of elasticity).
Anisotropy of plasticity and anisotropy of durability have more involved dependences than the
anisotropy of elasticity, and are determined experimentally in mechanical tests.
ANISOTROPY, OPTICAL
See Optical anisotropy.
ANNEALING
Heat treatment of materials at elevated tem-

peratures aimed at investigating or improving
their properties. Material annealing can lead to
phase transitions, recrystallization, polygonization,
homogenization, relaxation of internal stresses,
removal of aftereffects of cold plastic deformation
(strain hardening), annihilation and rearrangement
of defects, and so on. The results of annealing
depend signiﬁcantly on its kinetics: the rates of
heating and cooling and the time of exposure at
a given temperature. To investigate annealing of
radiation-induced and other defects, use is made
of isothermal annealing (long time exposure at
constant temperature), and isochronal annealing
(exposure during a given time interval at successively increasing temperatures). Various stages of
isochronal annealing correspond to the presence of
defects of different kinds. The annealing of the de-

fects of a particular type can lead to either their
annihilation or their transformation into defects of
more complicated types. The kinetics of isothermal annealing yield information on the nature of
the reactions that result in the annealing.
ANNEALING, IRRADIATION

See Irradiation annealing.
ANNEALING OF SEMICONDUCTOR

See Pulsed annealing of semiconductors.
ANNEALING, RECRYSTALLIZATION

See Recrystallization annealing.
ANNIHILATION OF DISLOCATIONS

Merger and mutual destruction of two dislocations or elements of one dislocation loop with opposite signs (see Dislocation sign).
The annihilation of dislocations leads to the
disappearance (mutual compensation) of elastic
e lds of dislocations. If parts of a dislocation with
opposite signs come closer together as a result of
dislocation slip in one common plane, then annihilation restores the perfect crystalline structure
at their meeting point (see Fig. 1). The annihilation of screw dislocations occurs with the restoration of the structure even when they initially were
not in the same slip plane. Nonscrew dislocations
of opposite signs lying in different, but not too
widely separated, slip planes form a dipole due
to their mutual attraction. Its subsequent annihilation is possible by means of a head-on encounter
with the creation of interstitial atoms or vacancies

Fig. 1. Annihilation of edge dislocations of opposite
signs, which move in the same slip plane: (a) approach
of the dislocations; (b) restoration of the perfect crystal
structure upon annihilation.

ANOMALOUS DIFFUSION
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ANOMALOUS AVERAGES

Fig. 2. Annihilation of edge dislocations of opposite
signs, which move in neighboring slip planes: (a, c) approach of the dislocations; (b) formation of vacancy at
the location of annihilation; (d) formation of interstitial
atom at the location of annihilation.

(Fig. 2). When dislocations of opposite signs in
different slip planes approach each other and reach
a characteristic distance ra referred to as the annihilation radius, then the region of the crystal between them loses its stability, and annihilation occurs dynamically, rather then by diffusion. Studies of the dislocation annihilation process on an
atomic scale by mathematical modeling provide
the value ra ≈ (5–10)b, where b is the Burgers
vector. The annihilation of dislocations plays an
important role as an effective channel for reducing the dislocation density (see Dislocation density
tensor) during the annealing process. This annihilation is accompanied by the emission of sound,
and it is one of the most important mechanisms of
acoustic emission.

The values of products of two (or more) cre+
(or annihilation akσ ) operators of halfation akσ
integer spin particles (fermions), averaged over the
lowest level (ground) quantum-mechanical states
(at absolute zero temperature T = 0), or the thermodynamic states (at T = 0) of a system. The
anomalous averages were introduced by N.N. Bogolyubov (1958) to describe superconducting (superﬂuid) Fermi systems in the self-consistent eld
approximation. They provide the complex-valued
order parameter (wave function) of a macroscopic
coherent quantum state (see Macroscopic quantum
coherence).
In a superconductor at a temperature below T c ,
+ +
a−k−σ  and
the anomalous averages of the akσ
a−k−σ akσ  types are nonzero. They describe the
condensate of Cooper pairs of electrons with antiparallel momenta (k  = −k) and spins (σ  =
−σ ), which is analogous to a Bose condensate.
In the super uid phases of 3 He at temperatures
below 1 K (T < 0.003 K) and under a pressure
(p > 30 atm), the triplet pairing of 3 He atoms
with parallel spins (σ  = σ ) is possible along with
the singlet Cooper pairing (σ  = −σ ), when the
+ +
a−kσ  and akσ a−kσ 
anomalous averages akσ
do not vanish. In anisotropic crystals with a degenerate electron spectrum ε(k) = −ε(k + Q)
and ﬂattened, nested regions of the Fermi surface separated by the wave vector Q, a spatially
nonuniform state can arise. This state results from
electron–hole pairing or a structural Peierls instability, and has nonzero anomalous averages of the
+
+
ak,±σ  and ak,±σ
ak−Q,σ  which
type ak+Q,σ
describe charge density waves and spin density
waves.

ANODIZATION, anode oxidation

ANOMALOUS DIFFUSION
A diffusion process in which the time evolution

The creation of a layer of oxide on the surface
of a metal at a positive potential during electrolysis. Anodization is used to change the color, durability, hardness, electrical conductivity, catalytic
activity, and other properties of surfaces of various metals and alloys. There is a great variety of
electrolytes, and either direct or alternating current
can be used. Depending on this, one obtains either
a thin (less than 1 μm), or a thick (tens to hundreds
of μm) enamel-like coating.

of the concentrations of diffusing particles fails
to follow the Fick law, occurring asymptotically
faster or slower than in the normal case.
As for any diffusion process, anomalous diffusion is associated with a random walk of particles.
However, in contrast to an ordinary random walk,
the mean square displacement of a particle in the
time t exhibits the behavior r 2 (t) ∼ t ν , with
ν = 1. The causes of anomalous behavior are associated with the disorder of the system where the
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ANOMALOUS DISPERSION OF LIGHT

random walk occurs. For example, anomalous diffusion behavior is observed in systems with a distribution of activation energies, when the distribution of the wait time of the next jump becomes
very broad and the mean value of this time diverges; in a random walk in fractal systems the
diffusion is slower (ν < 1); in a random walk with
ﬂights, when a particle can travel a great distance
during a short time (ν > 1), etc. To characterize anomalous diffusion, one often does not use
the power index ν, but rather a related quantity
called an anomalous diffusion index that characterizes properties of diffusion and random walk in a
fractal system. In the normal case, for instance, on
any Euclidean lattice, the square of the recession
of a particle in random walk for sufﬁciently long
time t is proportional to this time: L2 (t) ∼ t . In
contrast to such universal behavior, the diffusion
in a fractal system occurs more slowly, L2 (t) ∝
t 2/(2+θ) , where θ > 0 is the anomalous diffusion
index. The quantity θ for fractal lines is related to
the fractal dimension of the line D: θ = 2D − 2,
although in other cases the quantity θ is some independent characteristic of a fractal system. The
index θ for an inﬁnite cluster at the percolation
threshold is related to well-known critical indices
of percolation theory θ = (τ − β)/ν, where τ is
the critical index of the percolation system conductivity, β is the critical index of the extent of the
inﬁnite cluster, and ν is the critical index of the
correlation length (see Correlation length).
ANOMALOUS DISPERSION OF LIGHT
Dispersion of light characterized by the anomalous dependence of the refractive index n of a ma-

terial on the frequency ν (wavelength λ) of the
light: n decreases as ν grows (λ decreases). The
anomalous dispersion of light occurs in the absorbtion bands of materials.
ANOMALOUS ELASTICITY
See Superelasticity.
ANOMALOUS MAGNETORESISTANCE

The dependence of a conductor resistivity on
the external magnetic ﬁeld, which is not describable within the classical picture of electron orbit bending (see Galvanomagnetic effects, Magnetoresistance). In magnetic materials: ferromagnetic and antiferromagnetic metals, semimagnetic

semiconductors, such departures from classic dependences (both in sign and in characteristic ﬁeld
values) are related to the inﬂuence of the magnetic
ﬁeld on the spin subsystem. In the case of nonmagnetic conductors, the anomalous magnetoresistance is caused by quantum-interference corrections to the conductivity, their contribution being determined by the coherence length (phase
memory time) of the carriers. Such corrections
arise both at weak localization (causing negative
magnetoresistance), and due to interference of
Coulomb and impurity scattering when the magnetoresistance is positive.
ANOMALOUS MASS TRANSFER
Transfer of inherent and impurity atoms in crys-

tals at a rate several orders of magnitude greater
than that of diffusion. It is observed during pulse
exposure causing plastic deformation with a rate
greater than 1 s−1 . It results from dynamic recovery of nonequilibrium point defects formed during the process of plastic deformation under forging, explosion, pulse heating (thermoplastic deformation), in a pulsed magnetic ﬁeld (due to the
action of ponderomotive forces). The mechanism
of anomalous mass transfer consists in the creation of interstitial atoms under the nonconservative motion of dislocation thresholds at screw dislocations with a velocity higher than the critical
one. The interaction of the moving dislocations
with interstitial atoms causes the drift of the latter. Hence, the anomalous mass transfer can be
treated as diffusion of nonequilibrium interstitial
atoms under the conditions of drift (in the presence
of driving forces of transfer processes). The distribution of the concentration C of diffusing atoms is
described by the equation


(x − V t)2
C(x, t) = C0 (4πDt)−1/2 exp −
4Dt




x +Vt
V
Vx
erfc √
,
− C0
exp
4D
D
2 Dt
where C0 is the concentration at the instant of time
t = 0; D is the diffusion coef cient, and V is the
drift velocity in the x direction. The temperature
dependence of the anomalous mass transfer rate is
weaker than that of the diffusion coefﬁcient, and
cannot in general be described by a simple exponential over a wide temperature range. The critical rate of deformation is deﬁned by the nonlinear

ANOMALOUS PENETRATION

dependence of the yield limit on the deformation
rate. Below the critical rate, the energy of external stresses causing the dislocation slip is insufﬁcient for the formation of interstitial atoms. Therefore, only dislocation thresholds that create vacancies move conservatively. At fast rates, both vacancies and interstitial atoms are created. The latter prevail at small dislocation densities, so anomalous mass transfer diminishes with the extent of
the plastic deformation. It diminishes also when
an elevated concentration of excess vacancies is
created in a crystal before the pulse arrival. The
rise of the speed of dislocation displacement due
to the swift rise of the external stresses leads to
the diminishing of the vacancy contribution to the
anomalous mass transfer. The dynamic multiplication of dislocations is superimposed, and the dragging along of interstitial atoms by shock waves
begins to play a signiﬁcant role in the anomalous
mass transfer. This transfer is faster in metals with
face-centered cubic and hexagonal close-packed
lattices than it is in those with a body-centered cubic lattice. The effect of anomalous mass transfer
acceleration is more pronounced for substitutional
impurities than for interstitial ones. As a result
of the anomalous mass transfer, nonequilibrium
solid solutions can also be created from the component with low mutual solubility in the solid phase.
Under the low-temperature deformation of crystals
with ionic bonds, other mechanisms of anomalous
mass transfer appear. Thus, rather small deformation of LiF crystals at liquid helium temperatures
leads to helium penetration into the surface layer
of a crystal due to the dragging along of helium
atoms by the dislocation thresholds, and their motion along the dislocations. Indentation (see Microhardness) of MgO crystals leads to directed
plastic deformation (without the creation and motion of dislocations due to those of crowdions)
(see also Anomalous diffusion). Engineering applications of anomalous mass transfer are diverse.
Thus, hot forging or rolling of ingots of alloys at
a deformation rate greater than the critical one allows considerable acceleration of the homogenization of dendrite liquation. Percussion welding in the
solid phase forms welded joints of heterogeneous
metals during a time too short for the creation of
intermetallic compounds responsible for the embrittlement of the weld. The effective hardening
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of the surface layer of machine parts is achieved
by means of electric spark alloying. Taking anomalous mass transfer regularities into account leads
to improving the alloyed surface layer obtained
by laser processing (see Laser technology). Anomalous mass transfer occurs also at shot-blasting or
ultrasonic treatment of a metallic coating on the
surface of products. The mechanical mixing of
surface layers of contacting metals under shock
loading known as mechanical diffusion does not
fall into the category of anomalous mass transfer.
ANOMALOUS PASSAGE OF X-RAYS, Borrmann
effect (G. Borrmann, 1941)
Propagation of X-rays in monocrystals along
directions satisfying the Bragg law, when the ef-

fective (so-called interference) absorption coefﬁcient is considerably smaller than the photoelectric
absorption coefﬁcient μ.
This is observed in the case of Laue diffraction
for sufﬁciently thick crystals at absorption levels
μt  3–5 (t is the sample thickness). The anomalous passage of X-rays is the result of multiple
scattering by atomic planes of a crystal, and the
interference of the scattered waves, which leads to
the creation of a total wave ﬁeld with a spatially
modulated amplitude. If the antinodes of this ﬁeld
lie to the side of atomic planes, it is absorbed very
weakly (much more weakly than in ordinary interference). As a result, the X-rays can travel in crystals for relatively great distances (up to 1–10 mm).
The anomalous passage was ﬁrst observed in perfect crystals; and has subsequently been seen in
mildly distorted crystals. It occurs for the diffuse
background as well, which leads to considerable,
often asymmetric deformation of the diffuse scattering of X-rays proﬁle compared to the kinematic
case (ampliﬁcation of central part of the proﬁle
relative to its wings). See also Dynamic radiation
scattering, Two-wave approximation.
ANOMALOUS PENETRATION
of the electromagnetic eld into a metal

This occurs in an external magnetic ﬁeld, and is
caused by the speciﬁc dynamics of the conduction
electrons. The effects of anomalous penetration
are subdivided into two groups. The ﬁrst group,
that of plasma or collective phenomena, comprises
the aggregate of weakly decaying waves in the degenerate electron plasma of a metal (see Helicon,
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Magnetic plasma waves, Cyclotron waves, Quantum waves, Doppleron, etc.). The second group in-

cludes ballistic effects of anomalous penetration
which are caused by a trajectory transfer of an
electromagnetic wave from the skin depth layer δ
into the bulk metal by numerous groups of electrons, involving individual motions of the charged
particles and quasi-particles. Because of the skineffect, the most effective interaction of the electrons with the electromagnetic ﬁeld occurs for
those electrons which move along the wavefront,
i.e. parallel to the surface of the metal (so-called
effective electrons). Electrons moving at large angles with the surface spend less time in the skin
layer, and thus are less effective in gaining energy from the wave. In a magnetic ﬁeld the direction of the electon velocity changes periodically
due to the cyclotron motion. Therefore, the most
intense interaction with the electromagnetic wave
occurs in the vicinity of points of electron trajectories where the velocity is parallel to the surface
(so-called effective points). Due to the cyclotron
motion the number of these points is inﬁnite, and
under the anomalous skin-effect δ  D (D is the
characteristic length of a trajectory), some of these
points are located outside the skin layer. Their
existence is related to resonant excitation of the
electron collective motion. When moving inside
this layer the electron acquires a velocity increase
v and creates the current j = −e v, where e
is the magnitude of the electronic charge. At the
next effective point lying in the depth of a metal,
the electron again moves parallel to the sample
surface and reproduces the current increment j
there. This is what constitutes anomalous penetration of the ballistic type: bursts of current and
magnetic ﬁeld spaced by the distance D arise inside the metal. The various types of electron trajectories lead to different mechanisms of anomalous penetration.
In a magnetic ﬁeld B parallel to a metal surface, due to the complicated structure of the Fermi
surface, there exists anomalous penetration along
the chain of (closed) electron trajectories with extremal diameters Dext (see de Haas–van Alphen
effect). The chain of trajectories from the central
section of the Fermi surface is created in a slightly
tilted B. At a greater inclination of B there occurs a kind of focusing of effective electrons drifting into the interior of the metal. These electrons

provide bursts of anomalous penetration at depths
that are multiples of the displacement along the
normal to the sample surface, extremal over the
cyclotron period. This mechanism of anomalous
penetration is related to a sharp rise of the Fourier
component of the conductivity due to Dopplershifted cyclotron resonance. The following effects
arise from the drift type of anomalous penetration:
focusing of electrons from the vicinity of the reference point of the Fermi surface, bursts on the
helical paths of the Fermi surface boundary cross
sections, trajectory transfer by effective electrons
on an open Fermi surface, etc. Finally, in a magnetic ﬁeld perpendicular to the metal surface, the
ballistic effects of anomalous penetration are associated with the magnetic focusing of drifting or
ineffective, electrons, the so called Gantmakher–
Kaner effect.
The various phenomena of anomalous penetration of trajectories of weakly damped waves
are closely interrelated, and can transform into
each other when the frequency ω or the magnetic
ﬁeld B is changed. The physical pattern of anomalous penetration depends on the nature of the reﬂection of electrons from the metal surface. The
anomalous penetration of radio waves manifests
itself experimentally as a radio-frequency size effect. It is used to investigate Fermi surface parameters, the temperature dependence and anisotropy
of the mean free path, and mechanisms of surface
electron scattering.
ANOMALOUS PENETRATION OF
ULTRASOUND into a metal

A signiﬁcant nonlocal phenomenon appearing
at high frequencies ω, when the damping depth
of a sound wave (calculated within the framework
of a local theory), L ∼
= vF /ω, is smaller than the
mean free path of the carriers, l = vF τ (the latter is the penetration depth of electron density oscillations caused by sound, and interacting with it
in a conductor; see Anomalous skin-effect). Thus,
the anomaly criterion is ωτ
1 for the asymptote
of the acoustic ﬁeld u(x, t) in the bulk of a metal
(x
L), when it is a relatively weak but slowly
damped quasi-wave (non-exponentially damped in
the collision-free limit) propagating with the electron velocity vF .
The appearance of electron-acoustic quasiwaves is associated with the degenerate statistics
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of charge carriers in metals, i.e. with the presence in the electron spectrum of a Fermi velocity in
every direction. Anomalous penetration of ultrasound occurs for an arbitrary electron dispersion
law, and for any polarization of the sound. In the
typical case of a convex Fermi surface and monochromatic longitudinal vibrations, we have
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Here C is a numerical factor of the order of unity
determined by the form of the electron spectrum,
and the nature of their reﬂection from the metal
boundary (x = 0); s is the sound velocity, and
vF0 = (vx )max is the electron velocity at the reference point on the Fermi surface. The quasi-waves
are generated also by other particular values of vx
on the Fermi surface; the power law of asymptotic
decay u(x) ∼ x −3/2 as l → ∞ is characteristic for
an internal extremum of vx on a nonconvex Fermi
surface.
With respect to short (compared with τ ) acoustic pulses, the anomalous penetration of ultrasound
is revealed in the formation of an acoustic signal “forerunner” by electrons. In the absence of
a magnetic eld the quasi-wave precursor travels with the velocity vF0 . Hence, the observation
of the anomalous penetration of ultrasound in the
pulse mode could make it possible, by varying the
geometry and width of samples, to measure directly both electron velocities and local values of
their mean free paths over the entire Fermi surface
of the metal under study. Observed in the magnetic
ﬁeld B in the pulse mode is the ultrasound ﬁeld
transfer by conduction electrons along the electron
orbit chain (the analogue of bursts of the electromagnetic ﬁeld). Having effectively interacted with
the ultrasonic ﬁeld in the region where vx = s, the
fast electron carries away the information on the
sound pulse to create its “image” at its path locations where vx = s again. As a result, the forerunners and afterrunners of the sound signal arise, the
distance between them (in the absence of electron
drift along x) being a multiple of the extremal diameter of an electron orbit. To identify the effect
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unambiguously, the generating ultrasound pulse
width must be much less than the Larmor diameter. Otherwise, the effect appears as oscillations
of the sound speed as the magnetic ﬁeld changes.
The shape of the forerunners repeats that of the
generating pulse.
The analogue of the anomalous penetration of
ultrasound is the anomalous penetration of an alternating longitudinal (i.e. normal to the interface)
electric ﬁeld. Though its main part decays exponentially into the metal for a distance that approximates a Debye radius, the nonuniformity of
the electron density remains down to macroscopic
depths ∼
= l. Owing to the deformation interaction
of a nonequilibrium electron gas with the ionic lattice vibrations, this leads to a new (linear in the
applied ﬁeld amplitude) mechanism of electronacoustic transformation, where efﬁciency grows
as ωτ increases. Such an effect related to the
anomalous penetration of ultrasound was ﬁrst observed in a tin single crystal at liquid helium temperatures.
ANOMALOUS PHOTOCONDUCTIVITY
Photoconductivity which is characterized by

unusual behavior, such as: independence of the
photocurrent from the photoexcitation intensity
over a wide range, marked dependence on the
spectral content of the light, and long-term relaxation of the photoconductivity after extinction of
the light. Anomalous photoconductivity was discovered and investigated in detail on layers of
amorphous selenium treated in mercury vapors.
It is explained by the existence of deep traps for
mobile particles with small probabilities of both
thermal excitation of electrons to the conduction
band, and recombination with a free hole. The
traps are assumed to be clusters containing about
103 atoms, and localized in a region near the surface of the sample. Anomalous photoconductivity is sometimes referred to as the phenomenon
of current reduction under illumination, but in this
case the term negative photoconductivity is more
often used.
ANOMALOUS PHOTOVOLTAIC EFFECT

Appearance of a voltage Vp during illumination of a sample by light of energy in excess of the
band gap Eg .
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Under ordinary mechanisms of the photoelectromotive force: eVp  Eg (see Photoelectric phenomena). Anomalous photovoltages are observed
in semiconductor ﬁlms (e.g., CdTe), in lithium niobate crystals, selenites and other materials exhibiting unipolarity along some direction. The values
of Vp in the anomalous photovoltaic effect can be
as high as many kilovolts. This effect can occur
either with the absence of a center of symmetry
of the crystal lattice, or with a certain nonuniformity of the distribution of defects in the sample.
In the ﬁrst case, the appearance of a photovoltage
provides for the transfer of free current carriers in
one of the directions along the unipolar axis during
the process of photoexcitation (such a mechanism
was discovered experimentally in lithium niobate
crystals), or is responsible for the unipolar character of current carrier scattering by oriented dipoles
created by lattice defects. In the second case, the
cause of the anomalous photovoltaic effect can
be the formation of interconnected microscopic
sources of electromotive forces, e.g., semiconductor junctions. This mechanism has been used to explain the anomalous photovoltaic effect in semiconductor ﬁlms.
ANOMALOUS SKIN-EFFECT

A variety of phenomena of electromagnetic
ﬁeld damping in metals (and plasma) under the
condition that the mean free path l of conduction electrons considerably exceeds the skin layer
depth, δ. In contrast to the normal (classical) skineffect when l  δ and electromagnetic absorption
is determined by collisions of conduction electrons with scatterers, the mechanism of absorption in the anomalous skin-effect has the collisionfree character of Landau damping. The screening
of the external wave by the conductor in this
effect is caused by the sliding (so-called effective) electrons that move almost in parallel to
the surface at angles on the order of δ/ l. The
salient features of the anomalous skin-effect are
the non-exponential decay of the amplitude of an
electromagnetic wave deep inside the metal, independence of the skin layer depth δ on l (in the normal skin effect δ ∝ l −1/2 ), a different frequency
dependence of the surface impedance Za ∝ ω2/3
(whereas Zn ∝ ω1/2 ) and the change of the relation between its real and imaginary parts. The

value of the impedance in the anomalous skineffect depends on the character of electron scattering at the surface: under diffuse reﬂection, and
the impedance is 12.5% greater than under specular reﬂection. The anomalous skin-effect has been
observed in pure monocrystals of metals at low
(helium) temperatures in the frequency range from
several to hundreds of GHz. It was discovered by
H. London (1940) in tin.
ANOMALOUS THERMAL EXPANSION

Excessive thermal expansion of the lattice surface (in the ﬁrst 1–2 monolayers), which takes
place in semiconductors, metals and simple chemical compounds. For example, the ratio of the linear thermal expansion coefﬁcient (normal and tangential) of the surface to its bulk value for a Si
crystal is approximately 8, for Ge: 4, for GaAs: 3,
for NaF and LiF: 2, for W: 2–3. Anomalous thermal expansion was established by various methods: low-energy electron diffraction, scattering of
H and D atoms, spin polarization of reﬂected lowenergy electrons. This expansion does not harm
the crystal surface (for moderately high temperatures) due to the relaxation (compression) of the
surface layers of the lattice, and the presence of
monatomic steps and other defects on the crystal
surface. For instance, under heating to 500 K the
lattice parameter of bulk LiF will rise by 1.5%,
while the increase on the surface is 3%. The extra
expansion (1.5%) of the surface is compensated by
surface relaxation or structural defects.
ANOMALY, KOHN
See Kohn anomaly.
ANTHRACENE, C14 H10 (fr. Gr. ανϑρας , coal)

An aromatic conjugated, condensed three ring
hydrocarbon with molecular weight 178.22.
A crystal of anthracene (speciﬁc weight
1.25 g/cm3 ; T melting = 217.8 ◦ C; T boiling =
355 ◦ C) consists of anthracene molecules bonded
by weak van der Waals forces; it is a typical representative of molecular crystals. Crystals of anthracene belong to the prismatic monoclinic sys5 ) and two moletem with space group P 21 /c (C2h
cules per unit cell. The monoclinic axis b, the
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crystal symmetry axis, coincides with the middle axis of the refractive index ellipsoid. Crystals of anthracene can be produced by sublimation, as well as by crystallization from the melt
(Bridgeman’s method), or from solution. Using
monocrystal growth by sublimation one obtains
thin (from a fraction to hundreds of microns) colorless foils, their blue uorescence being readily
observable under ordinary illumination (quantum
yield of ﬂuorescence close to unity). The plane
of these foils contains the a and b axes of the
crystal. Anthracene is easily soluble in hot benzene, poorly soluble in alcohol, ether, and is insoluble in water. It is crystallized from solution
to form colorless prisms. Using the Bridgeman
method, one can obtain large crystals with any developed plane. Crystals of anthracene begin to absorb light in the near ultraviolet region. The Davydov splitting of the 0–0 band of the ﬁrst electron
transition is equal to 230 cm−1 . Under irradiation with ultraviolet light anthracene can be dimerized or oxidized to anthraquinone. A crystal of anthracene is an organic semiconductor, and it is the
basis of several large groups of dyes. Many valuable natural substances are anthracene derivatives
(alizarin, cochineal, chrysophanic acid, etc.). Anthracene lm s produced by spraying can be used
as nonsilver carriers for information recording.
ANTICORROSIVE COATINGS

Layers of material applied to metal parts for
corrosion protection.

The protection is assured either by insulation
of the construction metal from the corrosive environment, or due to the protective or inhibitory action of the coating upon the metal being protected.
In terms of composition, anticorrosive coatings are
classiﬁed into nonmetallic, metallic and composite; and in terms of their mode of action they can
be insulating, protecting and inhibiting. Concerning their durability, coatings are protective (for a
given service life) and preserving (temporary protection). Some important properties of the coatings
are their chemical resistance, porosity (permeability), adhesion to the basic metal, and deformability. The tin, lead, copper, nickel, chrome, and titanium coatings are classiﬁed as corrosion resistive (insulating) metallic coatings, while zinc, cadmium, aluminum coatings on steel are protective
types.
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Concerning their mode of application metallic coatings are subdivided into electroplated, hotdip (of the melted metal) and metallized ones.
The nomenclature of metallized coatings is quite
diverse, and is differentiated by the deposition
method (electric arc, gas-ﬂame, plasma, and gasthermal metallization). To create coatings or corrosion layers on the metal surface, one can also
use electrolysis from melted salts, deposition from
gas-vapor phase, and implantation of metal ions or
noble gases. To improve the operating protective
properties of the surface layer, use is often made
of diffusive heating that provides for diffusion of
coating components into the underlying metal.
The greatest scope of application (about 70%)
involves protective polymeric (and ﬁlm) lacquer
paint coatings, protective fettle coatings, protective enamel and other inorganic nonmetallic coatings differing in their chemical composition, technology of application and range of use. Composite metal-polymer coatings, inhibited metallic and
nonmetallic coatings that provide better reliability
and protection duration have gained wide use as
well.
ANTIEMISSION MATERIALS
Metals, alloys, chemical compounds exhibiting

low intensity of electron emission or its absence.
The antiemission materials include gold, platinum,
titanium, zirconium, carbon, carbides of tungsten
and molybdenum, titanium silicides, and others.
They are used for coating the working surfaces of
instruments, as well as their nonoperational surfaces to suppress electron emission during their
useful lifetime.
ANTIFERROELECTRICITY (fr. Gr. αντ ι, against,
and ferroelectricity)

A set of phenomena related to the appearance
of ordered antiparallel electric dipole moments in
the crystal lattice of antiferroelectric crystals.
The spontaneous polarizations (see Ferroelectricity) of neighboring ionic chains or dipole groups
of the same type are oriented in opposite directions, so the total polarization is zero. Phases having the free energy (see Thermodynamic potentials) close to that of pyroelectric and ferroelectric
states are usually considered favorable for forming
antiferroelectric phases, because the phase transitions to paraelectric and ferroelectric states are
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possible from these phases under a change of temperature, application of electric ﬁeld, pressure, and
substitutions for some lattice ions. The electric
ﬁeld decreases the temperature of an antiferroelectric phase transition and increases the dielectric constant ε. There are antiferroelectric phases
with their structure change explainable by condensation of several soft modes having wave vectors on the Brillouin zone boundary. The phase
transition from the para- to the antiferromagnetic
phase is accompanied by a change in the lattice
superstructure, reduction of ε, spontaneous strain,
changing the birefringence and quadrupole bond
constant, elastic and electrooptical properties, etc.
More than 60 antiferroelectric compounds are
known with many different structures. Some of
them have a displacive type phase transition (e.g.,
PbZrO3 , NaNbO3 , PbMg1/2 W1/2 O3 ), and others with the perovskite type structure undergo an
order–disorder phase transition (also NH4 H2 PO4 ,
Cu(HCOO)2 ·4H2 O). There are incommensurate
nonpolar phases which are antiferroelectric in the
crystals NaNO2 , Rb2 ZnCl4 and others. Antiferroelectrics are used as electrooptic materials and
as components of various solid solutions, which
are the bases of capacitor, piezoelectric materials
and electrostriction materials for optics, electronics, radio engineering, and so on.
ANTIFERROELECTRICS
Insulators with internal oppositely directed elec-

tric dipole moments due, for example, to rows
of ions displaced in opposite senses. A transition from the high-temperature paraelectric phase
to the low-temperature ordered, antiferroelectric
state occurs via a structural phase transition, which
is accompanied by a considerable anomaly in the
dielectric constant. The transition temperature TC
typically depends strongly on the applied electric
ﬁeld, so antiferroelectricity can be induced by the
application of a ﬁeld, as well as by lowering the
temperature. Since the transition is typically a r storder phase transition, a jump-like change in the
polarization P is observed as the ﬁeld E changes,
and the dependence P (E) has the shape of a
(possibly double) hysteresis loop (see Hysteresis).
Typical antiferroelectrics are NH4 H2 PO4 (TC =
148 K), PbZrO3 (TC = 506 K), and NaNbO3
(TC = 627 K).

ANTIFERROMAGNET

A material with antiferromagnetic ordering of
magnetic moments of atoms and ions (see Antiferromagnetism).

A substance becomes antiferromagnetic when
cooled below its Néel point T N , and generally remains in this state down to T = 0 K. Elemental antiferromagnets are: solid oxygen (α-modiﬁcation)
at T < 24 K; Mn (α-modiﬁcation) with T N =
100 K; Cr (T N = 310 K); a number of rareearth metals (with T N from 12.5 K for Ce to
230 K for Tb). Chromium has a sinusoidally modulated magnetic structure, and the heavy rare-earth
metals also have complicated magnetic structures
provided by neutron diffraction (see Magnetic
neutron diffractometry). In the temperature range
between T1 and T N (0 < T1 < T N ), they are
antiferromagnetic, and below T1 they become ferromagnetic. Chlorides of Fe, Co and Ni were the
ﬁrst known antiferromagnets, and by now thousands of them are known. The chemical formula
includes at least one transition ion. Antiferromagnets include numerous simple and complex oxides of transition elements such as ferrite spinels,
iron garnets, orthoferrites and orthochromites, as
well as ﬂuorides, sulfates, carbonates, etc. There
are a few antiferromagnetic organic compounds,
as well as metallic alloys, in particular alloys of
the iron and platinum groups. The temperature dependence of the speci c heat has a maximum at
T N which is typical of a second-order phase transition. Noted among cubic antiferromagnets is the
family of rare-earth ferrite garnets in which Fe is
replaced by Al or Ga. Dysprosium-aluminum garnet Dy3 Al5 O12 is of special interest because it
is an antiferromagnetic Ising magnet in which the
anomalous behavior close to the triple critical point
has been studied in detail.
The detailed investigation of hydrous copper
chloride (CuCl2 ·2H2 O) led to the discovery of antiferromagnetic resonance, magnetic phase transition – reversal of sublattices (spin-ﬂop transition)
in a magnetic ﬁeld, and weak antiferromagnetism.
Noted among uniaxial crystals with anisotropy
of the easy-axis type is the group of ﬂuorides
(MnF2 and others), which served to clarify optical absorption spectra and provided the discovery
of exciton-magnetic excitations, two-magnon absorption, and Raman scattering of light by
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magnons. The optical absorption spectra were also
investigated with binary ﬂuorides like KMnF3 ,
CsMnF3 . Brillouin scattering of light by magnons
was observed in antiferromagnetic FeBO3 and
CoCO3 . In uniaxial CoF2 the piezomagnetic effect was discovered (see Piezomagnetism), and
in Cr2 O3 the magnetoelectric effect. In uniaxial
crystals with anisotropy of the easy-plane type
(α-Fe2 O3 , MnCO3 , CoCO3 , NiF2 ) the weak ferromagnetism due to the Dzialoshinskii interaction
was discovered. Of special interest among substances with weak ferromagnetism are the orthoferrites (YFeO3 and others) where orientational phase transitions (the change of the antiferromagnetic ordering axis) are observed, and
transparent FeBO3 with T N above room temperature which displays a magnetoelastic interaction. The strongest magnetoelastic interaction
among antiferromagnets is observed in α-Fe2 O3 .
This is the ﬁrst compound to exhibit a wide gap
in the spin wave spectrum that equals E =
γ (2B ME B E )1/2 and is caused by the effective
ﬁeld of magnetoelastic anisotropy B ME (B E is
the exchange ﬁeld) (see Magnetoacoustic resonance). Some antiferromagnets contain more than
two magnetic sublattices. For example, uranium
oxide (UO2 ) is a four-sublattice antiferromagnet characterized by three antiferromagnetism vectors that form an orthogonal vector triplet. There
is a group of antiferromagnetic semiconductors
(chalcogenides of Mn, Eu, Gd and Cr) with very
strong magnetooptical effects.
The low-dimensional antiferromagnets are of
particular theoretical interest. The already mentioned Fe and Co ﬂuorides as well as some binary
ﬂuorides BaCoF4 , Rb2 CoF4 are two-dimensional
antiferromagnets. The well-known metal-oxide
compounds displaying properties of high-temperature superconductivity (La2 CuO4 , YBa2 Cu3 O7−δ )
in their insulating phase are many-sublatticed
quasi-two-dimensional antiferromagnets. Onedimensional antiferromagnets include KCuF3 ,
CuCl2 , RbNiCl3 and others. Especially strong interactions of electron and nuclear spin system oscillations were observed in KMnF3 , MnCO3 , and
CsMnF3 . Anhydrous sulfates of copper and cobalt
as well as CoF2 exhibit antiferromagnetic ordering induced by a magnetic ﬁeld at temperatures
above T N due to the Dzialoshinskii interaction.
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The values of T N of most antiferromagnets lie below room temperature.
ANTIFERROMAGNETIC DOMAIN
A region of an antiferromagnet with a constant value of the antiferromagnetism vector L =

M 1 − M 2 . The directions of L in different antiferromagnetic domains are different. Antiferromagnetic domains are separated by antiferromagnetic
domain walls. It is not always true that the division
of antiferromagnets into domains results in a decrease of the energy of the demagnetization elds.
The appearance of these domains either in the intermediate state of magnets, or for antiferromagnets with a weak ferromagnetism, is thermodynamically favorable. In other cases, these are thermodynamically unfavorable. In addition in some
cases, e.g., for domains with zero magnetization
and differing in the sign of L (antiferromagnetic
domains with 180◦ neighbors), states in different
domains, within the macroscopic framework, are
considered identical because they differ from one
another only in the redesignation of the magnetic
sublattices. This is a substantial distinction of the
properties of antiferromagnetic domains in comparison to, e.g., those of ferromagnets with different directions of magnetization.
The presence of antiferromagnetic domains in
real antiferromagnets can be linked with the fact
that a magnetic phase transition to an antiferromagnetic state due to nonuniformity can occur independently in various ﬁnite regions of a crystal.
If these regions differ in the sign of L, then the
spreading of the transition over the whole sample causes antiferromagnetic domains to appear.
In addition, the division of antiferromagnets into
domains can reduce the energy of elastic strain,
or (at moderate temperatures, near the Néel point)
become thermodynamically favorable due to the
contribution of entropy to the free energy of the
antiferromagnet. These domains signiﬁcantly affect such properties as the electrical conductivity
of a metal antiferromagnet, and sound absorption
in some antiferromagnets. The presence of antiferromagnetism hinders the observation of a series of
effects sensitive to the sign of L, e.g., piezomagnetism. Antiferromagnetic domains of the non180◦ kind (so-called T-domains or twin domains)
are accompanied by a distortion of the crystal lattice, thus providing a way to detect, for example, a
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conversion of an antiferromagnet to a single domain state, and to study it by various methods.
The observation of the 180◦ antiferromagnetic domains (S-domains, i.e. spin-rotation domains) was
carried out by using the linear magneto-optic effect. Those domains, in which this effect is allowed by the symmetry in the external magnetic
ﬁeld, possess optical properties dependent on the
direction of L, which allows one to employ optical
methods for magnetic domain characterization.
ANTIFERROMAGNETIC METALS
Solids with metallic conductivity exhibiting
antiferromagnetism. They include a number of
3d-, 4f -, and 5f -metals, their alloys and some

of their compounds. When analyzing the physical
mechanism responsible for antiferromagnetism in
the metals, it is important to know to what extent
the electrons responsible for the magnetic ordering
(magnetic electrons) are localized. Accordingly,
one can speak about band antiferromagnetism (see
Band magnetism) and the antiferromagnetism of
magnetic ions.
In band antiferromagnets the magnetic electrons form a relatively wide, partially ﬁlled band
with the exchange splitting ε  ζ , where ζ is the
chemical potential referenced to the bottom of a
band. These materials are described in terms of
a static spin density wave with a wave vector k
that can be either commensurate or incommensurate with a reciprocal lattice period (see Incommensurate structures, Modulated magnetic structures). A strict theory exists solely for the case
of weak band antiferromagnetism ( ε  ζ ). An
example is pure Cr with the Néel point T N =
312 K. Below this temperature, the magnetic moment per atom is μ = 0.59μB (μB is Bohr magneton), much less than that of an isolated Cr atom
(μ = 3μB ). The spin density wave period is incommensurate with the reciprocal lattice period
k = (2π/a)(1 − δ, 0, 0), where a is the lattice
constant. At T = 118 K, δ = 0.049 and depends
slightly on the temperature; at T = T N , δ = 0.037.
Chromium alloys can exhibit both commensurate
and incommensurate spin density waves, the origin of latter being determined by the speciﬁc nature of the Fermi surface, which includes congruent hole and electron octahedra whose component
parts can be made coincident with themselves via

translation by a reciprocal lattice vector k. It is
the triplet pairing of electrons (holes) of congruent parts that manifests itself as a spin density
wave with wave vector k. The presence of congruent parts of Fermi surfaces leads to instability
of the paramagnetic state with respect to the emergence of a spin density wave (spin density wave
instability). Weak band antiferromagnets include
compounds with metallic conduction CrB2 (T N =
85 K), VX, VX2 , V3 X4 , V5 X8 , where X ≡ S or
Se (for VS T N = 1040 K, for V3 S4 T N = 9 K,
for V3 Se4 T N = 16 K, for V5 S8 T N = 29 K, for
V5 Se8 T N = 35 K). The weak band antiferromagnet MnSi possesses a helical structure (see Helicomagnet) with a long wavelength (180 Å) and
hence it may be considered as a weak band antiferromagnet with an inhomogeneous ground state in
the form of a helical spin density wave. The examples of strong band antiferromagnets are: α-Mn
(T N = 95 K); γ -Mn (T N = 450 K), γ -Mn being
metastable in the region of antiferromagnetism (it
is stable only at T > 1352 K); γ -Fe (T N = 8 K;
γ -Fe is stable in the range 910–1400 ◦ C). They all
support commensurate spin density waves.
Antiferromagnetism of magnetic ions takes
place in rare-earth metals due to the smallness
of the radius of 4f -shells whose electrons are
responsible for the magnetic ordering (see Magnetism of rare-earth metals). Rare-earth metals
are commonly classiﬁed into light (from Ce to
Eu) and heavy (from Gd to Lu) ones. The light
rare-earth metals (except Nd) at T N are antiferromagnets with a collinear structure. In the heavy
rare-earth metals (except Gd, Yb, Lu) and in Nd,
an antiferromagnet–ferromagnet transition is observed at a lower temperature T = T c < T N in
addition to the paramagnet–antiferromagnet transition at T = T N . In the antiferromagnetic range
T N –T c , magnetic moments of rare-earth metals
create complicated modulated magnetic structures
(helical, cycloidal, sinusoidal). The complicated
magnetic structures arise also in alloys of rareearth metals with each other and with Y (a paramagnet in the pure state). The Néel temperatures
of the light rare-earth metals are as follows: for Ce
T N = 12.5 K; for Pr T N = 20 K; for Sm T N =
14.8 K; for Eu T N = 90 K; for Nd T N = 19 K
with ferromagnetism observed below T c = 7.5 K.

ANTIFERROMAGNETISM

Intermediate type of antiferromagnetic metals.
The magnetic order of a number of antiferromagnetic metals is determined by the presence of two
factors: spin density wave instability (near congruent parts of Fermi surface) and localized magnetic
moments (FeRh, Pt3 Fe, alloys: Cr–(Fe, rare-earth
metal), Mn–rare-earth metal, Y doped with rareearth metal). Small additions of rare-earth metals to paramagnetic Y cause a helical antiferromagnetic structure to appear. In compounds FeRh,
Pt3 Fe, one part of the Fermi surface exhibits spin
density wave instability, while another forms local
moments.
Antiferromagnetic actinides: pure metallic
curium (T N = 52 K) and several compounds with
metallic conductivity: UP (130 K), UAs (182 K),
USb (213 K), UBi (290 K) (T N given in parentheses).
ANTIFERROMAGNETIC RESONANCE

The selective absorption by an antiferromagnet of electromagnetic wave energy with a frequency close to the natural frequencies of precession of magnetization vectors of magnetic sublattices; a variety of electron magnetic resonance.
Antiferromagnetic resonance involves the excition of resonant coupled oscillations of magnetization vectors of magnetic sublattices of the antiferromagnet relative both to each other and to
the direction of the applied magnetic ﬁeld B 0 (see
Antiferromagnetism). The frequency of these oscillations is determined by the value of effective
magnetic ﬁelds acting on magnetic moments of
sublattices: B E , the effective ﬁeld of the exchange
interaction of sublattices, B A the ﬁeld of magnetic
anisotropy, and B 0 . The dependence of the resonance frequency ω on the effective magnetic ﬁeld
in antiferromagnets is complicated, and depends
on the crystal structure. When the external magnetic ﬁeld is applied parallel to the easy magnetization axis then two antiferromagnetic resonance
frequencies lying in the range 10–100 GHz correspond to one value of B 0 . The study of antiferromagnetic resonance makes it possible to determine
the value of effective magnetic ﬁelds in antiferromagnets.
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Magnetically ordered state of a crystalline material in which neighboring atomic magnetic moments are aligned antiparallel, and the total magnetic moment of a magnetic unit cell of the crystal
equals zero (or a very small fraction of an atomic
moment).
Antiferromagnetism occurs at temperatures below the Néel point T N . More generally, antiferromagnetism refers to the set of physical properties
associated with the antiferromagnetic state. The
exchange interaction seeking to align the spins and
hence the magnetic moments antiparallel to each
other is responsible for the antiferromagnetism.
The idea that the exchange interaction can cause
antiferromagnetism was put forward by L. Néel
(1932) and independently by L. Landau (1933),
who, in addition, described theoretically the phase
transition from the paramagnetic to the antiferromagnetic states. At T > T N , when the thermal
energy (E = k B T ) exceeds the exchange energy
(μB E , where μ is the atomic magnetic moment
and B E is the exchange ﬁeld), the material exhibits
paramagnetic behavior (see Paramagnetism). The
temperature dependence of the magnetic susceptibility χ of such a material at T > T N follows the
Curie–Weiss law χ = C/(T − θ) with a negative
Weiss constant θ , and C is a constant. At T =
T N , antiferromagnetism appears in a material. In
most cases the phase transition at T N is a secondorder transition accompanied by the characteristic anomalies of magnetic susceptibility, speci c
heat, thermal expansion coefﬁcient, elastic moduli, etc.
The magnetic ordering is characteristic of an
atomic magnetic structure with a symmetry described by point and space magnetic symmetry
groups. The magnetic structure of an antiferromagnet is conveniently described by two, four, or more
interpenetrating magnetic sublattices with magnetizations M j that mutually compensate each
other. As an example, Fig. 1 shows two antiferromagnetic structures: (a) MO, where M = Mn2+ ,
Ni2+ , Fe2+ ; (b) MF2 , where M = Mn2+ , Co2+ ,
Fe2+ . The difference is that the ﬁrst one has a cubic magnetic unit cell with lattice parameter a M
twice that of the crystallographic unit cell (a C ),
while the magnetic unit cell in the second (tetragonal) structure coincides with the crystallographic
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Fig. 1. Magnetic structure the antiferromagnets (a) MnO
and (b) MnF2 .

one. In most antiferromagnetic materials with
no external magnetic ﬁeld present,
M i = 0.
However, there exists a large group of antiferromagnetic materials for which this condition is
not strictly met. They are materials with weak
ferromagnetism (weak ferromagnets), in which
M i  |M i |. There are also more complicated antiferromagnetic structures, which can not
be described in terms of sublattices. They are helical and sinusoidal antiferromagnets (see Modulated magnetic structures, Spin density wave). In
both types a preferred direction exists. In the helical structure, the spins of all magnetic atoms
in each crystallographic layer perpendicular to
the preferred direction are parallel to each other.
However, the direction of magnetization of each
layer is turned relative to the neighboring ones
by some angle ϕ = π/n, where n is typically
a noninteger number. In sinusoidal structures, the
magnetizations of layers are not parallel to each
other, but their value varies according to the law
Mk = M0 sin(k ϕ). Both structures are incom-

mensurate in the sense that the magnetic and crystallochemical translational periods are not multiples of each other. In most antiferromagnetic
materials, the directions of magnetization vectors
M i relative to crystallographic axes are determined by much weaker interactions than the exchange (E ex ) interactions, causing the anisotropy
of antiferromagnetic materials (E a ) (see Magnetic
anisotropy). The axis along which the magnetizations of sublattices are aligned is known as the
easy axis. Antiferromagnetic materials with E a 
E ex , referred to as metamagnetics, do not exhibit
a spin-ﬂop transition (see Magnetic phase transitions). Also referred to as metamagnetics are layered antiferromagnets in which the exchange interaction E ex inside a layer is ferromagnetic and
much stronger than the antiferromagnetic interaction between the layers. A direct method to
determine the antiferromagnetic structure (including the direction and even the temperature dependences of the sublattice magnetizations) is
magnetic neutron diffractometry. The intensity of
magnetic diffraction peaks is proportional to the
square of the sublattices magnetization. In real antiferromagnetic substances antiferromagnetic domains exist.
In weak magnetic ﬁelds, the magnetization M
in antiferromagnetic materials, as well as that in
a paramagnet, depends linearly on the magnetic
ﬁeld (M = χB); however, the temperature dependences of χ in these substances differ signiﬁcantly. In uniaxial crystals the salient features
of antiferromagnetism (e.g., anisotropy of magnetic susceptibility) are exhibited most clearly. In
particular, the longitudinal (along the antiferromagnetism axis) magnetic susceptibility χ decreases sharply as temperature T decreases, while
the transverse one χ⊥ is almost independent of
the temperature (Fig. 2). Thus, there is a strong
anisotropy of the magnetic susceptibility. If the
magnetic ﬁeld directed along the easy axis attains the critical value B c1 = (2B A B E )1/2 (B A is
the effective anisotropy ﬁeld), magnetic sublattices ﬂip over in the direction perpendicular to
the magnetic ﬁeld. This spin-ﬂop transition occurs
because at B > B c1 the difference of magnetic
energies in the easy axis and ﬂipped over states
becomes greater than the anisotropy energy E A :
(1/2)(χ⊥ − χ )B 2 /μ > E A . In samples of ﬁnite
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Fig. 2. Anisotropy of the magnetic susceptibility χ in an
axial antiferromagnet.
Fig. 3. Spectrum of spin waves in MnF2 .

size, the intermediate state with alternating layers
of ﬂipped over and normal phases is formed in the
narrow region of ﬁelds near B c1 due to the energy
of demagnetization. There exists a second critical ﬁeld B c2 = 2B E at which the antiferromagnetism is destroyed completely, and all magnetic
moments align strictly parallel to the applied ﬁeld
(i.e. a spin-ﬂip transition occurs). Other magnetic
phase transitions are observed in antiferromagnets
as well.
A theoretical description of antiferromagnetism can be given within both phenomenological
and microscopic models. A phenomenological description based on the Landau theory of secondorder phase transitions uses the expansion of the
free energy in even powers of components of magnetization vectors of magnetic sublattices, taking
into account the crystal symmetry. This theory predicts symmetries of magnetic phases, as well as
the shape of phase diagrams in the vicinity of TN .
The microscopic theory uses a Heisenberg Hamiltonian written in terms of spin operators, and leads
to the energy of the “ground” state and a spectrum
of spin waves. In contrast to ferromagnets, the
microscopic theory of Heisenberg magnets faces
a fundamental difﬁculty because the state with
the strict antiparallel spin alignment is not a true
ground state of the system in the presence of an
antiferromagnetic exchange interaction.
At a ﬁnite temperature T , the quasi-particles
that destroy antiferromagnetic order are magnons
(spin waves). The existence of several sublattices
leads to the existence of several branches, one for
each sublattice, of spin waves. Two of them are
quasi-acoustic, and the rest are of the exchange

type. The quasi-acoustic spin waves satisfy a linear dispersion law. In most antiferromagnetic materials, however, their spectrum has an energy gap,
with the width determined by the expression ω =
μB (2B A B E )1/2 , where μB is the Bohr magneton.
The existence of the linear dispersion law is conﬁrmed by the linear temperature dependence of the
speciﬁc heat, and more reliably by inelastic neutron scattering. Fig. 3 shows the spin wave dispersion relationships of MnF2 . In the scale used, the
gap is barely observable. The gap in the spin wave
spectrum is studied by means of antiferromagnetic
resonance without any particular difﬁculties in
easy-plane antiferromagnets where an almost gapless branch is observed, in addition to the magnon
branch with a large gap (≈μB (2B A B E )1/2 ). The
study of this nearly gapless branch allows the subtle effects of the dynamic interaction of the spin
system with other degrees of freedom of the crystal (phonons, oscillations of nuclear spins, etc.)
to be revealed. This becomes possible because of
the “exchange ampliﬁcation” of the frequency of
coupled vibrations in antiferromagnets. Branches
of the exchange spin waves are relatively less
studied; spin-wave analogues of optical phonons
have a wide gap ≈μB B E , and rather weak dispersion.
Many antiferromagnetic materials are transparent in the optical and infrared regions. The distinctive features of the optical properties of antiferromagnetic materials are the abnormally high
spontaneous magnetic birefringence arising in the
easy-plane, and the change of birefringence in
the easy-axis antiferromagnetic materials. Singlemagnon scattering also turns out to be stronger
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than what could be expected from the magnetic
dipole–dipole transitions alone. Exciton–magnon
excitations are observed in the absorption spectra.
ANTIFERROMAGNETISM VECTOR
A macroscopic parameter of antiferromagnets
and ferrimagnets; the order parameter at the magnetic phase transition to the antiferromagnetic
state (see Antiferromagnetism). The vector of an-

tiferromagnetism is deﬁned as such a linear combination of the magnetization vectors M α of individual magnetic sublattices, that it differs from
a sum M = kα=1 M α which deﬁnes the total
magnetization, where α = 1, 2, 3, . . . , n, and n is
the number of sublattices. To describe the atomic
magnetic structure, n − 1 antiferromagnetism vectors Li are introduced. The expression for Li
depends on the magnetic structure, e.g., in the
simplest two-sublattice antiferromagnet (or ferrimagnet), only one such antiferromagnetism vector exists, L = M 1 − M 2 . Sometimes, normalized
antiferromagnetism vectors are used, l = L/|L|,
l 2 = 1. It is possible to write dynamic equations
for the antiferromagnetism vector to deﬁne linear
and nonlinear spin waves in antiferromagnets and
ferrimagnets (see Landau–Lifshits equation).
ANTIFRICTION MATERIALS

Materials having low values of the friction coefﬁcient.
Besides low values of the friction coefﬁcient
(0.004–0.10 with lubricant, and 0.12–0.20 without lubricant), antifriction materials are characterized by considerable wear resistance, adequate
mechanical strength and plasticity, corrosion resistance, and absence of sticking. These materials slightly wear the adjoining surfaces. Depending on the operating conditions antifriction materials with special properties are created to be used
with lubrication by oil or water, without a lubricant, in the atmosphere or in vacuo, at a high temperature, in chemical environments, etc. Classiﬁed
among antifriction materials are the following:
cast materials (babbitts, bronzes, and brasses);
baked ones manufactured by powder metallurgy,
including composite materials on the base of iron
or bronzes; combined (mostly metal-ﬂuoroplastic)
materials; antifriction cast irons and antifriction
steels (copper steel, graphitized steel). The cast

antifriction materials are manufactured by melting
source components with subsequent casting. As to
the structure type, they are subdivided into those
with harder inclusions of intermetallic compounds
placed in a relatively light matrix (e.g., aluminum
bronze, tin bronze, tin babbitt), and those with
soft inclusions with metallic structural components in a stronger solid solution matrix (e.g., lead
bronze, aluminum alloys containing tin, lead and
cadmium). A typical feature of baked (metalloceramic) antifriction materials is the presence of
pores (8–27% of the volume) which are impregnated with a ﬂuid lubricant. The metallic base of
such materials is iron, steel, copper, bronze, and
nickel. In addition to these, baked materials contain components (graphite, sulﬁdes, selenides and
others) to serve as a dry lubricant. Baked antifriction materials in most cases have higher tribotechnical properties than the ones obtained by casting,
and can provide unique properties unattainable in
cast alloys.
ANTIMONY (Lat. stibium), Sb

A chemical element of Group V of the periodic
system with atomic number 51 and atomic mass
121.75. It is related to As and Bi in its properties. Natural antimony has 2 stable isotopes Sb121
(57.25%) and Sb123 (42.74%). Important radioactive isotopes are Sb122 (T1/2 = 2.8 days), Sb124
(T1/2 = 60.2 days), Sb125 (T1/2 = 2.0 years).
Electronic conﬁguration of the outer shell is
5s 2 5p3 . Successive ionization energies are 8.64,
16.5, 25.3, 44.0, 55.4 eV. Atomic radius is
0.161 nm; radius of Sb3+ ion is 0.090 nm, of Sb5+
0.062 nm, of Sb3− 0.208 nm. Work function is
4.08 eV. Oxidation states are −3, +3, +5. Electronegativity is ≈2.0.
Antimony is a silvery-white metal with strong
brilliance. In a free form antimony exists in several crystalline and amorphous modiﬁcations. Under normal conditions, the rhombohedral crystalline modiﬁcation is stable with parameters a =
0.45064 nm and α = 57.1◦ . Under increased
pressure the cubic and hexagonal modiﬁcations
appear. Besides, three amorphous modiﬁcations
are known: yellow, black and explosive ones.
The rhombohedral modiﬁcation is characterized
by gray star-like crystals. For this modiﬁcation
the density is 6.690 g/cm3 ; Tmelting = 903.5 K,
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Tboiling = 1907 K. Heat of melting is 20 kJ/mole,
heat of evaporation is 124 kJ/mole; speciﬁc heat
cp = 25.2 kJ·mole−1 ·K−1 . Thermal conductivity is 18.84 W·m−1 ·K−1 , temperature coefﬁcient
of linear expansion of polycrystalline antimony
is 9.2·10−6 K−1 (at 273 K), 10.3·10−6 K−1
(at 873 K). Debye temperature is 204 K. Brinell
hardness of technical grade antimony is 320 to
580 MPa; of zone reﬁned antimony it is 260 MPa.
Shear modulus is 20 GPa, normal elasticity modulus is 56 GPa.
Antimony is a diamagnet; magnetic susceptibility of polycrystalline antimony is 0.81·10−9 (at
293 K); electrical resistivity 0.39 μ·m (273 K),
temperature coefﬁcient of electrical resistivity is
5.1·10−3 K−1 . Compounds of antimony with indium, gallium, aluminum, cadmium and other
metals (so-called antimonides) possess semiconductor properties, with indium antimonide InSb
possessing the highest carrier mobility among all
known semiconductor materials. Antimony is also
used as a component of various alloys, it is contained in lead storage battery plates (4 to 12% by
mass). Antimony oxide Sb2 O3 is introduced into
the composition of glasses characterized by a low
refractive index.
ANTIREFLECTION COATING OF OPTICAL
ELEMENTS

A means of increasing light transmission of optical elements by coating their surfaces with nonabsorbtive lm s. The optical paths through such
ﬁlms should be comparable to the radiation wavelength. Without an antireﬂection coating the loss
of light during reﬂection from their optical surfaces may reach 10% or more. The antireﬂection effect involves interference of light beams reﬂected from the front and back sides of the dielectric layers that form the coating. Provided the
angles of incidence remain close to normal the
antireﬂection coating has a maximum effect. The
thickness of the thin coating ﬁlm should be an odd
number of quarter wavelengths, and the refractive
index of the ﬁlm, n2 should satisfy the relation
n22 = n1 n3 , where n1 and n3 are the indices of
refraction of the two media adjacent to the ﬁlm
(the ﬁrst is often air, n1 = 1). For optical elements
made of glass with a low value of n2 a single layer
antireﬂection coating is often insufﬁcient, whereas
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two-layer coating ﬁlms almost totally eliminate ree ction of light from the surfaces of the optical elements. Note that this is true in a rather narrow
spectral range only. To attain antireﬂection protection over a broad spectral range triple and multiple
layer coating systems are commonly used. Antireﬂection coating plays a very important role in lowering optical losses in multilens optical systems, in
laser technology where coating makes it possible
to lower feedback losses from the optical cavities,
in opto-acoustic instruments, etc.
ANTIRESONANCE, MAGNETIC
See Magnetic antiresonance.
ANTIRESONANCE, OPTICAL
See Optical antiresonance.
ANTI-SCHOTTKY DEFECT
A two-component defect in crystals of binary

(MX) or more complex composition. Its components are IM and IX , the amounts of interstitial
atoms of chemical elements M and X which themselves constitute the regular lattice of the crystal.
Anti-Schottky defects can be equilibrium stoichiometric defects arising at elevated temperatures,
e.g., because of “vaporization” of M and X atoms
from the surface to the inside of the MX crystal.
The creation of anti-Schottky defects is hampered
by the necessity of inserting the larger M and X
atoms into the smaller-sized interatomic “cavities”
(i.e. interstitial sites). These defects have the name
anti-Schottky because a Schottky defect is a vacancy formed by transferring an atom from the
bulk of the crystal to its surface.
ANTISCREENING FACTOR

A parameter characterizing antiscreening (the
phenomenon which is inverse to electric charge
screening).
If P0 is a response arising as a result of some
inﬂuence in the absence of a medium, and P is the
same response in the presence of the medium, then
one can write P = P0 (1 − γ ). If the dimensionless parameter γ is less than zero it is commonly
referred to as an antiscreening factor. The Sternheimer antiscreening factor (R.M. Sternheimer,
1951) γ S describes the enhancement of an intracrystalline electric ﬁeld gradient at a nucleus
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due to the polarization of closed atomic shells by
external electric charges. The value of |γ S | can be
rather large (50–100).
ANTISITE DEFECT

An atom of one sublattice of a two- or multicomponent crystal, occupying a site of another
sublattice; actually, a substitutional atom, denoted
as XM (atom X at a site of sublattice M). Adjacent
defects XM and MX represent an antistructural defect pair. For unequal concentrations of MX and
XM the antisite defects determine an excess of
component M or X, i.e. a deviation from stoichiometric composition.
ANTI-STOKES LUMINESCENCE
Photoluminescence, or luminescence at wave-

lengths less than that of the exciting light, which
is in contradiction with Stokes’ rule.
Anti-Stokes luminescence is common in the region of overlap between the excitation and the luminescence wavelengths. The emission of a quantum with an energy exceeding that acquired in the
absorption occurs due to the additional involvement of the thermal motion of the luminescent system. This results in the Vavilov law, which reﬂects
the fact that the probability of such a process decreases rapidly as the involved energy rises, and
it depends on the thermal motion intensity (temperature). Of greater importance are the fundamental violations of Stokes’ law when the emitted luminescence lies in the region of wavelengths
less than that of the exciting light. Such effects
are possible by making use of several exciting
light quanta (most often, of two) in the emission
process, by the simultaneous absorption of two
photons by one electron at a high excitation intensity, by sequential absorption of two quanta by the
electron, and by pooling the energy of two excited
electrons to produce the emission (cooperative luminescence), etc.
ANTI-STOKES RAMAN LINES
Lines in the spectrum of Raman scattering of
light that are located on the high-frequency side of

the exciting line.
Anti-Stokes light scattering lines are caused by
annihilation of the excitation quantum in the system by the inelastic scattering of an incident photon on it (a phonon, magnon, plasmon, etc., is typically annihilated in a crystal). The intensity of

anti-Stokes lines depends on the initial level population (excited) and decreases with a lowering of
the temperature. The presence in a spectrum of
Stokes and anti-Stokes pairs of lines, symmetric
relative to exciting one, is often used to discriminate between the processes of Raman scattering
and luminescence, while their intensity ratio characterizes the scattering medium temperature.
ANTISTRUCTURAL DEFECT
A defect in a binary or more complex crystal

containing two chemical elements M and X.
The defect consists of two components – substitutional atoms MX (atom M at site X) and XM
(atom X at site M). The formation of antistructural
defects in a nonmetallic crystal can be accompanied by changing the charge state of its components. For example, atoms M and X in the normal
positions at their “own” sites MM and XX can be
neutral, while as components of an antistructural
defect, if M is a metal, MX tends to become an acceptor and X (metalloid) a donor XM . Antistructural defects either exist in the equilibrium state
at elevated temperatures (e.g., in crystals Bi2 Te3 ,
Mg2 Sn, and others) or are created as nonequilibrium metastable defects, e.g., as a result of nuclear
radiation (see Antisite defect).
ANTISYMMETRIC VIBRATIONS of crystal lattice
Normal vibrations which reverse their sign un-

der the application of an appropriate symmetry operation (see Crystal symmetry). In ionic crystals
antisymmetric vibrations involve a change of the
electric dipole moment.
ANTISYMMETRY of crystals, Shubnikov
symmetry
One of the particular cases of colored symmetry (hypersymmetry). In ordinary crystal symmetry, only spatial (position or orientation) symmetry

is considered, while in hypersymmetry, another attribute (conventionally, color or spin direction) is
assigned a value at every point of the crystal. If
the additional attribute can take on only two alternative values (black and white), such a particular case of hypersymmetry is referred to as antisymmetry, in other words as black and white symmetry. If there are many values then one speaks

ARMCO IRON

about color symmetry. Another term for antisymmetry is Shubnikov symmetry after A.V. Shubnikov who introduced the concept. In analogy to
the ordinary crystal symmetry groups, there exist
122 point, 36 translational and 1651 space Shubnikov groups. All of them have been derived and
classiﬁed, a system of notation has been developed, and they are used in concrete physical studies. Examples of the physical realization of crystal antisymmetry can vary. Treated as the color
change operation may be, for example, a change
in the chemical type of atoms in an ordered binary
alloy, or in the sign of the displacement of atoms
and of the electric charge, and others. Solid state
physics makes the widest use of this approach for
the Shubnikov classiﬁcation of the magnetic symmetry of crystals, where the color change operation has the sense of the time inversion operation R, and, as a consequence, the inversion of the
magnetic moments and magnetic elds (see Magnetic symmetry group). Operations of antisymmetry, which occur in magnetic crystal symmetry and
are combinations of rotation or translation with R,
are referred to as antirotations and antitranslations.
ANYONS (fr. any)

Particles that obey a statistics which is intermediate between the Bose (see Bose–Einstein statistics) and Fermi (see Fermi–Dirac statistics) types.
Such particles can exist in two-dimensional space
since the topology of this space admits the presence of indeterminate wave functions for (identical) particles a with strong short range repulsion
(hard core). These functions obey the permutation
rules Pj k ψ = exp(iπα)ψ , where Pj k means the
permutation of j th and kth particles, and α is any
real number which is sometimes called a statistical
parameter. The value α = 0 corresponds to bosons
and α = 1 denotes fermions (see Second quantization), while intermediate values are indicative of
an intermediate statistics. The possibility of the
existence of an intermediate type statistics was
ﬁrst pointed out by J.M. Leinaas and J. Myrheim
(1977), and the term “anyon” was introduced by
F. Wilczek (1982). Intermediate statistics can also
be obeyed by particles in one-dimensional space
(to which a term “anyon” is inapplicable, as a
rule), and by distinguishable particles (anyons of
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many types). The permutation conditions for the
latter have the form Pj2k ψ = exp(iπα)ψ , and at
α = 0, 1 one can speak about an in-between statistics.
The ambiguous nature of anyon wave functions
results in the fact that the quantum-mechanical
problem of many anyons cannot be solved even
for the simplest case when there is no interaction.
The usual procedure of seeking solutions in terms
of single-particle wave functions is not applicable
here.
The statistics of all elementary particles is determined by their spin in accordance with the Pauli
principle. Therefore (since real space is threedimensional), elementary particles with an intermediate statistics cannot exist in free space; this
statistics can be valid only for quasi-particles in
quasi-two-dimensional and quasi-one-dimensional
systems. In particular, the elementary excitations
in the fractional quantum Hall effect (see Quantum
Hall effect) obey intermediate statistics, i.e. they
are anyons. At a ﬁlling factor ν = 1/q where q is
an odd integer, the statistical parameter of these
excitations is α = ν. The appearance of the effect at ﬁlling factors ν = p/q kept constant is explained quite well in the framework of so-called
hierarchic theory. This implies that there appear
excitations over a “primary” electron gas that represent the anyon gas. Other excitations can arise
which also represent the anyon gas but with another statistical parameter, and so on inﬁnitely.
One can demonstrate that under particular conditions an anyon gas is a superconductor. As far as it
is known high-temperature superconductivity is of
a quasi-two-dimensional nature, and an hypothesis
about an anyon mechanism of superconductivity
has been suggested, but there is no experimental
conﬁrmation of it. See also Anderson mechanism
of high-temperature superconductivity.
APW METHOD
See Augmented plane waves method.
ARMCO IRON (ARMCO is an acronym of
American Rolling Mill Corporation)
Highly puriﬁed iron with high plasticity, enhanced electrical conductivity, high magnetic saturation and resistance against corrosion. ARMCO
iron falls into soft magnetic materials, its magnetic

84

AROMATIC COMPOUNDS

properties depending upon the quantity of impurities, sizes of crystal grains, elastic and plastic
stresses. ARMCO iron is used for the manufacture
of electrical engineering products to be operated
in constant and slowly varying magnetic ﬁelds. In
metallurgy, it is employed as the basic element in
the manufacture of many magnetic alloys and as
the charge in the production of alloyed steel.
AROMATIC COMPOUNDS

A group of organic compounds possessing a
system of conjugated π -bonds.
The term originated from the speciﬁc odor
of natural substances containing aromatic compounds. These compounds are exempliﬁed by
the polycyclics – benzene (C6 H6 ), naphthalene
(C10 H8 ), anthracene (C14 H10 ), tetracene
(C18 H12 ), pentacene (C22 H14 ), and others, with
a common formula C4n+2 H2n+4 , where n is the
number of benzene-type rings. The molecules of
polycyclics are planar and form molecular crystals in the solid phase. Most of them belong to
the monoclinic system with two molecules in a
unit cell. Electronic properties of aromatic compounds are determined mainly by pz electrons
of C atoms forming a delocalized π -orbital. The
π -electrons excited by light undergo a π –π ∗
transition and account for the absorption spectral shift from the ultraviolet to the visible part
of the spectrum in the above-indicated sequence
of polyacenes. The mobility of π -electrons determines important physical and chemical properties of aromatic compounds: photoconductivity
of their crystals, migration of electron excitation
energy, catalytic activity. Aromatic compounds
are model systems for organic semiconductors.
The dark electrical conductivity of pure crystals
is low, σ ∼ 10−2 –10−12 −1 cm−1 . The typical mobility of excess electrons and holes moving
in narrow bands takes on values of the order of
1 cm2 ·V−1 ·s−1 .
ARRHENIUS LAW (S. Arrhenius, 1889)

Relation stating the temperature dependence of
the reaction rate constant K


U
,
K ∼ K0 exp −
RT
where U is the activation energy of the reaction,
and R is the universal gas constant. The parameter

Activation energies U1 and U2 for a double minimum
potential.

K0 has a temperature dependence weaker than exponential. The value of K is determined from the
expression for the reaction rate nA+mB+lC+· · ·
which is proportional to the product of the appropriate powers of concentrations (denoted by brackets): v = K[A]n [B]m [C]l · · · . The Arrhenius law
was deduced empirically and can be justiﬁed from
the Boltzmann distribution. The ﬁgure schematically presents the dependence of the energy of the
reacting particles on their generalized coordinate.
The activation energies U1 of the reaction 1 → 2
and U2 of reaction 2 → 1 are determined by the
energies of the initial states 1, 2 and the height
of the potential barrier separating them. The barrier energy U varies from several electron-volts
to almost zero; it can equal zero, e.g., in ionicmolecular reactions or in the reactions with mechanisms based on the tunnel effect. Such reactions
can occur at temperatures close to absolute zero.
Reactions in solids with participation of the inherent and impurity atoms, conduction electrons,
and various quasi-particles also follow the Arrhenius law. In them, a part of the activation energy U D can arise from the diffusion of reagents,
determined by the temperature dependence of the
diffusion coef cient D = D0 exp(−U D /RT ). See
also Interdiffusion, Activation energy, Thermal activation.
ARTIFICIAL EPITAXY
See Amorphous epitaxy.

ASTERISM

ASBESTOS (fr. Gr. ασβεσ τ oς , unquenchable)
Fine-ﬁber minerals capable of splitting into

ﬂexible and thin ﬁbers (up to 0.5 μm thick).
The most signiﬁcant is serpentine asbestos.
There are such varieties as chrysotile-asbestos and
picrolite. Chrysotile-asbestos Mg6 Si4 O10 (OH)8
has a lamellar-tubular structure with a monoclinic
lattice. Felted and parallel-ﬁber aggregates are
typical of it. The cleavage is imperfect along (110)
at the angle 130◦ . Density is 2.5 to 2.65 g/cm3 .
Mohs hardness is 2.0 to 3.0. Impurities: Fe (up to
3%), Ca, Mn, Ni, Al, Na. Water content is 13.0 to
14.8%. Refractive indices: ng = 1.522 to 1.555;
np = 1.508 to 1.543. The ﬁbers of asbestos are
rupture-strong (285 to 365 kg/mm2 ). Asbestos is
ﬁreproof (T melting is 1500 ◦ C); it has high sorption ability (see Sorption), swelling ability; it conducts heat poorly; it is stable against alkalis; upon
heating, it loses water and transforms to forsterite.
Asbestos is used in textile, cement, paper, radio
industry, road surfacings, etc.
ASCENDING DIFFUSION

A process of transport, whereby the ﬂow of
particles is directed along the concentration gradient. In contrast to conventional diffusion, in this
case the difference in concentration of the diffusing component does not diminish but rather grows.
The possibility of ascending diffusion arises from
the fact that the driving force of the diffusion is
the gradient of the chemical potential which, in
general, can differ from the concentration gradient. Different ﬁelds which contribute to the chemical potential in addition to the entropy of mixing,
can cause the ascending diffusion; examples are
thermal ﬁelds (thermodiffusion), electrical ﬁelds,
vacancy ﬁelds, phase non-uniformity of the material, and the ﬁeld of elastic stresses. These ﬁelds
make the potential barrier that the diffusing particle encounters an unsymmetrical one, and the result is a preferred drift in the direction of the ﬁeld.
In a general phenomenological theory ascending
diffusion can be described in a systematic uniform
manner, but the detailed mechanisms operating in
the above mentioned cases are different.
The Gorsky effect (V.S. Gorsky, 1935), which
involves ascending diffusion caused by local gradients of elastic stresses in crystals, is speciﬁc for
solids. For example, during the bending of a plate
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made of metal alloys the concentration of atoms
with the greater atomic radius grows at the exterior side of the ﬂexure (a partial stress relaxation
accompanies this process). By providing for the
segregation of atoms of different types, ascending diffusion, evidently, plays an important role in
the phase separation in alloys, and at the formation of atmospheres of the impurity atoms in the
strained regions of a crystal, e.g., interstitial atoms
preferentially concentrate in the stretched region
of the ﬁeld of stresses at dislocations (see Cottrell
atmosphere).
ASPEROMAGNET
An amorphous magnetic substance in which
the random frozen magnetization mi has a ﬁrst

moment M = mi c and two second moments,

2
q = (mi )2 c and q⊥ = (m⊥
i ) c .
The averaging is performed over conﬁgurations, the indices  and ⊥ denoting projections of
mi onto the vector M or onto the plane perpendicular to M, respectively. The asperomagnetic state
is observed in two types of amorphous magnetic
materials: in alloys and metallic glasses containing rare-earth elements and noble metals, such as
DyCu, TbAg; in systems of the spin glass type.
In the ﬁrst case, the origin is the large value of
the magnetic anisotropy constant (typical of rareearth elements) and the random orientations of the
anisotropy axis (typical of alloys and glasses). In
the second case, the cause is the presence of concurrent random ferro- and antiferromagnetic interactions. Asperomagnets often exhibit nonergodic
behavior (see Nonergodicity).
ASTERISM

The characteristic oblong shape of X-ray diffraction spots from deformed monocrystals exposed to X-radiation of a continuous type.
In the case of transmission images (Laue patterns), the diffraction spots are elongated toward
the center of the picture. Asterism arises due to
the reﬂection of the X-ray beam from the bent part
of a crystal. The horizontal diameter of the spot
in angular units is ϕ1 = 2α and the vertical one is
ϕ2 = −2α sin θ , where θ is the Bragg angle (see
Bragg law) and α is the ﬂexure angle of the reﬂecting plane. At small θ , ϕ2  ϕ1 which explains
elongation of spots at asterism, and proves that the
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length of asterism bands can serve as a measure of
e xure. In reﬂection imaging (epigrams), the directional stretching of diffraction spots is observed
according to the ﬂexure axis orientation relative to
the initial beam.
ATHERMIC CREEP

A type of low-temperature logarithmic creep,
independent of temperature. Its rate after the instant jump of the initial strain ε0 at the moment of load application quickly decreases in time,
ε = α/t . Typical for this creep is the time dependence of strain caused by the motion of dislocations, ε = ε0 + α ln(νt + 1), α and ν being constants. A feature of athermic creep is the smallness (0.1 to 1%), in comparison with ε0 , of the
strain under creep. The deceleration of athermic
creep is associated either with the increasing density of support of intersecting dislocations or with
the “depletion” of mobile dislocations. At temperatures close to absolute zero (∼1 K), the barriers
of the support type are overcome with the help
of a quantum-mechanical tunnel effect (see Lowtemperature yield limit anomalies). According to
Mott, in this case α is independent of temperature, α ∝ 2πh/(2Mu)1/2 , where h is the Planck
constant, M is the effective mass of dislocations,
u is a quantity on the order of the energy of the
step transformation at the dislocation (3·10−19 J).
Within the range of temperatures between 1 K and
T ∼ 0.1Θ, where Θ is the Debye temperature, the
crossing of the support may be activated by zeropoint vibrations of dislocation segments. The factor

 2 
T
1 kBΘ
1+
α=
2 hν
Θ
insigniﬁcantly changes with temperature at
T < Θ. The value of ε at the athermic creep is
not large, but it needs to be accounted for in the
operation of precision parts and products.
ATHERMIC PLASTICITY

Lack of sensitivity of the characteristics of a
plastic deformation process of a solid to changes

in temperature.
Athermic plasticity characterizes the regularities of plastic deformation of crystals at low and

very low temperatures. It emphasizes that the thermoactivating character of elementary dislocation
processes in determining the deformation kinetics, such as overcoming Peierls barriers by dislocations (see Peierls–Nabarro model) or local
barriers determined by the defects of crystalline
structure, is of limited applicability for the description of low-temperature plasticity. Athermic
plasticity is not fully understood; it has been proposed as (i) playing a crucial role in quantum
ﬂuctuations that arise during the motion of dislocations through barriers, and (ii) playing a role in
the replacement of a thermoactivated barrier penetration by an activation-free process of the overbarrier motion, which occurs owing to the high
level of effective forces acting upon dislocations,
and the low level of dynamic friction restraining
the dislocations (see Internal friction), typical for
low-temperature deformation.
ATMOSPHERE
See Cottrell atmosphere, Snoek atmosphere,
Suzuki atmosphere.
ATOM

An atom consists of a positively charged nucleus with a size on the order of 10−15 m and a
surrounding electronic cloud with a size of about
10−10 m (see Atomic radius).
An atom as a whole is electrically neutral; the
positive charge of the nucleus Ze (Z is the atomic
number and e is the elementary electron charge) is
compensated by the negative charge of its Z electrons. An atom can accept or donate one or more
electrons to become, respectively, a negatively or
positively charged ion. The complicated structure
of the electron cloud is determined mainly by
Coulomb interactions, the attraction of electrons to
the nucleus and their mutual repulsion, as well as
by the Pauli exclusion principle. Relatively small
but fundamentally important contributions to the
energy arise from the spin–orbit interaction and the
spin–spin interaction.
A single-electron approximation is widely used
to describe an atom: the wave function of the
electrons is a product of one-electron wave functions (Hartree method) or a linear combination
of such products which satisﬁes the requirement
of interchange invariance (Hartree–Fock method).

ATOMICALLY CLEAN SURFACE

In this approximation one can speak about oneelectron energy levels and corresponding electron
shells of an atom. To describe them approximately,
the model of a hydrogen-like atom is employed,
with the shells characterized by the principal quantum number n = 1, 2, 3, . . . , and their substructure by the orbital quantum numbers l = 0, 1, 2,
. . . , n − 1 and m = 0, ±1, . . . , ±l. The electrons
of the K-shell with n = 1 are closest to the nucleus with the deepest (most negative) energy
levels. Then follow the L, M, N, . . . shells with
n = 2, 3, 4, . . . . In the ground states of the atoms
H and He only the K-shell is occupied. As Z
grows, the orbits with higher quantum numbers
become ﬁlled. The electron conﬁguration of an
atom is speciﬁed by symbols that indicate the values of quantum numbers n and l of ﬁlled shells
in ascending order, and the number of electrons
in them; the values l = 0, 1, 2, 3, 4, . . . being denoted with corresponding letters s, p, d, f, g, . . . .
For example, the conﬁguration 1s 2 2s 2 2p6 of the
neon atom has two electrons with n = 1 and l = 0,
plus two electrons with l = 0, and six electrons
with l = 1 at n = 2. Each l shell contains 2(2l + 1)
electrons when it is full.
Another approximate method for describing an
atom (Thomas–Fermi method) is based upon a
structureless cloud of atomic electrons with their
density distribution determined by the Poisson
equation.
The outer valence electrons determine the
chemical properties of atoms, their ability to form
this or that compound, the structure, binding energy, and other characteristics of compounds. Although atoms are the structural elements of solids,
the distribution of the atomic electrons in a solid
differs from that of a free atom. The conﬁgurations of valence electrons undergo considerable
changes, depending on the type of bonding force
between atoms, the number and positions of nearest neighbors, etc. In a crystalline solid, the states
of valence electrons depend on whether the atoms
occupy sites of the regular lattice, or they are doping atoms or substitutional atoms. The presence of
the two latter types introduces additional levels in
the energy spectrum of electrons in crystals and inﬂuences the optical, electrical and other properties
of a crystal. The inner atomic shells also undergo
some change, but to a much lesser extent. This
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is substantiated by data of X-ray emission spectroscopy, by the observed differences of characteristic X-ray frequencies for the inner shells of
atoms of a given chemical element incorporated
into different chemical compounds. It is not feasible to solve exactly the problem of the states
of atoms forming (comprising) a solid. The approximation often used in condensed matter theory is based on reducing the number of independent variables per atom down to 3. Here, the atom
is represented as a structureless entity, while interactions involving atoms are described by various,
mostly empirically chosen, potentials with limited applicability (see Interatomic interaction potentials). In a more precise approach the valence
electrons are singled out, and the nucleus with the
deep electron shells is treated as a point particle
with an effective charge.
The potential of an atom is determined by the
distribution of its electron density. An approaching test particle perturbs this distribution in a manner that depends on its nature and its speed relative to the atom. Atom–atom potentials differ for
different pairs of atoms. In the quantum description one cannot speak about each particular electron being afﬁliated with one particular atom of a
solid. The delocalization of electrons among many
atoms causes the splitting of atomic energy levels and the creation of bands of allowed energies
in crystals. Such broadening is rather small for
electrons in deep levels. For those in outer atomic
shells, broad (several electron-volts) allowed energy bands arise, and are particularly prominent in
metals, with their structure determining the electric, optical, and other properties of the crystal.
ATOM DISPLACEMENTS
See Static displacements of atoms, Thermal
displacements of atoms.
ATOMICALLY CLEAN SURFACE

A surface free of impurities and having a pristine crystal structure.
To obtain and preserve an atomically clean surface, various methods of cleaning in a super-high
vacuum (10−8 Pa) are used. The main methods are
high temperature heating, bombardment with ions
of noble gases with annealing and chemical pretreatment to obtain products that are removable at
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moderate temperatures. An absolutely clean surface is impossible to obtain: the sources of contamination are the impurities in a crystal bulk and
the adsorption of particles from residual gases.
Therefore, the surface is considered to be clean,
if the concentration of impurities is so small that
it fails to affect phenomena under study. Auger
electron spectroscopy is the most suitable method
of monitoring surface cleanliness (the sensitivity
is 10−2 –10−3 monolayers). The investigation of
an atomically clean surface structure is performed
by low-energy electron diffraction and high-energy
electron diffraction methods (see Electron diffraction). From an analysis of the data from structural investigations, the atomically clean surfaces
of crystals, especially semiconductor ones, can be
reconstructed. Surface structures can form with
periods other than those in atomic planes in a crystal bulk parallel to the surface. A special notation
is adopted for these surface structures. They include the chemical symbol of the crystal, the orientation of a face, and the ratio of the unit cell vectors of surface structure to the corresponding vectors in the bulk, e.g., Si (111) – 7 × 7, Au (100)
– 5 × 1 and so on. According to modern concepts, the cause of the reconstruction of the upper atomic planes of a crystal is the tendency to
reduce the excessive free energy of a surface lattice relative to that in the bulk. The supposition
that the reconstruction is determined by the uncontrollable contamination of a surface failed to
be conﬁrmed experimentally. The difﬁculties connected with clariﬁcation of the nature of surface
reconstruction are complicated by the fact that
the problem of the determination of the coordinates of the unit cell atoms for the surface structures with large unit cells is yet to be solved because of the complexity of the calculations in the
structural analysis. Therefore, various hypothetical models are used in discussions of this reconstruction, their ability to approximate reality being tested using data obtained by various methods. All the varieties of models can be divided
into two classes: those based on small static displacements of atoms from their normal positions
in the surface lattice, and those involving the concept of orderly-spaced defects at the surface (vacancies, adatoms, etc.). There has been considerable progress in understanding surface structures

because of data obtained from scanning tunneling
microscopy. According to estimates based on different data, the reconstruction encompasses several atomic planes of a crystal. There are only a
limited number of orientations of planes which coincide with atomic planes having the same crystallographic indices and characteristic surface structures. Such surfaces are referred to as atomically
smooth. In other cases, energy can be gained by
the decay of a ﬂat surface to micro facets, or by
the formation of a stepped surface including terraces of low-index facets connected by equispaced
atomic steps as high as one or more interplane distances. Besides the structure, there are also other
important properties of a surface such as the electronic energy band structure and dynamical characteristics (frequencies of atomic vibrations, their
vibration amplitudes) that are different from the
analogous properties in the bulk. Therefore, the
near-surface region is considered as a special surface phase with its own conditions of equilibrium.
The atomically clean surfaces of some crystals of
semiconductors and metals with particular orientations are the place where order–disorder phase
transitions as well as order–order ones occur, while
there are no phase transitions in the bulk. The
order–order reconstruction can occur as transitions
between surface structures, both with unit cells lying in one plane, and with changes of facet structure – morphological transitions.
ATOMIC CHARGE
See Effective atomic charge.
ATOMIC FORM FACTOR

A parameter of the elastic scattering of a plane
wave (X-ray, electron, neutron) by an isolated
atom, which determines the amplitude of the scattered wave as a function of the scattering angle.
In the scattering of waves in crystals, the amplitudes of scattering by individual atoms are ampliﬁed in some directions, while they are decreased in others; the total result being determined
by the values of the atomic form factors of the
atoms forming the crystal. A general expression
for an atomic form factor is

f (s) = K ρ(r) exp(is · r) dr  ,

ATOMIC MAGNETIC STRUCTURE
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types that correspond to ferromagnetism, antiferromagnetism, and ferrimagnetism.

Atomic form factor.

where s = k − k 0 , and k 0 , k are the wave vectors of the incident and scattered waves, respectively (see Fig.), and K is a factor dependent on
the type of radiation. The X-ray scattering is determined by the electron density ρ X = |ψ(r)|2 , and
values of f X (s) are on the order of 10−11 cm. The
electron scattering is determined by the electrostatic potential of the atom ϕ(r); ρ el (r) = ϕ(r), with
values of f el (s) of the order of 10−8 cm. Neutron
scattering may be thought of as taking place at the
point potential of the atomic nucleus, with values
of f n (s) of the order of 10−12 cm, and no angular
dependence.
ATOMIC MAGNETIC STRUCTURE

Position and spatial orientation of atomic magnetic moments, or of the magnetic moment density
of delocalized electrons (the latter pertains to band
magnetism). The presence of a magnetic structure in a material implies that the time averages
of the above quantities differ from zero. These averages are zero in materials having no magnetic
structure (an external magnetic ﬁeld is presumed
absent). The emergence of a magnetic structure
in a material is always accompanied by symmetry lowering, if for no other reason than that the
time reversal operation is not a symmetry transformation. In this connection, the state of a material exhibiting a magnetic structure is called a magnetically ordered state, and the process of transforming to a magnetically ordered structure is a
magnetic phase transition of the disorder-to-order
type.
A magnetic structure is commonly found in
those crystalline substances where the magnetic
atoms tend to occupy symmetrical crystallographic
sites, while the mean magnitudes of atomic magnetic moments are oriented in a deﬁnite manner
with respect to one another and to the crystallographic axes. The magnetic structure of most magnetic crystals can be classiﬁed as one of three basic

A ferromagnetic structure refers to one with all
the magnetic moments aligned in the same direction. This structure is characterized by the magnitude and direction of the magnetization M.
The simplest antiferromagnetic structure is a
set of two interpenetrating magnetic sublattices,
with their respective magnetization vectors, M 1
and M 2 , equal in magnitude and opposite in direction, viz., the net vector M = M 1 + M 2 is zero.
The two-sublattice antiferromagnetic structure is
described by the magnitude and direction of the
antiferromagnetism vector, L = M 1 − M 2 . The
condition M 1 = −M 2 necessarily assumes that
atoms belonging to different magnetic sublattices
are the same, and their crystallographic positions
are equivalent, since a difference in the magnetic
moments inevitably results from the dissimilarity
of the atoms, or their positions. More complicated
antiferromagnetic structures have been discovered
in many crystals. For example, in Mn3 NiN, the
magnetic moments are directed along the sides of
an equilateral triangle (a non-collinear antiferromagnetic structure with three sublattices), while
in YMnO3 , they follow the directions of the sides
of two equilateral triangles rotated by 60◦ relative
to one another (a six-sublattice structure). Noncoplanar antiferromagnetic structures are also encountered, e.g., the magnetic moments in the foursublattice antiferromagnet UO2 lie along the body
diagonals of a cube.
Any particular magnetic structure of the ferroor antiferromagnetic type forms in a substance as
a result of electrostatic exchange or direct interactions, with the exchange interactions far exceeding, as a rule, those of the direct type (i.e. magnetic
dipole interactions and spin–orbit interactions). In
quite a number of materials exchange interactions
establish an antiferromagnetic structure (a bi- or
polysublattice one), whereas the other interactions
(see Dzialoshinskii interaction) bring about a small
distortion of this structure, which causes a nonzero
ferromagnetism vector, M  L, to appear. Such
materials are called weak ferromagnets, and the
corresponding magnetic structures are called weak
ferromagnetic structures.
The competition of the strong electrostatic and
weak direct forces may also have other conse-
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quences i.e. it may produce a long-period modulated magnetic structure in a crystal. Here, the
exchange forces order the magnetic moments according to either a ferro- or antiferromagnetic pattern, while the relativistic forces lead to the vectors M = M(ξ ) or L = L(ξ ) gradually changing
along a certain direction ξ that is called the axis
of the modulated structure. In the simplest modulated structures, M (or L) just rotates around
the axis (long period helices); there are also more
complicated modulated magnetic structures. The
formation of a magnetic helix in some crystals is
due to the exchange interaction. The helix period
is of the same order of magnitude in this case as
the distance between neighboring magnetic atoms.
A magnetic helix differs fundamentally from a
noncollinear antiferromagnetic structure (e.g., of
YMnO3 type) in that the angles between the magnetic moments may not correspond to 360◦ /n values (n = 1, 2, 3, . . .). The helix period is not commensurate with the interatomic distances ξlm in
this case.
Another common type of magnetic ordering
(ferrimagnetic structure) occurs in ferrimagnets,
where the exchange forces position the atomic
magnetic moments in a manner resulting in nonzero values of both M and L. In particular, a
ferrimagnetic structure appears when the magnetic atoms occupy crystallographic positions of
two different types, with each type constituting a
magnetic sublattice. Magnetic structures of a special type, impossible in magnetic crystals, have
been discovered in chemically disordered solid
solutions (alloys) (see Amorphous magnetic substances, Spin glass, Asperomagnet). A particular form of modulated magnetic structure, the spin
density wave whose period may be incommensurable with the crystal lattice period, may appear in
a system of delocalized electrons.
All the above magnetic structures have been
observed in a number of materials, such as those
involving 4f -elements and their alloys (see Magnetism of rare-earth metals), as well as actinidecontaining compounds. There is still another form
of magnetic structure called the antiphase domain
structure which possesses an alternating sequence
in space of the groups of n1 atoms with the magnetic moments oriented along a certain axis, and
of the groups of n2 = n1 atoms with opposite

magnetic moment orientations (e.g., in thulium,
n1 = 4, n2 = 3).
ATOMIC ORBITALS
See Orbitals.
ATOMIC ORDER on a crystal surface

The ordered arrangement of surface atoms
(ions, molecules) that corresponds to a minimal
free energy (see Thermodynamic potentials) of a
ﬁnite crystal. The order is determined by the interaction of surface atoms with one another and
with bulk atoms. It can differ from the arrangement in atomic planes inside a crystal, but parallel
to the surface (see Surface superlattice, Surface
reconstruction). The possible symmetry types of
periodic surface structures are described with ﬁve
parallelogram systems of equivalent points (twodimensional analog of Bravais lattices, see Twodimensional crystallography) with primitive unit
cells in the shape of a general parallelogram, rectangle, square, rhombus with angle 120◦ , rhombus
with angle unequal to 120◦ (in this case, one usually chooses a centered rectangle as a nonprimitive
cell). Sometimes, the equilibrium state of a crystal surface is in correspondence with the ordered
arrangement of vacancies, adsorbed atoms, atomic
steps and terraces on it, e.g., a system of equidistant atomic steps of the same height on the facets
with high Miller indices (see Crystallographic indices) in silicon and germanium. The results of
surface structure studies by scanning tunneling microscopy, and by low-energy electron diffraction,
indicate the presence of atomic order on a crystal
surface.
ATOMIC RADII

The approximate sizes or radii r a of particular atoms in crystals, assuming them to be spheres
touching each other. A typical interatomic spacing between two atoms in a crystal is the sum of
their atomic radii. In neutral atom crystals such
as solid argon the electron density distribution of
outer shells of atoms displays a relatively weak dependence on their nearest neighbors. The value of
the outer shell radius averaged over the sphere,
which characterizes the atomic size, varies with

ATOM–SURFACE INTERACTION

changes in the chemical composition of the nearest neighbors by a few percent when the number
of neighbors (referred to as the coordination number k) is the same, and it varies by up to 10–12% in
compounds with different coordination numbers.
Common coordination numbers are k = 12, 8, 6,
and 4 for face centered cubic (fcc), body centered
cubic (bcc), simple cubic (sc) and diamond (ZnS)
structures, respectively. Thus, an approximate additivity rule exists: d(AB) = r a (A)+r a (B), where
d is the closest distance between atoms A and B
in the compound AB, and the r a are their atomic
radii. In view of the approximate character of
the additivity rule, there is some indeterminacy
in the choice of numerical values of atomic radii,
and several systems of atomic radii exist. All of
them, however, predict values of interatomic distances in crystals with a good accuracy, which
has been conﬁrmed with many compounds. The
metallic atomic radii r M for k = 12, 8, 6, and
4 are in the ratio 1 : 0.98 : 0.96 : 0.88. The atomic
radii for Li, K, Al, Fe, Au are 1.55, 2.36, 1.43,
1.26, 1.44 Å. To describe ionic compounds ionic
radii r i are used; with the closest distance between
two ions of opposite sign assumed to equal the
sum of their ionic radii. Underlying the determination of r i are the radii of ﬂuoride (F− ) and oxygen
(O2− ), which are adopted to be r i (F− ) = 1.33 Å,
r i (O2− ) = 1.32 Å in the Goldschmidt system and
r i (F− ) = 1.36 Å, r i (O2− ) = 1.40 Å in the Pauling
system.
The concept of atomic radii can be extended
to other cases. Covalent atomic radii r c are characterized by a noticeable dependence on the bond
multiplicity. The value r c for the atoms C, N, O, S
reduces by 12–14%, if two pairs of electrons take
part in the bond, and by 20–22%, if three, relative to a single electron pair covalent bond. The
covalent atomic radii of C, Cl, Br are 0.77, 0.99,
1.14 Å. In molecular crystals, the additivity condition is approximately met for distances d between
the nearest atoms of neighboring molecules. One
can introduce a system of intermolecular atomic
radii r V (also referred to as van der Waals atomic
radii). Due to the relative weakness of their bonding forces, the values of r V are greater than those
of atomic radii for strong bonding. For He, C, Cl,
Kr, r V = 1.40, 1.70, 1.78, 2.02 Å.
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ATOMIC STEPS on a surface

Raised boundary regions in a monocrystal that
are transitions between terraces – ﬂat regions of
atomically smooth surface (see Atomically clean
surface).
The steps are as high as one or several interplanar distances. As distinct from analogous
steps of macroscopic size with a height of several micrometers and more, depending on the extent of a surface treatment, the atomic steps cannot be observed with an optical microscope, but
are detectable using low-energy electron diffraction
and are observable with an electron microscope, a
scanning tunneling microscope, or an atomic force
microscope. In experiments involving the reﬂection of heavy ions with energy 1–50 keV under
grazing incidence on a monocrystal surface with
a variation of the angle of incidence, the scattering by the atomic steps “upward” and “downward”
(relative to the incident beam direction) produces
characteristic features in the energy spectrum of
the scattered ions, and marked differences in the
extent of their ionization. This allows the use of
the scattering of medium energy electrons to diagnose the step structure of a solid surface at the
atomic level.
ATOMIC STRUCTURE OF A SURFACE
See Surface atomic structure.
ATOM–SURFACE INTERACTION
The interaction of atoms that is deﬁned by

characteristic features of their position on the surface.
The crystal surface has an excess of energy
compared to the bulk. The coordination number of
surface atoms is less than that of the atoms in the
bulk (see Coordination sphere), which causes the
appearance of uncompensated elastic forces acting on the surface atoms. The formation of a surface can be accompanied also by the appearance
of atomic dipole repulsive moments caused by the
shift of electron clouds into the depth of a crystal
due to the electric potential jump on the surface.
The effect of these factors is that the dynamical
characteristics of the surface atoms are changed
compared to those in the bulk: growth of atomic
vibration amplitude, decrease of effective Debye
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temperature, and so on. Reconstruction of the upper atomic planes caused by the tendency to reduce the free surface energy, and the phenomenon
of a surface phase transition in the absence of one
in the bulk (see Atomically clean surface) are typical for a number of crystal surfaces. The screening
of the Coulomb interaction of adsorbate atoms by
charge carriers in a nearby-surface space charge
region can appreciably modify the atom–surface
interaction.
ATTENUATED TOTAL INTERNAL
REFLECTION, ATR method

Technique for studying optical properties of
solids (see Optics of solids), based on the phenomenon of total internal re ection of light, which occurs when a light wave penetrates from an optically denser medium 1 into medium 2 of lower
optical density (n2 < n1 ). Provided that the angle
of incidence ϕ exceeds the critical value ϕcrit =
arcsin(n2 /n1 ) there forms a nonuniform (decaying) ﬁeld E(z) = E0 exp(−z/dpenetr ) (z is normal
to the interface between the media), with an effective penetration depth dpenetr that is close to the radiation wavelength. Now, assuming that medium 2
is absorbing, the re e ctance is R = 1, which indicates the presence of attenuated total internal reﬂection. The characteristics of spectra recorded by
this reﬂection (1 − R) method, and by the standard
absorption method, are similar to each other. That
is why attenuated total internal reﬂection is used to
study strongly absorbing media, and in particular
optical properties of their surfaces (e.g., perturbed
unstructured layers, adsorption ﬁlms, transition
layers of various origins). To enhance the contrast
accumulated during repeated internal reﬂections,
specially designed prisms are used that provide
multiple reﬂections which effectively extend the
optical path of the light wave through medium 2.
The propagation of light through medium 2 may
result in its polarization, so one may speak about
the propagation of a volume polariton wave. From
the law of the conservation of the tangential component of the wave vector kx it is possible to
determine the dispersion of volume polaritons in
medium 2: kx = (ω/c)[ε2 (ω)]1/2 where ε2 (ω) is
the relevant dielectric constant. If medium 2 appears surface active in the respective frequency
range, i.e. ε2 (ω) < 0, one may apply a modiﬁed

type of attenuated total internal reﬂection to excite surface polaritons. To that end, one introduces
an air (or vacuum) gap between the prism and the
material under study [Otto modiﬁcation (A. Otto,
1968)], or places the material on the base of the
prism as a thin ﬁlm [Kretschmann modiﬁcation
(E. Kretschmann, 1968)].
ATTO. . .

A decimal preﬁx denoting a 10−18 part of the
initial unit of a given physical quantity. For example, 1 as (attoseconds) = 10−18 s (seconds).
AUGER EFFECT in semiconductors (P.V. Auger,
1925)

A semiconductor analogue of the Auger effect
in an atom; a double electron transition with one
electron crossing to a lower level, and another one
to a higher level which is often in the continuum,
outside the atom. The presence of energy bands
of two kinds of current carriers, and the variety
of structural defects in semiconductors, leads to
the wide diversity of the Auger effect. The role
of this effect in nonequilibrium processes in semiconductors may be quite different: recombination,
generation, impact ionization of local centers, participation in scattering processes, relaxation of the
energy and momentum of charge carriers. This effect can also be a cause of the strength and of the
temperature extinction of luminescence. The set
of Auger effect variants is shown in Figs. (a–h).
There are processes with participation of a multiply charged local center (a), singly charged local
center (f, g), two singly charged local centers (b, c,
d, h), and free charge carriers (e). Included among
Auger processes are also all processes that are inverse to those represented in this ﬁgure. A salient
feature of an Auger processes is the pronounced
dependence of its probability on the distance R between the interacting carriers (∝ R −6 , corresponding to the energy of one dipole in the ﬁeld of another). In the case of an Auger interaction between
free carriers, this means that the rate varies as the
square of their concentration. Thus, in process (e),
the hole lifetime with respect to the Auger process
is proportional to the inverse square of the electron
concentration, which means the dependence of the
rate on R −6 . Both the theory of the Auger effect
and experimental data demonstrate that the probability of this process in semiconductors is weakly

AUGER ELECTRON SPECTROSCOPY
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Auger effect processes in semiconductors.

dependent on the temperature. The dependence of
the probability on the energy exchanged between
the carriers is a power function with an exponent
between 2 and 5. When the distance between the
electrons involved in the Auger interaction mechanism is about 10 nm in order of magnitude (corresponding to a free charge carrier concentration
about 1018 cm−3 ), the cross-sections of the Auger
processes can be quite large (close in a crystal
unit cell size, i.e. ∼10−15 cm2 ). In this case, the
Auger processes can dominate the recombination
and scattering, thus determining the lifetime of the
carriers, the probability of radiative and nonradiative quantum transitions, the relaxation times of energy and momentum, and other parameters of the
material.
AUGER ELECTRON SPECTROSCOPY

A method of analysis of the elemental and
phase composition of surface layers of solids,
based on the eld ionization of atoms excited
by a beam of primary electrons with energies
1 to 10 keV. The sensitivity of the method is
1010 –1012 atom/cm2 , and the depth of the analyzed layer is 0.5 to 2.5 nm. The mechanism
for the emergence of Auger electrons is a complicated multistage process that includes the ionization of an inner atomic level x, the ﬁlling
of the produced vacancy by an electron from
a higher atomic level y, the nonradiative transfer of the released excess energy to an electron

at level z, and the emission of the Auger electrons. The identiﬁcation of chemical elements is
based on comparison of calculated and experimentally found values of Auger electron energy
Exy = Ex − Ey − Ez + U eff . Here, Ex , Ey , and
Ez are, respectively, the binding energies of electrons at x, y, and z levels (generally designated by
X-ray terms) of the neutral atom participating in
the Auger process; U eff is a factor to allow for the
presence of two vacancies in atomic shells. Auger
lines of different elements are well resolved. The
change in the electron density at an atom results in
a shift of the Auger line, the magnitude and sign of
the shift being characteristic of the atom’s chemical state. Analysis of the width and shape of the
Auger lines, whose formation is participated in by
valence band electrons, yields information on the
band structure of a solid. The total Auger electron
current is proportional to the number of vacancies at atomic levels formed per unit time within
the thickness of the region of the exit from the
surface. This circumstance underlies the application of Auger electron spectroscopy to the quantitative analysis of solids. In the scanning mode of
the electron beam deﬂection, Auger electron spectroscopy is used for studying the planar distribution of chemical elements with a spatial resolution of a few tens of nanometers. In combination
with ion etching, it is applicable for determining
the depth proﬁles of element distributions.

94

AUGER ION SPECTROSCOPY

AUGER ION SPECTROSCOPY

Determination of the elemental and chemical composition, the structure, and the state of a
solid and its surface from Auger electron spectra
(see Auger electron spectroscopy) excited by ion
bombardment. An important feature which distinguishes Auger ion spectroscopy from Auger
electron spectroscopy is its selectivity, i.e. Auger
peaks of a particular kind speciﬁc for a given
solid are typically observed in Auger spectra excited by ion bombardment. In addition, these peaks
appear only under bombardment by certain ions.
In contrast to the electron bombardment case,
the character of ion-stimulated spectra is determined by characteristics of the ionization process
in the inner shells, and the emission of Auger electrons at atomic collisions. In particular, the ion
Auger spectra have a great number of satellites,
and represent quasi-molecular spectra with a typical continuous background. Yet many of Auger
peaks are narrower, since they are emitted by
free atoms dislodged from the solid. Furthermore,
the recoil atoms that emerge under ion bombardment and emit the Auger electrons are very fast
moving, and induce an extra “Doppler” broadening (see Doppler effect). Under ion bombardment
of monocrystals, one can observe both azimuthal
and polar orientation effects in the Auger spectra,
which are related to the crystal structure of the surface. Also classiﬁed as Auger ion spectroscopy is
ion-neutralization spectroscopy that deals with the
analysis of the spectrum of secondary electrons
emitted during the Auger neutralization of slow
positive ions (including multiply charged ones) at
the solid surface. Auger ion spectroscopy is a convenient method for diagnostics of the solid surface, and is effective when one has to detect atoms
of a certain element or a group of elements on
the surface, or during a layer-by-layer analysis of
a thin layer. This is particularly convenient in devices where ion beams are used for implantation,
etching, spraying, epitaxy, etc.
AUGER NEUTRALIZATION

The process whereby an ion near a solid surface traps an electron (or several electrons in the
case of multiply charged ions), with subsequent
transfer of the resulting energy of neutralization
to another (or other) electron(s) in the solid by

means of the Auger process (see Auger effect).
A condition for Auger neutralization is that the
ionization potential of the ion Vi must exceed the
work function of the solid ϕ (Vi > ϕ), and for
electron potential emission we require Vi > 2ϕ.
The Auger neutralization rate W depends on the
scattering of ions to the surface S in accordance
with W = A exp(−S/a) where A ∼ 1016 s−1 ,
a ≈ 0.2 nm. A consequence of intensive Auger
neutralization is a low (≈1%) degree of ionization
of atoms with high ionization potentials, e.g., inert
gases reﬂected from a metal surface.
Auger neutralization underlies the ion-neutralization spectroscopy of a solid surface that allows
one to determine the electron density in the conduction band, the position of the Fermi level, and
other characteristics of the electronic structure of
a solid surface. The Auger neutralization of multiply charged ions proceeds stepwise, as a series of
successive acts of Auger neutralization and Auger
relaxation in the system of levels of ions with decreasing charge, with a mean step of about 25–
30 eV. As a result of the neutralization, the number
of emitted Auger electrons is proportional to the
resultant energy of the ion neutralization, and can
be as high as a few tens of electron volts. On the
surface of nonmetals this effect leads to the accumulation of a positive charge (considerably larger
than the initial charge) in a microscopic region,
and could possibly lead to a Coulomb explosion.
This causes sputtering of the solid, and represents
a mechanism for metal surface erosion under action of slow multiply charged ions. Auger neutralization of multiply charged ions on the metal surface can serve for their identiﬁcation on the background of singly charged ions due to stimulated
electron emission.
AUGER RELAXATION
Nonradiative relaxation of an excited atom near
a solid surface, an analog of the Penning effect in

gases. During Auger relaxation, the excitation energy is transferred by the Auger process to an electron of the solid, which can be emitted outward.
Along with Auger neutralization, Auger relaxation
is a mechanism of potential emission of electrons.
This relaxation is possible for both metastable excited atoms coming to the surface, and ions that
trap electrons from the solid at excited levels. The

AUTOIONIZATION

Auger relaxation time is 10−14 to 10−15 s, which
is six orders of magnitude less than the time of
radiative relaxation. This circumstance suppresses
strongly the radiation of the excited atoms near
the metal surface. On the surface of nonmetals or
metals covered by adsorbed layers, the rate of the
Auger relaxation can be slightly smaller.
AUGMENTED PLANE WAVES METHOD, APW
method (J.C. Slater, 1937)
One of the main band structure computation
methods. It considers crystal potentials in the form
of a muf n-tin potential (MT potential) and is based

on the variational principle. Its basis functions are
the APWs. Outside the MT-sphere an APW is a
plane wave, ei(k+G)r (G is a reciprocal lattice
vector). Inside the MT-sphere the APW method
employs a linear combination of solutions of the
Schrödinger equation in a spherically symmetric potential. The coefﬁcients for that combination are selected to satisfy the continuity condition for APWs at the MT-sphere boundary. The
amount of computations needed follows from the
necessity of solving a nonlinear secular equation
of high order. The order of the equation, i.e. the
number of APWs, is usually quite large, from several dozen for the simplest lattices to several hundred for polyatomic structures. For the linearized
APW method, see Linear methods of band structure computation.
AUSTENITE (named after W. Roberts of Austen)
A high-temperature gamma phase that is a
solid solution of carbon (or nickel, manganese, ni-

trogen) in γ -iron with a face-centered cubic lattice
(see Face-centered lattice).
Alloying with these elements stabilizes γ -iron.
Alloys in which the γ -state is present at room
temperature are called austenite alloys. They are
easily deformable and possess high corrosion resistance. Carbonaceous austenite is stable under
cooling to 725 ◦ C; at lower temperatures, a phase
transition occurs which can proceed either in a diffusion or a nondiffusion manner, depending on the
cooling rate or the isothermal exposure. At cooling rates of a few tens of a deg/s or at isothermal
exposure in the temperature range 450–723 ◦ C,
the austenite decomposes into a ferrite–cementite
mixture (see Cementite) and forms structures of a
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pearlite class (pearlite, sorbite, troostite) that differ in the degree of dispersion of cementite plates.
At temperatures below 450 ◦ C, when the diffusion
rate of iron and alloying elements is insufﬁcient,
austenite transforms into bainite; the transformation needs only the diffusion of carbon. At lower
temperatures and at a cooling rate greater than
100 deg/s, austenite transforms into martensite in
a diffusionless manner (see Martensitic transformation). When overheated above the critical point,
perlite transforms into austenite at a varying rate;
however, the newly formed austenite is heterogeneous even within a single grain volume. To obtain a homogeneous austenite, it is necessary to
operate at a temperature above the completion of
the perlite–austenite transformation, which produces homogenization. The rate of the homogenization is largely determined by the initial structure of the steel. The trends of the processes of
decomposition (see Alloy decomposition) and formation of austenite underlie the processes taking
place during the heat treatment of steel, with the
treatment providing the required combination of
strength and durability properties of steel.
AUTOEPITAXY, homoepitaxy

The oriented and ordered build-up of a material
on a monocrystal surface of the same material.
Autoepitaxy is observed in the deposition of
material from liquid solutions or melts, by chemical reactions at crystallization from the gas (vapor) phase, and at condensation from vapors in
vacuo. In autoepitaxy the crystal lattice of the
building-up phase is oriented relative to the lattice
of the substrate monocrystal. Important inﬂuences
on autoepitaxy are the chemical purity and the distribution of defects on the monocrystal surface,
the chemical composition of the environment, the
temperature, the goodness of the vacuum chamber, and the chemical composition of the residual
atmosphere.
The phenomenon of autoepitaxy is used to prepare thin lms of germanium, silicon, gallium arsenide and other semiconductors on monocrystal
substrates of the same materials (see also Epitaxy).
AUTOIONIC MICROSCOPY
The same as Field ion microscopy.
AUTOIONIZATION
The same as Field ionization.
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AUTOWAVES

Electronic emission by a conducting body being irradiated by light in the presence of a strong
external electric ﬁeld (of the order of 109 V/m).
The mechanism of autophotoelectronic emission is the eld electron emission excited by light.
This emission appears most prominently in p-type
semiconductors at low temperatures. The light excites the electrons from the valence band to the
conduction band, with the long wavelength (red)
limit of photosensitivity determined by the width
of the band gap. The external electric ﬁeld penetrates deeply inside the cathode and facilitates the
transport of electrons to the surface and their escape into the vacuum. The quantum yield can reach
0.5–0.8.
Autophotoelectronic emission is used in converters of images in infrared rays to visible images. The cathodes in such converters are multitip (up to 106 tips/cm2 ) matrix systems of p-type
semiconductors (silicon, germanium, and others).

Nonlinear waves in an active medium, in which
the energy dissipation is compensated by an applied external source; the analog of the selfoscillations for distributed oscillatory systems.
As distinct from auto-oscillations, when the
system oscillates as a whole, in autowave processes the excitation is transferred between neighboring elements of the medium (the term autowaves
was introduced by R.V. Khokhlov). There is a
great variety of autowave process types in nonequilibrium systems. They are described by systems of non-linear differential equations; a typical form of the equation for the variables Ui ,
e.g., temperature, particle concentration (quasiparticles in solids), electric ﬁeld, etc., is

AUTORADIOGRAPHY, radioautography

Analysis of the radioactivity distribution in
a material by means of autoradiograms which
are photographic images produced by radioactive
emission.
Autoradiography is based on the ability of
some substances (typically, silver bromide) to undergo chemical transformations under the action
of light, X-rays, gamma rays, and charged particles. Using contact contrast analysis, the emission
intensity and the radioactive isotope distribution in
the material are determined by the extent, density,
and distribution of the blackening of the various
regions of the autoradiograms. To obtain and analyze the autoradiogram, a sample containing the
radioactive isotope is brought into contact with the
photoemulsion and kept in position there for some
time (up to several days), depending on the emission type and intensity. Then the autoradiogram is
developed and analyzed by means of an optical or
electron microscope. In the latter case, the object
under study is a carbon replica with emulsion deposited on its surface. Autoradiography is used in
the tracer analysis method for studying the distribution of doping elements and impurities in various
materials, for measuring their mobilities, etc.

∂Ui
= Di ∇ 2 Ui + Fi (U ),
∂t
where t is the time, and ∇ 2 is the Laplacian. The
ﬁrst term describes the evolution of Ui relative to
the spatial spreading of this nonuniformly distributed variable (if Ui is the particle concentration,
then Di is the diffusion coef cient, if Ui is the temperature, then Di is the thermal conductivity coefcie nt, etc.). The functions Fi (U ), where U is a
totality of the all the individual Ui , describe the
non-linearity of the medium, and the interaction
between different components of U . These functions include the permanent energy source, which
covers the energy dissipation expenditure. There
are also more complicated sets of equations describing autowave processes.
Self-organization is possible (see Synergism)
in autowave media, i.e. the spontaneous regularization of both the temporal evolution of the system (rise of periodic or more complex oscillations) and the spatial distribution of its characteristics (emergence of dissipative structures). However, complete randomization of autowaves often
occurs. Autowave processes are widespread in nature, occurring in many biological systems, and in
physical and chemical transformations (e.g., combustion and other reactions, gas discharges). In
solids, autowave modes are often realized in the
excitation of the electron subsystem: in semiconductors by an electric ﬁeld, by heating, by the injection of charge carriers (thermoelectric domains,
Gunn effect, recombination waves, electron–hole

AZBEL–KANER RESONANCE

drops, etc.); in phase transitions, e.g., a metal–
semiconductor transition, in ferroelectric phase
transitions, in active non-linear optical solid media (lasers, real-time holography), etc. The autowave processes in solids are characterized by a
variety of spatial–temporal scales (diffusion length
105 –10−7 cm, frequency 10−2 –1010 Hz), and
mechanisms of the excitation transfer (ﬂuxes of
electrons and holes, excitons, magnons, phonons,
photons).
Applications of autowaves are extensive, including, for example, optical, radio-, and UHF ampliﬁers and generators; generation of ultra- and
hypersound; recording and processing of information; image recognition; processes (propagation of
nerve impulses and regimes of cardiac muscle operation), etc.
AVALANCHE OF PHONONS
See Phonon avalanche.
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AVOGADRO NUMBER (A. Avogadro, 1811)
The number of molecules (atoms, ions) in one
mole, identical for any substance in any state of
matter; NA = 6.02214·1023 mole−1 . One mole

(gram-molecule) is the mass of a substance in
grams, numerically equal to its atomic or molecular weight. The unit of molecular weight is 1/12 of
the mass of the carbon isotope 12 C. In the SI system, the mole is accepted as the unit of the quantity
of a substance.
AXIAL SYMMETRY

The symmetry of a body, which comes into coincidence with itself when rotated through an arbitrary angle about some axis. Such a rotation symmetry axis (∞) pertains to cones and cylinders
with the limiting symmetry groups ∞, ∞2, ∞m,
∞ , ∞ m corresponding to them.
m m
AZBEL–KANER RESONANCE
The same as Cyclotron resonance in metals.
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Bb
named after E. Bain. In carbon steels, bainite
forms during the isothermal hardening process as
a result of decomposition of the austenite (see
Alloy decomposition) in the temperature range
250–450 ◦ C. In some alloyed steels (see Alloying),
bainite can appear during cooling in air. The conditions of decomposition (mainly, thermal conditions) of the overcooled austenite,determine the
formation of higher bainite or lower bainite with
speciﬁc morphologic and crystalline features. The
transition between them occurs at 350 ◦ C. The bainite structure allows one to process steels that have
high static, dynamic and cyclic strength as well as
wear resistance and elasticity.

BACKSCATTERING of high-energy particles
Occurs under bombardment of a solid surface,

and results from collisions of incoming particles
with atoms of the target. In this case the direction of the normal component of the particle momentum may change, which causes some of the
particles that have penetrated into the target to
escape back through the surface under bombardment. Contributions to backscattering come from
both single scattering through large angles, and
from multiple scattering. The energy and angular distribution of the scattered particles carry information about the masses of the target atoms;
it is the collisions with these atoms in the nearsurface region that determine the energy loss by
the incident particles. This effect is used for the
analysis of the elemental composition of materials, including their impurities. Ions with energy
E  1 keV are almost completely backscattered
from most solids. At E  10 keV, a signiﬁcant
number of ions penetrates into the target, thus reducing the efﬁciency of the backscattering, especially for heavy ions. The energy of the escaped
atoms decreases with increasing depth z where the
reversal in direction occurrs, thus allowing an estimate of z. The efﬁciency of the backscattering
method for determining the content of defects in
crystals (especially impurity and intrinsic interstitial atoms) grows signiﬁcantly for irradiation in the
channeling regime. Here, one can determine the
positions of interstitial atoms in the channels of a
monocrystal target with a good accuracy, and detect the disordering of crystal lattices at a depth of
several micrometers from a surface that is irradiated with ions.

BALLISTIC AFTEREFFECT

An inertia effect occurring when a magnetic
bubble domain is displaced under the action of a
pulse of a nonuniform magnetizing ﬁeld, and continues its motion at the initial speed after the pulse
termination.
The path covered can be much greater than the
domain displacement during the pulse action. The
ballistic aftereffect is observable only when the
magnetizing ﬁeld gradient along the domain diameter exceeds a certain critical value. The cause of
the ballistic aftereffect is as follows: in the overcritical regime, there appears a great number of
horizontal and vertical Bloch lines in the magnetic
domain wall of the magnetic bubble domain; these
lines are dynamically stabilized and accumulate
considerable mechanical momentum. After turning off the nonuniform magnetic ﬁeld, the magnetization distribution in the domain wall becomes
unstable, and the process of “untwisting” of the
Bloch lines begins. The decrease of accumulated
mechanical momentum is compensated for by the
motion of the domain as a whole. The magnetic
bubble domain eventually comes to a stop due to
viscous friction forces (see Domain wall drag).

BAINITE, acicular troostite

A structural component of steel, a highly disperse mixture of ferrite and iron carbide. It was
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BALLISTIC PHONONS

Nonequilibrium acoustic phonons propagating
unhindered in crystalline solids, usually in straight
line paths without scattering by lattice defects,
free current carriers and impurity atoms, and also
free of phonon–phonon scattering at low temperatures. A typical distance that phonons of frequency
<1012 Hz can travel ballistically in high quality
single crystals at low temperatures (T  4.2 K)
is 0.1–1 cm. A source of ballistic phonons can be
a thin ﬁlm heater placed at one side of a crystal.
A thin ﬁlm thermoresistor (bolometer) placed on
the opposite side usually can serve as a detector of
ballistic phonons.
BALLISTIC REGIME

The conditions under which the free motion of
quasi-particles in a solid takes place under the ac-

tion of external ﬁelds only.
The ballistic regime can be achieved in a region with dimensions less than a mean free path of
quasi-particles. In the ballistic regime the sample
size can act as the effective mean free path. Under conditions of the ballistic regime, size effects
become highly pronounced, e.g., space quantization of the electron motion in ﬁnite size samples.
Appearing in the ballistic regime are physical phenomena determined by the dynamics of free particle motion and therefore sensitive to the type of
their dispersion law, for example, the longitudinal
and transverse focusing of electrons in the magnetic ﬁeld in a metal at low temperatures, or the
focusing of phonons in insulating monocrystals.
BALLISTIC TRANSPORT

Charge carrier transfer in crystals with characteristic dimensions smaller than or comparable to
the mean free path of the current carriers.
Characteristic dimensions l can be exempliﬁed
by the thickness of the active region in semiconductor diodes, the thickness of the base in bipolar transistors, the gate length or the source–drain
distance in eld-effect transistors, etc. For l  l0
(where l0 is the mean free path of current carriers),
the carrier motion in the active region of semiconductor elements occurs free of scattering, or with
very few scattering events. The former case is referred to as ballistic transport, and the latter quasiballistic transport. The realization of the condition

l  l0 depends on the character and dimension of
the semiconductor structure, the carrier energy, the
temperature, the concentration of impurity atoms
and defects, the electron–phonon interaction constants, and the applied electric ﬁeld. Depending on
these factors, the critical value l, i.e. the length at
which the carrier motion takes on the character of
ballistic transport, varies from several tenths of a
micron to tens of microns. In pure metals at low
temperatures, this length can reach several millimeters.
A salient feature of ballistic transport is the
nonequilibrium of current carriers due to a high
operating voltage U as compared to the “diffusion” voltage k B T /e. Under conditions of ballistic transport, the potential distribution and the
current–voltage characteristic are determined by
the injection of electrons (holes) that results in
the violation of Ohm’s law. In the ordinary case,
the dependence of the current density j on the
voltage U is described by the “three halfs law”
(j ∝ U 3/2 ) as in the case of a vacuum thermoemission diode. There are also nonmonotonic
and N-shaped current–voltage characteristics observed.
Ballistic transport can be implemented also by
the optical excitation of carriers. Under such conditions, the optically excited charge carriers follow a non-Maxwellian velocity distribution: there
exists a prevailing direction of their motion determined by the momentum of the exciting photons.
This provides a ﬂux of excited carriers, its parameters depending on features of the band structure
of the semiconductor, as well as the spectral composition and the polarization of the exciting light.
This ﬂux manifests itself in some special photoelectric phenomena (ballistic photoelectromotive
force, ballistic photomagnetic effect, and so on).
The ballistic transport possesses some features
suggesting the possibility of producing generators, ampliﬁers and other devices of submillimeter
range as well as the high-speed elements of digital
circuits with operation times of 10−11 –10−12 s.
The high-frequency properties of semiconductor
structures under the conditions of ballistic transport offer a possibility for the control of the real
and imaginary parts of the impedance at certain
frequencies; they are also highly nonlinear.

BAND MAGNETISM

BAND BENDING

A change in the position of an energy band
edge (see Band structure) near an energy surface
region (or in the vicinity of a heterojunction) due
to the electrostatic potential arising from charge
redistribution at the boundary. Band bending occurs in semiconductors and semimetals with small
concentrations of free carriers, so the screening
radius is large compared to the lattice constant.
The bending is utilized in various devices, modulating the properties of the near-surface region by
the charges from dangling bonds at the interface,
by impurities and defects that are present in this
region, and also by an external ﬁeld. If the potential difference at the boundary exceeds the band
gap width the band bending results in the appearance of an inversion layer which is widely used in
microelectronics. The bending in the near-surface
electrical ﬁeld also affects the optical properties
of materials, which allows one to utilize the sensitive electrooptical modulation method for investigating the band structure and surface properties of
semiconductors.
BAND GAP, forbidden energy zone

The range of energies where there are no allowed electron states in an ideal crystal with energy bands. For semiconductors and insulators, the
energy region between the highest level (top) of
the valence band and the lowest level (bottom) of
the conduction band is normally meant when referring to the band gap. The energy difference E
between these extreme energy values is called the
band gap width. In many-valley semiconductors
the location in k -space of the conduction band
minimum may not coincide with that of the valence band maximum, and in these cases the minimal E value is called an indirect band gap width.
The widths E in different materials vary from
zero (see Gapless semiconductors) to several electronvolts, e.g., up to 10–20 eV in insulator crystals. They are typically much smaller in semiconductors, being 1.43 eV for the direct band gap of
GaAs, and 1.11 eV for the indirect band gap of Si.
See also Band theory of solids.
BAND MAGNETISM

Term used for describing ferromagnetism or
antiferromagnetism of delocalized electrons, or
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more precisely, of the electrons which form a
broad partially ﬁlled band with Γ , ζ  ε, where
Γ is the band width, ε is the exchange splitting
at the Fermi level, and ζ is the chemical potential
referenced to the band edge. The term itinerant
magnetism refers to a phenomenon opposite to the
case of magnetic ions ($ < ε). The 3d-metals,
their alloys, and a group of intermetallic compounds (see Ferromagnetism of metals and alloys)
are classiﬁed as band ferromagnets. Band magnetism was originally described by E.C. Stoner
(1938) who generalized the Weiss theory for the
case of delocalized electrons with the dispersion
law for the energy ε = ε(p), where the momentum is p = k, and k is the wave vector. The
exchange interaction of electrons is replaced by
the action of a molecular eld U = −θσ κ, where
θ is the magnetic ﬁeld parameter; σ is the Pauli
matrix, κ = m/(μB nm ); μB is the Bohr magneton; m is the magnetization, and nm is the density
of electrons responsible for the magnetism (magnetic electrons). The self-consistency equations in
an external magnetic ﬁeld B at temperature T are
described by Stoner relations


d3 p 
n+ (p) − n− (p) ,
m = μB
3
(2π)

3

d p 
nm =
(1)
n+ (p) + n− (p) ,
(2π)3

−1
 
ε(p) ∓ θκ ∓ μB B − ζ
+1
n± (p) = exp
.
kB T
The condition for ferromagnetism in the Stoner
model is the Stoner criterion gθ > nm (or equivalently κ > 0); where g is the density of electron states at the Fermi surface. The drawbacks
of the Stoner model have not yet been completely
overcome. One of them is the disregard of the
Bloch factor in the wave function of the electrons,
the factor having the period of the crystal lattice,
which precludes the quantitative treatment of the
situation ζ > ε, and thus restricts quantitative
results to the case of so-called weak band ferromagnets (κ  1). Another drawback involves the
molecular ﬁeld approach that is inapplicable in the
neighborhood of the Curie point T C (near point
T = T C , B = 0 in the (T , B) plane).
Following from Eqs. (1) is the so-called Wohlfarth isotherm (E.P. Wohlfarth, 1968), which is the
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BAND STRUCTURE

dependence of the magnetization of a band ferromagnet on B and T :




m(B, T ) 3 m(B, T )
T2
2χ B
−
1− 2 = 0 ,
m0
m0
m0
TC
(2)
where m0 ≡ m(0, 0), and χ0 is the longitudinal (in B) static magnetic susceptibility at T = 0.
Eq. (2) is quantitatively valid for weak band ferromagnets, e.g., ZrZn2 , ScIn, Ni3 Ga, and a number of Fe–Ni–Mn alloys. The quadratic dependence of the spontaneous magnetization on the
temperature, which follows from Eq. (2), viz.
m20 − m2 (T ) ∝ T 2 , was also experimentally observed in strong band ferromagnets (3d-metals
and alloys).
The theory of magnons in band ferromagnets
is based on the work of A.A. Abrikosov and
I.E. Dzyaloshinskii. The temperature dependence
of the magnon spectrum in band ferromagnets was
studied by V.P. Silin and others.
If the Stoner criterion (1) is not met then
the metal is paramagnetic. If, however, |κ|  1,
then strong band paramagnetism occurs (for band
antiferromagnetism see Antiferromagnetic metals,
Spin density wave).
BAND STRUCTURE

This is the energy spectrum (plots of average energy E versus wave number k) of singleelectron states represented in the form of a dispersion law of electrons Ekλ , where k is the quasiwave vector, λ is a quantum number called the
band index or band number. Occasionally, electronic wave functions are also included in this definition. The band structure is a key notion of the
band theory of solids. See also Band structrure
computation methods.
BAND STRUCTURE COMPUTATION
See Linear methods of band structure computation.
BAND STRUCTURE COMPUTATION METHODS

Procedures and algorithms for solving the single-particle Schrödinger equation in a periodic
potential by using modern computers. The construction of a crystalline potential, self-consistent
in the sense of density functional theory, is an

important part of band structure computation.
Pseudopotential methods generally incorporate a
weak pseudopotential; and full-electron methods
place no restrictions on the potential strength.
Early band structure computation methods had
been developed even before high-speed computers
were available. These were the augmented plane
waves method (APW), Korringa–Kohn–Rostoker
method (KKR), orthogonalized plane waves method (pseudopotential method, version I), and tight
binding method. The APW and KKR methods are
designed for a potential of a special form. The
further development of band structure computation methods was chieﬂy determined by the emergence of linear methods of band structure computation, e.g., linear combination of atomic orbitals
(LCAO), linear APW, etc., and generalizations of
the methods of the APW and KKR families to
potentials of arbitrary form. Standing apart are
methods related to the tight binding approach, viz.
the linear combination of atomic orbitals method
(Gaussian orbitals and Slater orbitals). One can
notice their connection to the methods of the KKR
theory. The time required for computing the band
structure is determined, mainly, by the number of
atoms in a unit cell. In most of the methods the
computational time grows approximately proportional to the cube of this number.
BAND STRUCTURE, SURFACE
See Surface band structure.
BAND THEORY of solids

A theory describing a crystalline metal or solid
as a system of noninteracting electrons, moving
in a periodic potential. The potential is assumed
to arise from nuclei or positive ions screened by
electrons. The effects of mutual interactions are
considered to be included in the effective potential. The Bragg scattering of electrons in the crystal potential results in a complicated dependence
of electron energies on quasi-momenta (so-called
band structure), with the appearance of band gaps,
i.e. energy gaps where the electrons have no allowed states.
In the ground state, at zero temperature, all
electron states with energies lower than the chemical potential (referred to in band theory as the
Fermi energy E F , or Fermi level) are occupied,
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Energy bands of (a) the insulator crystalline xenon, (b) the semiconductor silicon, (c) the transition metal molybdenum,
and (d) the nearly free electron metal sodium.

and those with higher energies than the chemical
potential are empty. In semiconductors and insulators the chemical potential lies within the gap, so
there are no allowed states with the energy E F itself. There are such states in a metal, and they form
a surface in k -space, called the Fermi surface. An
important parameter of the electronic spectrum is
the density of electron states, which indicates the
number of allowed states per unit energy at a given
energy. The density of states at the Fermi level is
of special importance.
The main task in band theory is to solve the
one-electron Schrödinger equation in a crystal potential with translational symmetry. The latter imposes certain constraints on a solution ψk with
quasi-momentum k: ψk (r + R) = ψk (r)eikR ,
where R is a lattice translation period (Bloch
theorem). Such solutions are called Bloch wave
functions. The requirements of crystal symmetry
also impose other constraints on the wave functions and the electron energy spectrum, and these
are often used to simplify the solution of the

Schrödinger equation. However, in the vicinity of
nuclei the inﬂuence of crystal symmetry is not pronounced, and the potential is close to an atomic
one. Hence, it is possible to speak about electronic
states (or bands) of predominantly s-, p- or d-type
character, similar to the classiﬁcation of states according to the atomic angular momentum.
Band theory permits the classiﬁcation of solids
according to the qualitative features of their band
structure. In insulators the allowed bands do not
overlap, and some are completely full (valence
bands), while the remainder are empty (conduction bands). Semiconductors differ from insulators
only by their small (fraction of an electronvolt)
width of the forbidden gap. In metals the Fermi
level lies within the allowed band, or more commonly, the allowed bands overlap one another. In
semimetals, the overlap of these bands also occurs, but to a lesser extent. There is also a separate
class of gapless semiconductors, distinguished by
the width of the forbidden gap becoming zero at
one or several points of the Brillouin zone.
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Quantitative band theory is based on the numerical solution of the Schrödinger equation in
a crystal. Initially used for this purpose were the
nearly-free electron approximation and the tight
binding method, which are valid within the limits, respectively, of a weak crystal potential, and
of a potential consisting of isolated wells separated by high barriers. Later the pseudopotential
method was developed, which expanded the applicability of the method of nearly-free electrons.
More widely used are non-pseudopotential methods, capable of dealing with more generalized
types of crystal potentials. With the appearance of
density functional theory, a formal basis emerged
for the transformation in the effective potential
from a system of strongly interacting electrons
to that of noninteracting particles, i.e. to band
theory proper. Linear methods of band structure
computation have been elaborated, which permit
solving the Schrödinger equation in a crystal 2
to 3 orders of magnitude faster than by using
classical methods of computation. Typical examples of band structures are shown in Fig. (see
previous page): (a) an insulator (crystalline Xe)
with a narrow valence band, a wide gap, and
bands well described by the tight binding method;
(b) a semiconductor (Si) with its indirect gap
width small compared to that of the valence band;
(c) a transition metal (Mo) with valence electrons
comprising the group of bands formed predominantly by s- and d-electrons; where the Fermi
level lies inside the d-band with a high density of states; and (d) a simple metal (Na) with
s-electrons forming an almost parabolic energy
band with a low density of states, in accordance
with the model of nearly free electrons, where X,
Γ , L, N , and P are symmetry points of the Brillouin zone.
BAND THEORY RELATIVISTIC EFFECTS
See Relativistic effects in band theory of metals.
BAND-TO-BAND TUNNELING
See Interband tunneling.
BARDEEN BARRIER (J. Bardeen)

A potential barrier which emerges at the boundary between two bodies in contact (e.g., two solids,
a solid and a liquid or gas) in the presence of a signiﬁcant concentration of surface electron states at

the interface. In the limit of high concentrations,
the Bardeen barrier height does not depend on the
contact potential difference due to screening of the
Coulomb interaction by the charges in the surface electron state. In practice, the Fermi level of a
Bardeen barrier is ﬁxed at the surface (at the interface). In most cases, this term is used with respect
to contacts between a semiconductor and a metal
(called a Schottky barrier), an insulator, or another
semiconductor.
BARDEEN–COOPER–SCHRIEFFER THEORY,
BCS theory (J. Bardeen, L. Cooper, J. Schrieffer,
1957)

The ﬁrst and the currently accepted microscopic theory of superconductivity based on the
presence of so-called Cooper pairs in a superconductor at low temperatures T < T c (where T c is
the critical temperature). The Cooper pairs consist
of electrons with antiparallel momenta and spins
(see Cooper effect) that form as a result of their
attraction via the electron–phonon interaction. The
starting point of the theory is the model Hamiltonian


+
2εk ckσ
ckσ +
Vkk  bk+ bk  , (1)
HBCS =
k,k 

k

where εk is the initial energy of the conduction
+
and ckσ are
electrons with momentum k, ckσ
the creation and annihilation operators of electrons, respectively, bk+ and bk are the same for the
Cooper pairs (see Second quantization), and Vkk 
are the matrix elements of the effective electron–
electron interaction. The minimization of the energy of the ground state of the electron subsystem of the superconductor yields the following expression for the quasi-particle spectrum through
the use of the variational method within the BCS
framework:
Ek = (εk − μ)2 + Δ2k

1/2

,

(2)

where μ is the chemical potential (Fermi level) of
the degenerate electrons in the metal, and Δk is the
energy gap determined by the following nonlinear
equation:

Δ 
Δ 
(3)
Vkk  k tanh k .
Δk = −

2E
2k
BT
k

k

A nontrivial solution of Eq. (3) Δk = 0 exists only
for the condition Vkk  ≡ V < 0, i.e. so in a cer-
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tain range of energy (momentum) of the Fermi surface of a metal, the effective attraction due to the
electron–photon interaction exceeds the screened
Coulomb repulsion (see Electric charge screening). In the weak coupling limit Eq. (3) yields the
exponential BCS formula for the gap Δ at T = 0:


1
,
(4)
Δ = 2ωD exp −
N(0)V
(where ωD is the Debye phonon frequency, and
N(0) is the electron density of states on the Fermi
surface in a normal metal), and for the critical temperature T c of the transition to the superconducting state we have:


2eγ
1
,
(5)
Tc =
ΘD exp −
π
N(0)V
where ΘD = ωD /k B is the Debye temperature. Eqs. (4) and (5) give the BCS relationship k B T c = eγ Δ0 /π = 0.567Δ0 , where k B is
the Boltzmann constant and γ = 0.577. . . is the
Euler–Mascheroni constant. The BCS relationship
is valid solely for superconductors with weak coupling, whereas for strongly-coupled superconductors k B T c < γ Δ(0)/π . The latter is due to the effects of the retardation of the electron–phonon interaction, which cause the gap Δ to depend on the
energy of the quasi-particles and, hence, the value
of Δ at T = 0 increases compared to the value
πk B T c /eγ .
The BCS theory has explained the principal
physical properties of superconductors in terms of
the presence of the energy gap in the quasi-particle
spectrum. This includes magnetic vortices, ﬂux
quantization, the exponential dependence of the
electron speci c heat on the temperature and its
jump in value at the phase transition point T = T c ;
the temperature dependence of the thermodynamic
critical magnetic eld; the features of ultrasound
attenuation; relaxation of nuclear spins, and the
absorption of electromagnetic waves in superconductors; the current–voltage characteristics of the
superconducting tunnel junctions, and so on. The
originators of the BCS theory received the Nobel
prize in 1972.
BARIUM, Ba

A chemical element of Group II of the periodic system with atomic number 56 and atomic
mass 137.33. It consists of a mixture of seven sta-
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ble isotopes, with 138 Ba predominating (71.66%).
The electronic conﬁguration of the outer shell is
6s 2 . Successive ionization energies are 5.21 and
10.00 eV. Atomic radius is 0.221; ionic radius of
Ba2+ is 0.134 nm. Oxidation state is +2. Electronegativity is ≈0.94. In a free form barium is
a silvery-white soft metal. It has a body-centered
cubic lattice with parameter a = 0.5019 nm at
room temperature; Space group is I m3̄m (Oh9 ).
Density is 3.76 g/cm3 ; T melting = 998 K; heat
of melting is 7.66 kJ/mole; heat of sublimation is 205 kJ/mole; T boiling = 1912 K; heat
of evaporation is 175 kJ/mole; speciﬁc heat is
284.7 kJ·kg−1 ·K−1 ; Debye temperature is 110 K;
coefﬁcient of linear thermal expansion is
≈19.5·10−6 K−1 (at 273 to 373 K); adiabatic
bulk modulus is 9.575 GPa; Young’s modulus is
15.57 GPa; rigidity is 6.33 GPa; Poisson ratio is
0.229 (at 293 K); Brinell hardness 0.042 GPa;
Mohs hardness is 2; ion-plasma frequency is
4.52 THz, Sommerfeld linear electronic speciﬁc
heat coefﬁcient γ is 2.72 mJ·mole−1 ·K−2 ; electric resistivity is 357 n·m (at 293 K); temperature coefﬁcient of the electrical resistance
is 0.00649 K−1 ; work function of a polycrystal
is 2.49 eV; molar magnetic susceptibility is
20.4·10−6 cgs units; nuclear magnetic moment of
137 Ba is 0.931 nuclear magnetons. Barium is used
in alloys with lead, aluminum, and magnesium.
Barium and its compounds are added to the materials intended for protection against radioactive
and X-ray radiation.
BARIUM TITANATE, BaTiO3

A colorless solid substance; T melting ∼
1618 K; it has the structure of perovskite (tetragonal crystal lattice with lattice constants a =
0.3992 nm, c = 0.4036 nm); density is 6.08 g/cm3 .
Each titanium is surrounded by a somewhat distorted octahedron of oxygens. Chemically it is
very resistant: it does not change in air or react
with water, diluted acids or alkali; it dissolves in
hot strong sulfuric acid. It is an insulator with
a very high dielectric constant (1000 at 20 ◦ C),
and one of the most important ferroelectrics with
a high piezoelectric modulus (see Piezoelectricity) and speciﬁc optical properties. It is obtained
by caking and melting together of titanium dioxide with barium oxide, hydroxide or carbonate, or
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by heating up to 800 to 1200 ◦ C of mixture obtained by common deposition of carbonates or oxalates from solutions. It is used in the form of
monocrystals and solid solutions for manufacturing of capacitors, piezoelectric cells, pyroelectric
collectors of radioactive energy, etc.
BARKHAUSEN EFFECT (H.G. Barkhausen,
1919)
A jump-like change of magnetization M in

magnetically ordered materials under continuous
variation of external conditions (e.g., applied magnetic ﬁeld B).
Barkhausen discovered that clicks could be
heard in a telephone supplied by an electron ampliﬁer and connected with a coil containing a ferromagnetic sample during very slow (quasi-static)
magnetizing of the latter. The main cause of a
Barkhausen effect is the various inhomogeneities
of the crystalline structure of a ferromagnet (inclusions, residual stresses, dislocations, grain boundaries, the heterogeneity of the composition, and
other defects in the crystals). When moving in
the magnetic ﬁeld, the magnetic domain walls attach to these inhomogeneities until the increasing ﬁeld reaches a certain (critical) value. Then
the domain wall is released (Barkhausen jump),
so that its motion turns out to be jump-like, in
contrast to a smooth movement in a perfect crystal. These jump-like changes are irreversible. Another mechanism of the Barkhausen effect is possible: the nucleation of new phase centers with
their subsequent growth. The Barkhausen effect
is best observable in soft magnetical materials at
the steepest part of the magnetization curve (of
stepped shape in that region, see Fig.). This effect

is highly sensitive to various external factors and
structural changes in the sample. The connection
of the Barkhausen effect with the magnetic domain
structure, the main elements and the shape of the
hysteresis loop, allows it to be used as a method
of investigation of the domain structure of ferromagnets. By analogy with ferromagnets, the appearance of repolarization jumps in ferroelectric
crystals under variation of an applied electric ﬁeld
is also referred to as a Barkhausen effect.
BARKHAUSEN NOISE

Irregular sequences of jumps in the the magnetic moment of a ferromagnetic sample placed in
a periodically varying magnetic ﬁeld (see Barkhausen effect). The component is due to ﬂuctuations
of speciﬁc parameters of Barkhausen jumps (the
shape and duration, the critical ﬁeld, the magnetic
moment varying at the jump, the number of jumps
in a given range). Studies of Barkhausen noise
yield substantial information on complicated phenomena involving the rearrangement of the magnetic domain structure in ferromagnets.
BARNETT EFFECT (S. Barnett, 1909)
Magnetizing of ferromagnets under a change in

their mechanical moment.
Barnett conﬁrmed Ampère’s hypothesis that
magnetism can arise from rotational motion of
charges in a material (molecular current hypothesis). In a body with no atomic magnetic structure,
the intrinsic magnetic moment is proportional to
the angular velocity and oriented along the rotation axis. In some cases, the Barnett effect allows
one to determine the gyromagnetic ratio or Landé
g -factor of atoms of some materials. In particular, this ratio for Fe, Co, Ni and their alloys corresponds to the electron magnetic moment and indicates that ferromagnetism is mainly due to the
electron spin. The Barnett effect, along with the
converse Einstein–de Haas effect, are called magnetomechanical phenomena. Magnetic resonance
methods are much more precise for determining
g-factors.
BARODIFFUSIONAL EFFECT
An effect of hydrostatic pressure on the diffusion healing of defects, or the retardation of pore

Barkhausen effect.

growth (at low pressures), and on the decrease of

BARRIER INJECTION TRANSIT TIME DIODE

the diffusion coef cient in crystals (at high pressures).
At low pressures, barodiffusional effects are
caused by the inﬂuence of pressure on the equilibrium between the pore and the vacancy subsystem (see Vacancy) taking into account oversaturation Δ = cv − cv0 in a crystal (where cv and
cv0 are the actual and equilibrium concentrations
of vacancies, respectively). Under the characteristic pressure Pk = 2α/R0k (where α is the surface tension, R0k is the critical radius of a viable
pore embryo in the absence of pressure), the nucleation and the growth of pores are forbidden.
At R0k = 10−5 cm, Pk ≈ 102 atm. Such pressure
has a signiﬁcant effect on the kinetics of the diffusional coalescence of the pore ensemble due to the
transformation of some of the growing pores into
dissolving ones. Under high pressures, the barodiffusional effect is caused by the decrease of cv
and by the increase of the energy outlay for an elementary migration event with growing pressure.
There is an exponential diffusion coefﬁcient dependence


ω P
,
DP = DP 0 exp − A
kBT
where ωA = ωv + ωm is the activation volume,
ωv < ω is the vacancy volume dependent on the
extent of relaxation of the atoms surrounding the
vacancy, ω is the atomic volume, ωm is the volume
of the activated complex at a crossing point between two neighboring positions. It follows from
the dependence DP (P ) that at a characteristic
pressure P ∗ = k B T /ωA the value of DP reduces
e times. For metals, P ∗ ≈ 104 atm.
BARRETT FORMULA (J.H. Barrett)

An expression describing the temperature dependence of the dielectric constant of ferroelectrics
in the paraelectric phase in a temperature (T )
range that includes the quantum region:
ε(T ) − ε∞




−1
Ω0
Ω0
=C
,
−Tc
coth
2k B
2k B T
where Ω0 is the frequency of zero-point vibrations, T c is the “high-temperature” value of the
Curie–Weiss temperature. At T > Ω0 /k B , the
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Barrett formula transforms into the classical expression since ε(T ) satisﬁes the Curie–Weiss law.
The system behavior at T  Ω0 /k B depends
on the ratio of T c and Ω0 /(2k B ). If T c >
Ω0 /(2k B ), the system has a low-temperature
phase transition at T = T cL < T c . There is no
ferroelectric phase transition, if T c < Ω0 /(2k B ),
in this case the crystal is a virtual ferroelectric.
The Barrett formula is used to explain the observed low-temperature values ε(T ) in SrTiO3
and KTaO3 , but is only valid when the soft mode
frequency is high relative to acoustical frequencies. In the general case, taking into account the
interaction of optical vibrations and acoustic vibrations results in a characteristic modiﬁcation of the
Barrett formula in a low-temperature range.
BARRIER
See Bardeen barrier, Lomer–Cottrell barrier,
Potential barrier, Schottky barrier, Local barriers,
Surface barrier, Surface barrier structures.
BARRIER CAPACITANCE, junction capacitance

Electric capacitance caused by the existence of
a potential barrier in a semiconductor junction, in a
heterojunction, at a metal–semiconductor junction,
and so on. Such a system possesses a high-ohmic
layer that is depleted of current carriers and situated between high-conduction layers, i.e. is similar to a capacitor. The electric charge in the depletion layer is concentrated at local electronic levels.
The barrier capacitance value is determined by the
thickness of the depletion layer and the dielectric
constant of the crystal. A layer with an increased
current carrier concentration also has a barrier capacitance, e.g., an accumulation layer in the metal–
insulator–semiconductor structure.
BARRIER INJECTION TRANSIT TIME DIODE
(BARRITT diode)
A superhigh-frequency (SHF) semiconductor
diode consisting of a semiconductor plate with
contacts made of semiconductor junctions

(p+ –n–p+ , p+ –n1 –n2 –p+ , where n1 > n2 , and
other structures), Schottky barriers (m–n–m structures, m is metal), or their combinations. With the
bias voltage applied to the diode, one contact operates in the forward direction and the other in the
reverse direction. A BARRITT diode operates in a
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punch-through mode where the depletion regions
of the forward- and reverse-biased contacts overlap, so that a small change of the voltage across
the diode results in the current growing by several orders of magnitude. Dynamic negative resistance in the BARRITT diode arises in a frequency range ω where the phase delay of carrier
transit through the depletion layer of the reversebias junction is θ = ωτ ≈ 3π/2 (τ is carrier transit
time). The barrier drift time through the depletion
layer of the reverse biased junction depends on the
width of the depletion layer and the saturation velocity. The effect is due to the phase shift between
the SHF electric ﬁeld and the conduction current.
The required phase shift is caused: (i) by the phase
delay of the injection of the minority charge carriers through the forward biased p–n junction, and
(ii) by the ﬁnite time of the current carrier drift
through the depletion layer. BARRITT diodes are
used for signal generation and ampliﬁcation in the
frequency range from 3 to 15 GHz. The main advantage of these diodes is a low noise level.
BARRITT DIODE
The same as Barrier injection transit time diode.
BASAL PLANE of crystals

A plane containing equivalent crystallographic
(coordinate) axes x and y. Ordinarily it is the plane
that forms the bottom of the conventional unit
cell, with the index (001) in tetragonal and (0001)
in trigonal and hexagonal crystals (see Crystallographic system). The spatial arrangement of the
faces and the sides of crystalline polyhedra is described with the help of symbols relative to these
axes. The faces that intersect only one axis and
possess numbers (100), (010) and (001) (see Crystallographic indices) are called basal (coordinate)
faces.
BASALT

An extrusive and congealed dark gray or black
volcanic rock consisting mainly of plagioclase,
pyroxenes and often olivine, typically with an admixture of magnetite or ilmenite.
Color is dark sulfur-like to black. Basalt forms
frequently have a rod-like or a “pencil”-like separation. Holocrystalline basalt is called dolerite;
basalt of vitreous texture is called hyalobasalt.

The almond-shaped basalts, or mandelstones,
are porous varieties. The pores (voids) are of
a rounded, ellipsoidal, more rarely elongated,
tubular shape and are ﬁlled with minerals, mostly,
agate, chalcedony, opal, quartz, or sometimes,
amethyst, zeolites, calcite, and so on. The density is 2.8–3.2 g/cm3 ; the resistance to compression in a dry state is 300–500 kg/cm2 (3–5 MPa);
electric resistivity ρ = 103 –105 ·m; porosity is
7.9%, water absorption is 1.07%, and magnetic
susceptibility χ = (125–15500)·106 CGS units.
The basalts are used as building, electric insulation, and acid-resistant materials.
BAUSCHINGER EFFECT (J. Bauschinger, 1886)
A partial dehardening of single and polycrys-

talline solids observable at the change in the sign
of the strain. The effect manifests itself as a reduction of some initial mechanical properties (elastic limit, yield limit, and so on) when, prior to a
test, a sample was loaded in the opposite direction
until an insigniﬁcant residual strain appears. The
Bauschinger effect is observable both in static tests
and in the course of fatigue loading (see Fatigue).
At the same time, its value depends essentially on
the kind of material, of the material pretreatment,
and the strain conditions. Numerous attempts have
been made to explain the Bauschinger effect on
the basis of dislocation theory (see Dislocations);
however, a satisfying agreement with the experimental data has been achieved only in individual
cases.
BEER–LAMBERT LAW (also called
Bouguer–Lambert–Beer law, P. Bouguer,
J.H. Lambert, A. Beer)

A law determining the dependence of the intensity I of a parallel monochromatic light beam
on the thickness d of the absorbing matter:
I = I0 e−kd ,

(1)

where I0 is the incident light intensity, k is the absorption coef cient (cm−1 or m−1 ). The latter is
related to the dimensionless absorption index κ as
k = 4πκ/λ, where λ is the wavelength. Eq. (1) is
used to evaluate the absorptivity of a solid or liquid layer. For a dilute solid or liquid solution of
concentration n, Eq. (1) takes the form:
I = I0 e−χnd ,

(2)
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where χ is the molecular absorption index, cm2 .
In the particle beam radiation of solids the term
absorption cross-section is often employed for χ ,
and k is referred to as the absorption factor. Sometimes the Beer–Lambert law is expressed in terms
of common logarithms (i.e. a power of 10) as
I = I0 · 10−εcd ,

(3)

where c is the molar concentration, and ε is the
decimal molar absorption index, also called the
absorption or extinction coefﬁcient.
BEILBY LAYER (G.T. Beilby, 1901)
A glass-like surface layer that appears during
mechanical processing (grinding, polishing, forging, punching, cutting, and so on) at the surface and over the grain boundaries of crystalline
solids (metals, quartz, various minerals and chem-

ical compounds). A Beilby layer has its normal
crystal structure obliterated. Long term grinding
or polishing is unable to remove the layer, but
rather causes its thickness to grow. A Beilby layer
is removable by chemical methods. Its thickness
ranges from a several to 100 or more microns.
A Beilby layer along grain boundaries imparts
great strength to a material, it is characterized by
pronounced hardness, and speciﬁc optical, electric, and magnetic properties. A Beilby layer crystallizes under heating at a temperature between 0.4
and 0.6 that of the melting temperature.
BENDING VIBRATIONS of a crystal lattice
Vibrations of chains (layers) of crystal atoms

in a direction normal to the chains (layers). Bending vibrations exist in those crystals where the
bonding between the chains (layers) is weak compared to that of the atoms within the chain (layer).
The linear dispersion law for bending vibrations is
valid only for the lowest values of the wave vector along the chain (layer). At large values of the
wave vector, a quadratic dispersion law similar to
that for the vibrations of strings and membranes
applies.
BERKELIUM, Bk
An actinide element of Group III of the peri-

odic system with atomic number 97 and atomic
mass 247.07.
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There are 11 known radioactive isotopes with
mass numbers 240, 242 to 251 (no stable isotopes have been discovered). Electronic conﬁguration of outer shells is 5f 7 6d 2 7s 2 . Ionization
energy is 6.30 eV; atomic radius is 0.174 nm;
radius of Bk3+ ion is 0.0955 nm, of Bk4+ ion
is 0.0870 nm. Oxidation state is +3 (most stable in solution) and +4 (strong oxidizer). Electronegativity is 1.2. In a free form, berkelium is
a silvery-white metal. Stable at a temperature below ∼1250 K is α-Bk with double hexagonal
close-packed structure (hexagonal layers alternate
4 ), basic
ABAC. . . ; space group P 63 /mmc (D6h
parameters a = 0.3416 nm, c = 1.1069 nm at
room temperature). Stable above ∼1250 K up to
T melting ≈ 1290 K is β-Bk with hexagonal closepacked structure (space group F m3m, Oh5 ; parameter a = 0.4997 nm at room temperature after hardening). Density is 14.80 g/cm3 ; T boiling
is about 2880 K. At low temperatures, α-Bk becomes antiferromagnetic with Néel point T N ≈ 22
to 34 K). In β-Bk, no magnetic ordering has been
detected. Berkelium isotopes are used for research
in nuclear physics and radiochemistry. Berkelium
is highly toxic.
BERNAL’S FLUID MODEL
See Random close-packing model.
BERYLLIUM, Be

A chemical element of Group II of the periodic
system with atomic number 4 and atomic mass
9.01218.
Natural beryllium consists of the stable isotope 9 Be with electronic conﬁguration 1s 2 2s 2 .
The ionization energies are 9.323 or 18.21 eV.
Atomic radius is 0.113 nm, Be2+ ion radius is
0.035 nm. It is chemically active; oxidation state
is +2. Electronegativity is 1.47. In a free form,
beryllium is a light bright gray metal, which is
brittle under normal conditions. The properties of
beryllium depend on its purity, grain size, texture and degree of anisotropy that depend on
its pretreatment. Some properties change with an
increase of pressure and temperature, and upon
strong neutron irradiation (>1023 neutrons/m2 ).
Beryllium crystallizes in two allotropic modiﬁcations. Below 1527 K, α-Be is stable (hexa-
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gonal close-packed lattice with parameters a =
0.2283 nm, c = 0.3584 nm at 300 K and impurity
content no more than 1%; space group P 63 /mmc,
4 ). Above 1527 K up to T
D6h
melting = 1560 K,
β-Be is stable (body-centered cubic with parameter a = 0.2546 nm at 1527 K; space group
I m3m, Oh9 ). Bond energy of pure beryllium is
3.33 eV/atom at 0 K; density is 1.848 g/cm3
(at 293 K); melting heat is 11.7 kJ/mole; sublimation heat is 314 kJ/mole; T boiling = 2743 K;
evaporation heat is 309 kJ/mole; speciﬁc heat is
1.80 kJ·kg−1 ·K−1 ; Debye temperature is 1160 K.
Coefﬁcient of linear thermal expansion is
9.2·10−6 K−1 along the principal axis 6 and
12.4·10−6 K−1 perpendicular to it (at 300 K).
Heat conductivity reduces from 230 W·m−1 ·K−1
to 178 W·m−1 ·K−1 in the temperature range 273
to 323 K; adiabatic coefﬁcients of elastic rigidity of α-Be monocrystal: c11 = 288.8, c12 = 20.1,
c13 = 4.7, c33 = 354.2, c44 = 154.9 GPa at 298 K
(within the range 423 to 1530 K c13  0 GPa).
Bulk modulus is ≈109 GPa, Young’s modulus is
≈304 GPa, rigidity is ≈143 GPa; Poisson ratio
is ≈0.056 (at 298 K); ultimate tensile strength
is 0.196 to 0.539 GPa; relative elongation is
0.2 to 2%. Pressure treatment considerably improves mechanical properties; ultimate strength in
stretching direction reaches 0.392 to 0.784 GPa;
yield limit is 0.245 to 0.588 GPa; and relative
elongation up to 4 to 12%; mechanical properties perpendicular to stretching undergo minimal
change. Brinell microhardness is 1.18 GPa; impact
strength is 0.001 to 0.005 GPa; transition temperature of commercially pure beryllium from brittle to plastic state is 473 to 673 K. Highly pure
beryllium (above 99.9%) with grain size <10 μm
looses its red-shortness, becomes easily forgeable
and rollable and, at temperatures within the range
873–973 K, becomes superplastic. Coefﬁcient of
self-diffusion of α-Be is 32.9·10−12 m2 /s along
the 6 principal axis and 53.4·10−12 m2 /s perpendicular to it at 1370 K. Effective cross-section of
the thermal neutron trapping is 0.009 barn/atom,
their scattering cross-section is 6.1 barn/atom.
The properties of irradiated beryllium are restored upon annealing. Ion-plasma frequency is
49.22 THz, Sommerfeld coefﬁcient γ of the linear low temperature electronic speciﬁc heat is
≈0.19 mJ·mole−1 ·K−2 . Electric resistivity of

α-Be is 35.4 n·m along the principal 6 axis
and 31.3 n·m perpendicular to it at 298 K;
temperature coefﬁcient of electrical resistance
is 0.00628 K−1 (at 293 K). The Hall constant
is +24.3·10−11 m3 /C at room temperature
(+77·10−11 m3 /C for the magnetic ﬁeld applied
along the 6 principal axis in α-Be at room temperature). Work function from polycrystal is 3.92 eV;
coefﬁcient of secondary electron emission is 0.4
to 0.5 for the primary electron energy 0.07 to
0.2 keV; superconducting transition temperature is
0.064 K. Beryllium is diamagnetic with the molar magnetic susceptibility 9.02·10−6 cgs units at
300 K (the value along the 6 axis is higher than
that in the perpendicular direction); nuclear magnetic moment of the 9 Be isotope is 1.18 nuclear
magnetons. Thus, Be advantageously combines
small atomic mass and low density, high speciﬁc
heat, vaporizing heat, thermal conductivity, heat
resistance, elastic modulus, hardness, strength and
capability of retaining the stability of dimensions,
high electrical conductivity, corrosion resistance,
small thermal neutron trapping cross-section and
satisfactory stability under irradiation, high permeability for X-rays and intense emission of neutrons under the bombardment by α-particles. Due
to all this, beryllium is used in aviation, rocket and
space engineering, in underwater instrument making, in reactor material science, radioelectronics,
X-ray engineering, metallurgy. Its low plasticity
(due in part to impurities) is the main obstacle to
its use as a structural material. The processing of
beryllium is complicated because of the high toxicity of its volatile compounds in the form of powder and dust.
BERYLLIUM ALLOYS
Alloys based on beryllium. The main advantages of beryllium alloys are high speciﬁc strength

and speciﬁc rigidity up to temperatures of 600
to 800 ◦ C, high speci c heat and low neutron
trapping cross-section. The main disadvantages
are low plasticity at room and cryogenic temperatures, and toxicity. Hardness varies with lowalloyed (see Alloying), and disperse-hardened alloys (including those with intermetallide hardening). There are structural low-alloyed ones with
the solid solution structure, two-phase composite ones with pliable base, and those with a disperse structure. The most common are beryllium
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alloys with aluminum (38%), which crystallize in
the range 1280 to 650 ◦ C. At temperatures below
645 ◦ C there is a brittle beryllium phase, and pliable aluminum-beryllium eutectics (98–99.5% of
Al) are formed in such alloys. The strength and
plasticity of beryllium alloys are improved by alloying them with magnesium (5–8%). Beryllium
alloys with a pliable base are easily amenable to
welding, stamping, pressing, rolling (Be–Al alloys
at temperatures of 600 to 650 ◦ C, and Be–Al–Mg
alloys at temperatures less than 450 ◦ C).
BETA PHASE (β -phase) (introduced by
F. Osmond, 1885)

The second phase in polymorphous chemical
elements (see Polymorphism).
This phase forms from the alpha phase
(α-phase) at increasing temperatures. For iron, the
term β-phase means the paramagnetic phase (see
Paramagnetism) with a body-centered cubic lattice that is really the β-phase existing above the
Curie point. In alloys, the β-phase is a solid solution based on the beta-modiﬁcation of a solvent
element. The region of existence depends on the
nature of doping elements (see Doping). For example, the additives of molybdenum, vanadium,
tantalum or chromium to the element titanium expands this region, while the additives of aluminum,
boron or oxygen narrow it by increasing the polymorphic transformation temperature. The type and
the transformation mechanism of a β-phase are
determined by the nature of the components, the
chemical composition of alloys, the pretreatment
and the cooling rate. In systems without a polymorphic transformation, the term beta phase on
the phase diagram denotes the second phase on
the concentration coordinate. In a number of univalent systems and in some transition metal alloys
(e.g., with beryllium, cadmium, aluminum, antimony), the beta phase is one of the types of electron compounds with a body-centered cubic lattice
(Cu3 Al, CuZn, etc.), a hexagonal close-packed lattice (AgCd, Au5 Sn, etc.), or the complicated cubic lattice of the β-Mn type (Ag3 Al, Au3 Al, etc.).
The beta-phase stability is determined by the electron concentration (number of valence electrons
in an atom of the crystal) e/a = 3/2 (see Hume–
Rothery phases).
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Bethe lattice.

BETHE LATTICE (H.A. Bethe, 1935)

A model structure of an atomic lattice where
every site has the same coordination number. All
interatomic bonds are equivalent; they exist only
between atoms of the ﬁrst coordination sphere;
in addition, there are no cycles formed by the
bonded atoms. The ﬁgure shows a portion of a
Bethe lattice with the coordination number 4. The
Bethe lattice was introduced to describe thermodynamic properties of Heisenberg ferromagnets
(see Heisenberg model). This lattice is used when
solving problems involving elementary excitation
spectra of disordered solids, and it allows one to
obtain exact solutions. It is also applied to simulate solids by the molecular dynamics method.
BETHE–PEIERLS APPROXIMATION (H. Bethe,
1935; R. Peierls, 1936)
One of the simplest cluster approximations

used for calculating statistical sums and thermodynamic parameters of magnetic substances.
A cluster in a Bethe–Peierls approximation
is chosen as a central site with the coordination
sphere of its nearest neighbors surrounding it.
Then, the contribution to the statistical sum of the
interaction between the central spin and its nearest
environment is taken into account exactly, while
that of the interaction of spins of the ﬁrst coordination sphere with spins of the remaining coordination spheres is approximated by an effective ﬁeld.
The ordered phase exists as long as the effective
ﬁeld does. For ferromagnetic ordering the ﬁeld is
determined from the condition of the equality of
the thermodynamic mean values of the central and
peripheral spins of the cluster (a condition of selfconsistency). In the Ising model for the Bethe lattice, the Bethe–Peierls approximation provides exact results. This approximation partially accounts
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for the uctuations in a spin system, and can describe a number of physical effects not accounted
for by the molecular eld approximation. These
are the absence of the long-range order (see Longrange and short-range order) at T = 0 in onedimensional systems, the existence of short-range
order above the transition temperature to an ordered phase, and the appearance of the percolation
concentration threshold (see Percolation theory)
in disordered dilute magnetic materials at T = 0.
However, like the molecular ﬁeld approximation,
the Bethe–Peierls approximation fails to describe
collective excitations (spin waves, magnons etc.)
in magnetic materials with vector spins.
BETHE SPLITTING

The splitting of degenerate energy levels of
atoms, ions, or molecules under the action of crystalline electric ﬁelds of various symmetries (see
Crystal e ld).
The latter is lower than the spherical symmetry typical of a free atom so that there is a total
or partial removal of the degeneracy in a crystal, and several closely spaced bands (lines) appear in the absorption or emission spectra instead
of a single line. Their maximum number corresponds to the degree of degeneracy. In a weak
crystalline ﬁeld, the spin–orbit interaction is retained and the Bethe splitting is less than the multiplet one. In an intermediate ﬁeld, the Bethe splitting exceeds the multiplet one and remains less
than the distance between neighboring multiplets.
In this case, the spin–orbit coupling is broken.
The Bethe splitting in a strong ﬁeld exceeds the
distance between neighboring multiplets. This uncouples (quenches) the total orbital angular momentum from the spin angular momentum, and it
can also uncouple the individual spin orbital angular momenta from each other. Bethe splitting is
observed in phonon optical spectra as well.
BETTI RECIPROCITY THEOREM (E. Betti)
A statement of elasticity theory according to

which the following equality holds for an elastic
body in the equilibrium state when no bulk forces
are present:


(F u ) dS = (F  u) dS.
S

S

Here F and F  are surface force densities, u and
u are the corresponding body displacement vectors, and S is the elastic body surface area. In other
words, the work that would be done by F acting
through u equals the work that would be done
by F  acting through u. The theorem is a generalization of the Maxwell reciprocity theorem for a
linear elastic response.
BIAXIAL CRYSTALS

Crystals which have two optical axes with the
property that light travelling along either of these
directions is not subjected to birefringence or polarization. The angle between the two optical axes
(2θ) is called the optical axis angle. Biaxial crystals are optically positive if the bisector angle
2θ < 90◦ and negative if 2θ > 90◦ (see also Uniaxial crystals).
BICRITICAL POINT

A point on the phase diagram of a crystal
where two curves of second-order phase transitions and one curve of a rst-order phase transition meet. The latter curve usually separates the regions of existence of two different ordered phases
(see Multicritical point).
BIEXCITON, exciton molecule
A bound state of two excitons in semiconductors and insulators.

A biexciton in a semiconductor is a stable fourparticle complex containing two electrons and two
holes. Since the effective masses of an electron
me and a hole mh in semiconductors are close
to each other, the biexciton stability problem has
no small parameter for carrying out a power series expansion. Therefore, the adiabatic approximation widely used in molecular spectroscopy
is inapplicable in this case; and the calculations
are usually carried out with the help of the variational method. In the limit me /mh = 1, the
biexciton stability problem is analogous to the
positronium molecule problem. The binding energy of the positronium molecule is extremely
small: M ≈ 0.02Ex where Ex is the binding energy of the positronium atom (electron–positron
bound state analogous to hydrogen atom). For example, the biexciton binding energy in Ge and Si is
ΔM  1 meV. Variational calculations of this
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binding energy in semiconductors with different
energy band structures demonstrate that biexcitons
are stable for arbitrary values of the ratio me /mh .
In the limit me /mh → 0, corresponding to a hydrogen molecule, ΔM = 0.35Ex .
Since the energy gain due to biexciton formation from two excitons is insigniﬁcant, from the
thermodynamic viewpoint biexciton formation is
likely only at low enough temperatures. The probability of formation is in proportion to the square
of the exciton concentration; and the estimates
show that this concentration should be very large.
The most direct method for the detection and investigation of biexcitons is the analysis of their recombination emission spectra. The most probable
process of radiative biexciton decay is via a single
electron–hole pair recombination accompanied by
the creation of a photon and a recoil exciton. The
radiative decay of biexcitons was detected in the
indirect-gap semiconductors Ge and Si.
In direct-gap semiconductors, the recombination times are extremely short (10−9 s or less).
Hence, the processes of binding excitons into
biexcitons and the nonradiative decay of the latter takes place under highly nonequilibrium conditions with respect to both the phonon system
and between the electron–hole components of the
system itself. Therefore, to study the biexciton
properties in direct-gap crystals experimentally,
nonlinear optical methods were developed that
are most efﬁcient under highly nonequilibrium
conditions. The methods include the two-phonon
resonance excitation of biexcitons, the induced
one-phonon transformation of an exciton into a
biexciton, as well as the two-phonon resonance
Raman scattering of light (or hyper-Raman scattering) with participation of biexciton states. The
efﬁciency of these processes in direct-gap semiconductors is associated with a very large value
of the nonlinear susceptibility at two-phonon resonance in the biexciton state. This is the basis
for nonlinear effects of the multiwave mixing (see
Frequency mixing) and bistability with participation of biexcitons. With the help of these methods,
biexcitons were detected and studied in a number
of direct-gap semiconductors (CuCl, CuBr, CdS,
etc.).
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BIMETALS, bimetallic materials

Materials consisting of two different, tightly
bonded metals or alloys.
A distinctive feature of bimetals is a combination of various properties such as strength and
thermal-environment resistance, wear resistance,
or low electric resistance. Joining of bi- or multilayer metals occurs via the action of interatomic
forces which bring the pure metal surfaces to a
separation close to an interatomic one. The bimetals are obtained either using plastic deformation
(rolling, pressing, pressure welding, drawing, diffusion welding) or without it (casting, electroslag
welding, metallization by spraying, and so on). In
industry, bimetals are used for preserving expensive metals or alloys, as well as materials with
special properties. Bimetals containing metals (alloys) with different thermal expansion coefﬁcients
are called thermobimetals.
BINARY ALLOYS, double alloys
Alloys formed from two component systems.
Binary alloys are used when studying phase
diagrams of the phase equilibrium and the phys-

ical, chemical, thermodynamic and other properties of alloys composed of two components. For
example, binary alloys of the iron–carbon system,
binary alloys based on nickel, and so on. These
alloys include single-phase alloys and two-phase
alloys, intermetallic compounds, interstitial alloys,
and substitutional alloys, as well as various metallic materials regardless of the mode of their manufacture. A common feature is their two-component
composition. For two-component alloys (differing
in concentration) the term binary alloy system is
used (e.g., the melt diagram of the binary system Al–Si). Alloys containing three or four components are called tri-component alloys and tetracomponent alloys, respectively. Alloys composed
of four and more components are called multicomponent alloys.
BIOLOGICAL CRYSTALS
Crystals built of biological molecules (pro-

teins, nucleic acids or virus particles).
Due to the enormous dimensions of biological
macromolecules containing 103 –104 atoms, biological crystals have very large crystal lattice periods (5–20 nm) compared to ordinary crystals,
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Packing of molecules in a protein crystal.

the lattice periods in a virus reaching 100 nm
or more. An important feature of biological crystals is that they contain, in addition to the macromolecules themselves, some of the host solution
(35–80%), from which the molecules were crystallized, typically water with various ions (see
Fig.). Many biological crystals exist solely in equilibrium with such solutions. Desiccation brings
about the denaturation (structural decay) of molecules and the crystal as a whole. Regularity of the
arrangement of molecules in biological crystals is
determined by the electrostatic interaction of the
charged atomic groups at the surface of the molecules, with van der Waals forces and hydrogen
bonding playing a major role. The solvent molecules adjacent to the surface are arranged in order;
those in the intermolecular space are disordered.
The methods of crystallization of biological crystals are based on the variation of the temperature
and oversaturation. To change the solubility, some
particular salts, or organic solutes, etc., are introduced into the solution.
The enormous dimensions of biological crystals allow one to directly observe their packing
in the crystal lattice with the help of electron microscopy. X-ray diffraction also provides data on
the most complicated spatial conﬁguration of the
molecules composing the crystals, but the enormous number of reﬂections obtained (100,000)
render the process of decoding them extremely
complex.
In addition to the true three-dimensional periodic biological crystals, there exist biological
crystals with different types of ordering. Thus, deoxyribonucleic acid (DNA) forms textured gels,
i.e. liquid crystals. Their X-ray structural analysis

allowed a spatial model of DNA to be constructed,
and the nature of the genetic information transfer
to be established. Some globular proteins (catalase
and others) crystallize with the formation of tubes
with monomeric walls built of molecules arranged
according to spiral symmetry. Research of crystals
of spherical viruses with the help of electron microscopy and X-ray analysis allowed one to establish the character of the mutual packing, and the
structure of the protein molecules composing the
virus shell. The latter are arranged in a virus particle according to icosahedral symmetry, with an
axis of 5th order (see Crystal symmetry).
BIPHONON
A quasi-particle representing a bound state of
two phonons, arising due to the anharmonic vibrations.

Both phonons move in the crystal as an integral whole, and are characterized by the same
value of the wave vector. A biphonon inﬂuences
phonon optical spectra of absorption and spectra of Raman scattering of light as a sharp maximum situated at an energy below the lower edge
of the corresponding two-phonon band. The latter characterizes the crystal excitation region for
the simultaneous creation of two phonons (the socalled sum process), or at the creation of a phonon
of higher energy with simultaneous destruction of
another one of lower energy (the so-called difference process). The separation of a biphonon peak
from the two-phonon band and its intensity are
determined by constants characterizing the anharmonicity, and by the density distribution of twophonon states. Biphonons are frequently observable in phonon spectra at low temperatures.
BIPOLAR DIFFUSION
The same as Ambipolar diffusion.
BIPOLARON

A system consisting of two conduction electrons bound by a strong interaction with the
medium; in other words, two bound polarons.
The appearance of bipolarons is possible in
crystals, amorphous materials, and liquids. If the
macroscopic polarization dominates the interaction with the medium then the large dielectric constant of the medium favors the creation of bipolarons. The electron motion in a bipolaron is correlated; an essential feature is their space separation
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inside the polarization potential well. The possibility of forming bipolarons was ﬁrst established
analytically in ionic crystals and then extended to
amorphous insulators, metals and other materials.
In bipolarons the electrons with opposite spins are
bound, which leads to the absence of paramagnetism of the free charge carriers. The experimental evidence of the existence of bipolarons was obtained in a series of oxide crystals with variable
valence (e.g., Ti4 O7 ), and in some compounds of
linear organic molecules. The space–time properties and energy scale of a bipolaron are essentially
different from those in a Cooper pair. See also
Bipolaron mechanism of superconductivity.
BIPOLARON MECHANISM OF
SUPERCONDUCTIVITY

A possible mechanism to explain supercurrent
ﬂow through a crystal without resistance at low
temperatures due to the super uidity of a charged
Bose gas or a Bose u id of bipolarons.
The elementary excitation spectrum in such a
system of charged bosons possesses, due to the
long-range Coulomb repulsion, a ﬁnite energy gap
E0 = ωp at zero momentum (where ωp is the frequency of the collective plasma oscillations in the
bipolaron gas). This also satisﬁes the Landau super uidity criterion, which in this case corresponds
to superconductivity. The bipolaron mechanism of
superconductivity differs from the Cooper pairing
of the Bardeen–Cooper–Schrieffer theory (BCS)
in that bipolarons of small and intermediate radii
are separated in space, and are not expected to decay above the transition from the superconducting
to the normal state. To estimate the critical temperature of such a transition, one can use the expression for the Bose–Einstein condensation tem2/3
perature T0 = 3.312 n0 /m∗B (where n0 is the
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concentration and m∗B is the effective mass of the
bipolarons) of an almost ideal charged Bose gas
1/3 ∗
>1
of high density under the condition n0 aB
∗ = ε 2 /(4e2 m∗ ) is the effective Bohr
(where aB
0
B
radius of a bipolaron with charge of 2e, and ε0
is the static dielectric constant of the crystal). An
estimate T0  2–50 K was obtained for bipolarons of intermediate radius in ionic crystals with
1 of SrTiO3 type at m∗B  10m0 (m0 is
ε0
free electron mass) and n0 ≈ 1017 –1020 cm−3 ,
while T0  8–80 K for bipolarons of small radius
with m∗B ≈ (100–1000)m0 at n0  1022 cm−3 .
The bipolaron mechanism of superconductivity
has been proposed theoretically for heavy fermions (CeCu2 Si2 , UBe13 , UPt3 ), semiconducting
perovskites BaPb1−x Bix O3 and possibly the new
high-temperature superconductor cuprates.
BIPOLAR TRANSISTOR
A semiconductor device with its active zone
containing two semiconductor junctions separated

by a thin region called a base. The outer zones having the same conduction type are called the emitter
and collector (see Fig.). In an n–p–n type transistor the minority current carriers of the base (electrons) diffuse through the p-type base region and
penetrate the n-type collector region; in a p–n–p
type bipolar transistor the minority current carriers (holes) diffuse through the n-type base region.
A bipolar transistor is designed in such a way that
small variations of the electric current or voltage
could cause signiﬁcant current variations between
the emitter and the collector. As to their design,
bipolar transistors can be either homostructural,
heterostructural, or have graded bands. Bipolar
transistors serve for the generation and ampliﬁcation of electromagnetic oscillations, and for the
control of voltage and current.

Structure (left) and energy diagram (right) of an n–p–n bipolar transistor showing the emitter (e), base (b) and collector (c) regions. The donor and acceptor energy levels are indicated by dashed horizontal lines.
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BIRADICAL

A molecule containing two spatially separated radical centers (unpaired electrons), with the
singlet–triplet energy splitting of the orbital state
lower than or close to k B T . The appearance of
biradicals in a solid causes changes in an electron paramagnetic resonance spectrum due to exchange interactions and dipole–dipole interactions.
In chemical reactions, a biradical behaves as two
independent, but joined together, free radicals.
BIREFRINGENCE
Refraction of light in anisotropic media (e.g.,
crystals), which results in its splitting into two

beams with different polarizations. It was discovered by E. Bartholin (1669) in calcite crystals.
Birefringence is caused by the tensorial dependence of the polarization vector of the anisotropic
medium on the light wave electric ﬁeld intensity.
The result is that the polarization of light in the
medium and the phase velocities of the waves (refractive indices) both depend on the direction of
propagation. In optically inactive crystals, upon
birefringence the two waves are locally polarized
in mutually perpendicular planes (in the general
case of an optically active crystal the waves are elliptically polarized) and they have different phase
velocities.
In single-optical-axis crystals one of the waves
(ordinary ray) is polarized perpendicular to the
main cross-section, i.e. the planes which pass
through the direction of the light wave and the optical axis of a crystal, and the other wave (extraordinary ray) is polarized parallel to it. Refraction of
the ordinary wave is similar to refraction (see Refraction of light) in an isotropic medium since the
ray vector coincides with the wave vector and the
refraction index does not depend on the direction
of propagation. For the extraordinary wave the
common law of refraction is not satisﬁed: the wave
and ray vectors do not coincide, and the refraction
index n0 depends on the direction of propagation.
For light propagation along the optical axis there
is no birefringence. Biaxial crystals are characterized by three refraction indices, and they have two
directions (two optical axes), along which there
is no birefringence. The phase velocities of both
waves depend on the direction of propagation, and
both waves, upon refraction, may emerge from the
plane of incidence.

Birefringence is possible not only in naturally
anisotropic media, but also in media with an induced anisotropy caused by external ﬁelds: electrical (Pockels effect, Kerr effect), magnetic (Voigt
effect), and acoustical. Phenomena similar to birefringence have also been observed outside the optical range of the electromagnetic spectrum. See
also Self-induced light polarization change.
BISMUTH (Lat. Bismuthum), Bi

Chemical element of Group V of the periodic
table; atomic number 83, atomic mass 208.98.
Natural bismuth consists of one stable isotope
209 Bi. Electronic conﬁguration of outer shells
is 6s 2 6p3 . Ionization energies are 7.289, 16.74,
25.57, 45.3, 56.0 eV. Atomic radius is 0.182 nm,
radius of Bi3+ ion is 0.120 nm, of Bi3− ion is
0.213 nm. Electronegativity is ≈1.95. In the free
form Bi is a silvery metal with a pink tint. Crystalline lattice is rhombohedral with the following
parameters: a = 0.47457 nm and α = 57◦ 14 13 .
Its density is 9.80 g/cm3 (at 293 K); density
of the liquid form is 10.27 g/cm3 (at 544.4 K);
T melting = 544.4 K, T boiling = 1833 K. Speciﬁc
heat is 0.129 (at 293 K), in liquid state 0.142 (at
544.4 K), 0.148 (at 673 K), 0.166 kJ·kg−1 ·K−1 (at
1073 K); thermal coefﬁcient of linear expansion
is 13.3·10−6 K−1 , volume expansion of metal
upon solidifying +3.32% (at 544.4 K); thermal
conductivity coefﬁcient is 8.374 W·m−1 ·K−1 (at
293 K), 15.491 (at 673 K); heat of melting is
11.38 kJ/mole; heat of evaporation 179 kJ/mole.
Speciﬁc electrical resistance is 1068 μ·m (at
293 K), 1.602 (at 373 K), 1.289 (at 573 K), 1.535
(at 1053 K). The transition temperature T c of
a superconducting thin ﬁlm state is ≈7 K. Under the inﬂuence of a magnetic ﬁeld the electrical resistance of Bi increases more than that of
other metals so it is used for the measurement of
strong magnetic ﬁelds. The tensile strength is 4.9
to 19.6 MPa, elastic modulus is 31.37 GPa, rigidity 12.35 GPa, Brinell hardness is 94.2 MPa, Mohs
hardness is 2.5. Adiabatic elastic moduli of Bi in
the hexagonal system, 3m (D3d ) class (room temperature): c11 = 63.7, c12 = 24.88, c13 = 24.7,
c14 = 7.17, c33 = 38.2, c44 = 11.23 GPa. In the
temperature range 423 to 523 K, bismuth compresses in a comparably easy manner. Bismuth
is a diamagnetic metal with magnetic susceptibility −1.35·10−9 (upon melting the susceptibility
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decreases 12.5 times). Cross-section for thermal
neutron capture is not high in Bi (0.034 barn). Bismuth is used for the production of low-melting alloys (e.g., Wood’s metal alloy with melting point
of 343 K). Bismuth alloys are used in the helices
of devices for measuring strong magnetic ﬁelds,
and it also serves as a heat-transfer agent in nuclear reactors.
BISTABILITY

A property whereby a system has two stable
states in a certain region of variation of its parameters. The existence of bistability is connected with
nonlinear properties of the system, and produces
hysteresis during a fast enough variation of the
parameters. It is exempliﬁed by optical bistability,
polarization optical bistability, an N- or S-shaped
current–voltage characteristic, the magnetic polarization of a ferromagnet, in a magnetic ﬁeld, etc.
Nonlinear systems may exhibit more than two stable states (multistability).
BITTER PATTERN
See Magnetic powder pattern.
BLACK-AND-WHITE GROUPS
The same as Shubnikov groups.
BLAHA–LANGENECKER EFFECT (F. Blaha,
B.-Z. Langenecker, 1935)

Reduction of the force needed for plastic deformation of a specimen under simultaneous action of
static and alternating loads.

117

The effect is observed in technological processes involving the shape-changing of metals (such
as drawing, punching, rolling, and so on). The
effect is especially noticeable when using ultrasound (see Ultrasonic treatment); in this case, the
reduction of static stress depends on the ultrasound intensity, the nature and the condition of the
material, the temperature, and other conditions.
The effect of the ultrasound is explained by a local
absorption of the energy of the high-frequency oscillation by various defects of the crystalline structure (see Defects in crystals), which facilitates the
multiplication of dislocations and vacancies, as
well as their motion in the crystal.
BLISTERING

An appearance of blisters on a crystal surface
under bombardment with atoms (ions) of inert
gases, protons, and other particles.
The blisters “ripen” with an increase in dosage
(see Dosimetry) up to a stage when the blister
dome breaks due to the increased pressure inside
it. A new generation of blisters can develop on the
uncovered area. The subsequent stages of the blistering are shown in the ﬁgure. The phenomenon
of blistering is caused by migration of irradiationinduced vacancies and vacancy pores towards the
surface. The mechanical stresses arising at embedding of the bombarding ions into the subsurface
layer can also induce blistering. If the defect density is sufﬁciently uniform along the surface, the
scabbing of thin plates off the surface of the irradiated material takes place instead of blister formation. The blistering and ﬂaking phenomena lead

Blistering process.

118

BLOCH EQUATIONS

to strong surface erosion of irradiated material at
high irradiation doses.
BLOCH EQUATIONS (F. Bloch, 1946)

Phenomenological equations describing the
magnetic properties of ensembles of electrons
(γ < 0) and nonzero-spin nuclei (γ > 0) in external magnetic ﬁelds:

χ  = (ω0 − ω)T2 χ  ,

Mx i + My j
dM
= γ (M × B) −
dt
T2
Mz − M0
−
k,
T1

χ  =
(1)

where Mx , My , Mz are the components of magnetization vector M; M0 is the equilibrium value of
Mz ; i, j and k are the unit vectors of the laboratory coordinate system; B = kB0 + i2B1 cos ωt ,
B0 is the constant magnetic ﬁeld component directed along z axis; ω is the frequency; and
B1 is the amplitude of alternating magnetic ﬁeld
(B0 B1 ); γ is the gyromagnetic ratio. The constant T1 is called the longitudinal or spin–lattice
relaxation time and T2 is the dephasing time, also
referred to as the transverse or spin–spin relaxation time. In the general case, T1 is unequal to
T2 (T1  T2 ) since T1 characterizes the rate of establishing thermal equilibrium between the spins
and the lattice, while T2 is related to rate of establishing thermal equilibrium within the spin system, and this latter is equivalent to the decay rate
of the phase coherences between precessing spins
(as a result of the interaction between each other
and with their environment, the spins precess in
different local ﬁelds).
The Bloch equations are based on the following reasoning. In an arbitrary uniform magnetic
ﬁeld B the equation of motion of the magnetization vector M of the ensemble of free spins
has the form dM/dt = γ (M × B). It is postulated that: (i) in a constant magnetic ﬁeld Bz , the
longitudinal magnetization Mz relaxes to M0 in
an exponential manner, i.e. satisﬁes the equation
dMz /dt = −(Mz − M0 )/T1 ; (ii) transverse components Mx and My decay exponentially to zero
as
dMx
Mx
,
=−
dt
T2

dMy
My
;
=−
dt
T2

(iii) in an external magnetic ﬁeld (comprised of a
strong constant and weak alternating components)
the relaxation motion of the magnetization vector
is superimposed on the motion of free spins.
Under the conditions of resonance, the stationary solutions of Eqs. (1) lead to the following
expressions for the real (χ  ) and imaginary (χ  )
parts of the magnetic susceptibility:

(2)

1
−1
,
γ M0 T2 1 + (ω − ω0 )2 T22 + S
2

where ω0 = γ B0 , χ  determines the Lorentzian
shape of the line with a half-width at a half-height
of Δ = (1 + S)1/2 /T2 ; and the saturation factor
(see Saturation effects) S = γ 2 B12 T1 T2 indicates
the dependence of the line shape on the alternating ﬁeld intensity. In the absence of saturation
(S  1), the half-width is determined by the spin–
spin relaxation time T2 . The Bloch equations are
also used for the analysis of pulsed experiments.
One can obtain Eqs. (1) from the general theory
of relaxation (see Bloch–Red eld theory). For twolevel systems they are valid if alternating ﬁelds are
small and there are no spin–spin interactions. In
solids the value of T2 is often estimated from the
width. In this case Eqs. (1) lead to a discrepancy
with the experimental data in the limit of strong
saturation. Despite the limits to their applicability, the Bloch equations play an important role in
elucidating many aspects of nuclear magnetic resonance and electron paramagnetic resonance in
solids.
BLOCH FUNCTION
See Bloch theorem.
BLOCH–GRÜNEISEN FORMULA (F. Bloch,
E. Grüneisen, 1930)

An interpolating expression describing the temperature dependence of that part of electric resistance of metals ρT that is caused by electron scattering by lattice vibrations (phonons):
 5 Θ/T

z5 dz
T
ρT = 4
ρ0
,
z
Θ
(e − 1)(1 − e−z )
0

(1)

BLOCH LINE

where Θ is the Debye temperature, and ρ0 is a
constant independent of temperature. In the simplest case of a spherical Fermi surface, the value
of ρ0 is
ρ0 =

ε2
3π m2
,
2
2
 e n M0 v0 kΘ

(2)

where m is the electron effective mass, M0 is
the atomic mass of a metal atom, v0 is the
volume per atom, n is the density of conduction electrons, ε is a particular energy parameter (in the simplest case, the strain potential)
characterizing the electron–phonon interaction;
ε ∼ 1–10 eV. At high temperatures (T
Θ),
Eq. (1) has the form ρT = (T /Θ)ρ0 , i.e. it describes an ordinary linear growth of the metallic resistance with increasing temperature. At low
temperatures (T  Θ), Eq. (1) yields the wellknown Bloch law ρT ∼ T 5 , where ρT =
497.6(T /Θ)5 ρ0 . For a majority of simple metals
the parameter Θ evaluated from Eq. (1) is in good
agreement with the Debye temperature obtained
from measurements of the speciﬁc heat.
BLOCH LAW, three halves power law (F. Bloch,
1930)

The temperature T dependence of spontaneous
magnetization Ms of ferromagnets in the temperature range signiﬁcantly lower than Curie point Θ,
but higher than the magnon activation energy:
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BLOCH LINE

A linear inhomogeneity of a 180◦ magnetic
domain wall (Bloch wall) that separates wall re-

gions with different directions of magnetization
rotation (see Fig.). The z axis is the Bloch line.
A Bloch line cannot end anywhere in the domain wall, it either forms a closed ring, or terminates at the surface of the magnetic substance, i.e.
the medium. The domain wall thickness decreases
near the Bloch line, as shown. Bloch lines are
distinguished according to their orientation. Vertical Bloch lines are directed normally to the surface of the magnetized material, and exist in domain walls of materials with magnetic bubble domains. They can be detected with the help of direct
methods, such as electron microscopy or, in some
cases by magneto-optic methods (see Magnetic domain characterization), and by the deformation of
a moving domain wall at the location of an accumulation of vertical Bloch lines. Magnetic bubble domains with a large number of vertical Bloch
lines (see Rigid magnetic bubble domain, Dumbbell domain) possess anomalous dynamic properties. S. Konishi (1983) proposed to use these lines
for solid-state systems capable of superdense magnetic information recording. Horizontal Bloch lines
that are directed parallel to the sample surface, as
well as Bloch lines of a more involved shape, can
arise during the motion of a twisted domain wall
(see Domain wall twisting). Horizontal Bloch lines

 
T 3/2
,
Ms = Ms0 1 − α
Θ




where M s0 is the maximum value of M s at
T = 0 K, and α is a constant which is speciﬁc
for a given substance. This formula represents the
ﬁrst terms of the expansion of M s (T ) in powers of
T /Θ. The subsequent terms of the series are negligible (at T < Θ) and, as experiments show, the
Bloch law is satisﬁed well up to T ≈ Θ/2. The decrease of M s with increasing T is a result of the
disturbance of the ordered orientation of atomic
(spin) magnetic moments in ferromagnets due to
the thermal excitation of magnons. Their number
grows as T 3/2 with increasing temperature, in accordance with the equation.

Distribution of magnetization indicated by solid arrows
outside and within a domain wall with vertical (along z)
Bloch lines; light arrows indicate directions of magnetization rotation.
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BLOCH POINT

play an important role in the formation of the phenomenon of ballistic aftereffect in the motion of
magnetic bubble domains.
BLOCH POINT

A point inhomogeneity, a singular point of the
magnetization M(r) at the merging of two Bloch
lines of different signs in a magnetic domain wall.

The magnetization on a closed surface surrounding a Bloch point takes on all possible values.
Thus, m = M/M s is equal to +ez and −ez far
from the domain wall, to +ey and −ey in the middle of the domain wall far from the Bloch line, and
to +ex and −ex in the middle of Bloch line segments of opposite sign (see Fig.). Hence, when approaching a Bloch point, the direction of magnetization m depends on the direction of approach,
thus producing a “hedgehog”-type singularity of
the magnetization ﬁeld (see Topological inhomogeneity). The following distribution corresponds
to this singularity at a < r < Δ (a is the interatomic distance, Δ is the domain wall thickness):
r
(1)
m=± ,
r
where the different signs determine the sign (i.e.
topological charge) of a Bloch point. There are
other possible distributions that can be obtained

Distribution of magnetization indicated by arrows in a
domain wall with a Bloch point BP crossed by Bloch
lines BL-1 and BL-2.

from Eq. (1) by a uniform rotation. (The Bloch
point in Fig. takes the form m = r/r after the rotation of m by π/2 about the y axis.) In materials with strong uniaxial magnetic anisotropy, the
loss of domain wall energy due to the presence
of a Bloch point is not signiﬁcant. Bloch points
must always arise under certain distributions of
the magnetization. Bloch points and their displacements under the action of an appropriately directed
magnetic ﬁeld (along x axis) are detectable in domain walls of materials with magnetic bubble domains by the deviation of the direction of domain
motion from the direction of the magnetic ﬁeld
gradient (see Rigid magnetic bubble domain).
BLOCH–REDFIELD THEORY

A magnetic resonance theory describing the
time evolution of a spin system, located in an
external magnetic ﬁeld, and interacting with its
molecular environment (with the lattice).
The main result of the theory is the Markovian kinetic equation for the spin density matrix.
A consistent quantum-statistical derivation of the
kinetic equation was ﬁrst presented by F. Bloch
and R.K. Wangness, then Bloch generalized the
theory for alternating magnetic ﬁelds of arbitrary
magnitude. Later A.G. Redﬁeld put forth a semiclassical theory of relaxation where an approach to
the calculation of the kinetic equation coefﬁcients
was treated for the ﬁrst time. The basic physical
concepts of the Bloch and Redﬁeld theories are the
same. Later, both theories were described within
the framework of a general formalism by other authors.
Let a closed region comprise a spin system and
a lattice with the Hamiltonian H = Hs + Hs (t) +
Hsf +F where Hs is the time-independent Hamiltonian of the spin system, Hs (t) is the interaction
operator of the spin system with alternating magnetic ﬁelds, Hsf = α uα vα is the spin–lattice
interaction operator, uα are the lattice operators,
vα are the spin operators, F is the Hamiltonian of
the lattice. The exact equation of motion for the
density matrix ρ of the closed system, idρ/dt =
[H, ρ], is iterated in the interaction representation,
and the inﬁnite series obtained is truncated at the
second term (spin–lattice interaction considered as
small perturbation). Then the spin density matrix
evolves with the expression: σ = Trq ρ where the

BLOCH WALL

trace (Tr) of the matrix is taken over the lattice
states. The kinetic equation for elements σmn has
the following form:
dσmn
dt
= i[σ, Hs + Hs (t)]mn

+
(2Γmkln σkl − Γklmk σln − Γlnkl σmk ).
kl

(1)

Here the indices m, n, k, l enumerate the energy
levels of Hamiltonian Hs ;

jαβ (ωmk )vβmk vαln Δ(ωmk +ωln ),
Γmkln = π
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the density matrix σ changes insigniﬁcantly
within the time tl , thus allowing one to apply perturbation theory);
(iv) alternating magnetic ﬁelds are small; γ B1 
τc−1 , γ B0 , where B1 is the amplitude of the
external alternating magnetic ﬁeld, B0 is the
amplitude of the externally applied magnetic
ﬁeld, and γ is the gyromagnetic ratio;
(v) the interaction between the lattice and the
spin system results in a small shift of the levels of the latter that is ignored in Eq. (1); and
(vi) the relaxation coefﬁcients Γ are time-independent and comparable to the reciprocals of
the relaxation times.

αβ

where jαβ (ωmk ) is the Fourier transform of the
lattice correlator:
jαβ (ωmk )
=

−βFr δ(ω
mk + ωrr  )
r,r  uαr  r uβrr  e
,
−βF
2πTrq e

where ωr  r are the lattice eigenfrequencies;
ωmk are the eigenfrequencies of the spin system; vβmk and vαln are the matrix elements
with respect to eigenfunctions of Hamiltonian Hs ;
uαr  r and uβr  r are the matrix elements of eigenfunctions of operator F ; β = /(k B T ), where
T is the lattice temperature, Fr is the energy of
rth lattice level. One must retain on the righthand side of Eq. (1) those Γmkln for which
|ωmk + ωln |  τc−1 . This is formally achieved by
the introduction of the Heaviside step function
Δ(x) = 1 at |x| < τc−1 and Δ(x) = 0 otherwise,
where τ c is the lattice correlation time (perturbations in the lattice disappear within time τ c ).
The derivation of the equation requires a number of assumptions:
(i) the lattice stays close to thermal equilibrium;
(ii) the inﬂuence of the spin system on the lattice is negligible, since the lattice has many
more degrees of freedom than the spin system (ρ = σρf , where ρf is the equilibrium
density matrix of the lattice);
(iii) there exists a time interval t such that
t τ c and simultaneously t  τ r , where
τ r is the shortest relaxation time of the spin
system (if the latter condition is met then

It follows from the relation
Γmkln = Γlnmk exp(βωln ) ≈ Γlnmk exp(βωkm )
that in the absence of alternating magnetic ﬁelds,
the solutions of Eq. (1) are elements of the equilibrium spin density matrix, i.e. due to the relaxation the spin system equilibrates with the lattice.
Eq. (1) describes the magnetic resonance and the
relaxation of magnetically dilute spin systems.
BLOCH THEOREM

One of the most important theorems in solid
state physics, which states that the intrinsic states
of a particle in a periodic potential V (r) satisfying condition V (r + t) = V (r) (where t is
the constant distance vector called the directlattice vector) can be characterized by two quantum numbers, viz., the band number λ and a realvalued vector k called the quasi-wave vector (lattice wave vector or crystal momentum). The wave
function Ψkλ (r) called the Bloch function satisﬁes the condition Ψkλ (r + t) = Ψkλ (r) exp(ikt);
and can be written as Ψkλ (r) = ukλ (r) exp(ikt)
where ukλ has the symmetry of the potential, so
that ukλ (r + t) = ukλ (r). The function Ψkλ (r)
can also be written as a linear combination of
Wannier functions Φλ (r), i.e. Ψkλ (r) =
ikr
R e Φλ (r − R), where the set of points R
transforms to itself upon displacement by the vector t , i.e. it possesses the symmetry of the potential.
BLOCH WALL
See Magnetic domain wall.
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BLOCH WAVE FUNCTION

BLOCH WAVE FUNCTION
See Bloch theorem.
BLOCK STRUCTURE
Partitioning a crystal into regions (blocks)

slightly disoriented relative to each another (disorientation angles are on the order of a few
minutes of arc). Other terminologies are mosaic
structure and blocks of mosaics (see Mosaic crystals).
A block structure comprises disordered regions
separated by closed small-angle boundaries in the
form of dislocation interlacements, skeins, tangles, nets and dislocation walls of various structural and dislocation compositions. The regions
contain both a cellular structure and a variety of
dislocation structures such as individual dislocations, dislocation dipoles, multipoles, clusters, interlacements, wisps, nets, walls, and so on. The
boundaries may be thin or thick, dense or rareﬁed,
etc. The nets, boundaries, and walls may be regular or irregular; the networks may be hexagonal, tetragonal, etc. Incomplete (i.e. either forming or decaying) boundaries are a common occurrence. Depending on the dislocation composition
and structure, the boundaries may be twisting or
inclination ones, or a mixture of different varieties.
The blocks may be equiaxial or nonequiaxial textured (see Texture). Block structures with smallangle boundaries composed of fairly regular nets
and walls are often called polygonized structures.
If the block size is commensurable with the grain
size in a polycrystal, or with a single crystal size,
the blocks are often called subgrains. The block
size can vary from 0.1 to 10 μm.
BLUE BRITTLENESS
Lowering of the plasticity of unhardened construction steel at temperatures of blue color ir-

ridescence (300–500 ◦ C). It is responsible for the
hardening of ferrite at temperatures about 300 ◦ C
under conditions of static loading, and the formation of aggregations of impurity atoms which enhance its brittleness at temperatures about 400–
500 ◦ C under conditions of dynamic loading. In
this case the plasticity is reduced owing to the
formation of Cottrell atmospheres around dislocations because of the sharp growth of the diffusion
rate as the temperature rises. In addition, under

conditions of shock loading, the velocity of dislocation motion exceeds that of impurity atom atmospheres. The latter start to lag behind the dislocations, forming elongated aggregations of impurity atoms, which extend in the direction of the
steel plastic ﬂow. The presence of such aggregations in steel ferrite increases the alloy brittleness.
Blue brittleness is reduced in steel by introducing
elements linking interstitial atoms in carbides and
nitrides.
BLUE PHASES of liquid crystals
Phases existing in a narrow temperature range

(1–0.1 ◦ C in order of magnitude) between a liquid
phase and a cholesteric phase (see Cholesteric liquid crystal), possessing a spatial three-dimensional
periodicity, and formed by bilaterally asymmetric elongated molecules. Three blue phases are
known, designated as BPI, BPII, and BPIII, with
no translational long-range order present in the
highest-temperature phase BPIII of the group (see
Long-range and short-range order).
In view of the bilateral symmetry of phases BPI
and BPII, a coil twisting is locally advantageous
in two directions (in spite of the single direction
where it takes place in a cholesteric). Therefore, a
three-dimensional lattice of linear defects (disclinations) with a period 0.5 μm appears in the system. Thus, blue phases are the analogues of ordinary solid crystals where the structural elements
are not the individual atoms or molecules, but the
cells of the disclination network. There also exist
some other models of blue phases. The positions
of the molecules themselves are not ﬁxed; only
their orientations are conserved at every point. Despite the lack of any direct proof of the existence
of the disclination lattice in a blue phase, there
are some indirect effects arguing in favor of the
model, such as the increase of the lattice period
with a decrease in the temperature. Due to a periodic structure, the BPI and BPII are able to form
well-faceted monocrystals, and also to selectively
scatter light in a visual spectral range, thus acquiring the blue color that gives them their name. Two
optical characteristics of the BPI and BPII phases
are the strong rotation of the light polarization plane
(arising due to a coil structure) and the lack of linear double refraction (due to the cubic form of the
disclination network cells). Although blue phases

BOGOLYUBOV METHOD

have been well known since the discovery of liquid crystals in 1888, nowadays these phases are
among the least studied liquid crystals.
BODY-CENTERED LATTICE, I -lattice

A lattice whose unit cell parallelepiped contains an extra site in the cell center (see Bravais lattices) as well as the sites at the vertices. In addition
to the three basic translations a, b, c, the lattice
possesses a further translation t = (a + b + c)/2.
The latter can appear only in rectangular parallelepipeds; therefore, body-centered lattices exist only in orthorhombic, tetragonal, and cubic
crystallographic systems. In triclinic and trigonal
crystal systems the I-lattice reduces to a smaller
primitive lattice (see Primitive parallelepiped). In a
monoclinic crystal system, this is a base-centered
lattice with the unit cell volume and other basis
translations half as large. In the hexagonal lattice
case, the appearance of the translation t leads to a
lowering of the symmetry to that of a monoclinic
base-centered lattice. Considering the point symmetry of the sites, the body-centered lattice belongs to the body-centered Bravais groups.
BOGOLYUBOV CANONICAL
TRANSFORMATIONS

See Canonical transformation method.
BOGOLYUBOV–DE GENNES EQUATIONS
(N.N. Bogolyubov, 1958; P.G. de Gennes, 1963)

Equations of the mean eld approximation in
the theory of superconductivity that determine
the energy eigenvalues ελ and the correspond (r)
of Boing two-component wave functions uv λ(r)
λ
golyubov quasi-particles (see Bogolyubov method)
in a spatially inhomogeneous state of a superconductor described by the order parameter Δ(r) =
g(s −s ). Here s (r) is the annihilation operator of an electron with spin s, and g is the matrix
element of the effective electron–electron interaction in Bardeen–Cooper–Schrieffer theory. These
equations have the form:
0 uλ (r) + Δ(r)vλ (r) = ελ uλ (r),
H
∗ vλ (r) + Δ∗ (r)uλ (r) = ελ vλ (r),
−H
0
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where


0 = 1 −i∇ − eA(r) 2 + U (r) − E F
H
2m
is the one-electron Hamiltonian of the normal state
of a metal, m is the electron mass, A(r) is the
magnetic ﬁeld vector-potential, U (r) is the effective one-particle potential for the electrons in the
metal, and E F is the Fermi energy. In the thermodynamic equilibrium state, the value of Δ(r) satisﬁes the self-consistency condition



ελ
.
uλ (r)vλ∗ (r) tanh
Δ(r) = g
2kB T
λ

The Bogolyubov–de Gennes equations were used
to solve spatially nonuniform problems of superconductivity theory such as, e.g., calculation of
the upper critical eld B c2 (T ), ﬁnding the excitation spectrum in the vortex lattices, determining the boundary conditions in proximity effect
theory, elucidating particular features of the reﬂection of quasi-particles from a “normal metal–
superconductor” interface (see Andreev re ection
of quasi-particles), ﬁnding the excitation spectrum
in S–N–S contacts, etc.
BOGOLYUBOV METHOD in the theory of
superconductivity (N.N. Bogolyubov, 1958)

A ﬁeld theory method for calculating the
ground state energy and the spectrum of single
particle and collective excitations in superconductors.
The initial Hamiltonian of the electron and
phonon subsystems of a metal was diagonalized
using the unitary transformations of creation and
annihilation operators of bosons and fermions (see
Canonical transformation method) and the principle of renormalization, i.e. the compensation of
divergent Feynman diagrams by a perturbation
theory series. The Bogolyubov method is an alternative to the variational method in Bardeen–
Cooper–Schrieffer theory and, unlike the latter, allows a consistent treatment of collective effects
and the Coulomb interaction in superconductors.
In particular, within the framework of the Fröhlich Hamiltonian for the electron–phonon interaction, this method was used to obtain in the
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BOGOLYUBOV–TOLMACHYOV LOGARITHM

weak coupling limit, for the ﬁrst time, an equation for the energy gap parameter Δ in the spectrum of a superconductor taking into account effects of retardation. In addition, with the help
of the Bogolyubov method, a further weakening
of the screened electron–electron repulsion was
shown to exist (see Bogolyubov–Tolmachyov logarithm), which facilitates Cooper pairing due to
the electron–phonon interaction. When the Bogolyubov method was applied to collective excitations involving undamped branches in the energy range √
ω < 2Δ with a linear dispersion law
ωq = qv F / 3 (where v F is the Fermi velocity),
they were found to exist in neutral superﬂuid
Fermi systems. That branch represents a Goldstone mode. In charged Fermi systems with longrange Coulomb repulsion (electrons in a metal),
the branch transforms into plasma oscillations with
the frequency ωq = 0 at q → 0.
BOGOLYUBOV–TOLMACHYOV LOGARITHM
(N.N. Bogolyubov, V.V. Tolmachyov, 1958)
The logarithm of the ratio of the Fermi energy
in metals E F ∼ 1–10 eV to the mean energy of
phonons ωD ∼ 0.1–0.01 eV (ωD is the Debye
frequency) that characterizes the extent of the ef-

fective weakening of the Coulomb repulsion between the electrons in a superconductor:
c =
V

Vc
,
1 + N(0)Vc ln[EF /(ωD )]

where V c is the matrix element of the screened
Coulomb interaction that is averaged over the
Fermi surface, and N(0) is the density of states
at the Fermi level. The extra (relative to screening) weakening of the repulsion is caused by the
decreased probability of the appearance of two
electrons within the limits of the screening region
due to Coulomb scattering. It facilitates electron
Cooper pair formation via an effective attraction,
which results from virtual phonon exchange.
BOHR MAGNETON
See Magneton.
BOHR RADIUS

The radius a B of the orbit of an electron in the
ground state of a hydrogen atom.

More generally, the distance between the center of the hydrogen atom and the maximum of the
quantum-mechanical probability for detecting an
electron; or the distance through which the electron wave function reduces by the numerical factor of e = 2.71828. The Bohr radius has the value
a B = 4πε0 2 /(me2 ) = 5.2918·10−11 m, where
m and e are the electron mass and charge, respectively,  = h/(2π) is the reduced Planck constant. In the physics of insulators and semiconduc∗ is used which
tors the effective Bohr radius aB
differs from the Bohr radius a B with m replaced
with the effective mass of an electron in a crystal
√
and e replaced by the effective charge e∗ = e/ ε,
where ε is the relative dielectric constant. The effective Bohr radius determines the approximate
∗ n2 )
dimensions and energy, En = −e∗2 /(8πε0 aB
(where n is the principal quantum number), of
shallow hydrogen-like centers and Wannier–Mott
excitons in semiconductors. It is a convenient scale
for expressing the dimensions of localized electron states in nonmetallic crystals.
BOHR–VAN LEEUWEN THEOREM (N. Bohr,
1911; generalized by J. van Leeuwen, 1919)

A theorem of classical statistical physics,
which states that the magnetization of a system of
charged particles in a constant external magnetic
ﬁeld under the conditions of statistical equilibrium
is equal to zero. The theorem demonstrates that it
is impossible, within the framework of the classical statistical mechanics of charged particles, to
explain ferromagnetism, paramagnetism and diamagnetism. As was shown later, the magnetism of
a substance is caused by quantum properties of the
particles comprising it.
BOLOMETER

A device for measuring the radiated energy
(power) in the infrared and optical wavelength
ranges. It is in common use for various detection
schemes with narrow ranges of extreme sensitivity
to particular excitations.
It was ﬁrst used by S. Langley (1880) for measurements in the IR range of the solar spectrum.
The principle of bolometer operation is based on
the change of the resistance of the thermosensitive
element under the action of radiation. Bolometers are nonselective optical radiation detectors. To

BOLTZMANN EQUATION

obtain equivalent spectral sensitivity in a given
range, absorbing coatings are applied to the sensitive elements of the bolometer. There are metallic,
semiconductor (thermistor) and insulator bolometers. The use of cryogenic effects allowed producing cooled bolometers based on the conduction of shallow levels in semiconductors, as well as
superconducting (isothermal and nonisothermal)
bolometers.
BOLTZMANN CONSTANT (L. Boltzmann)

One of the fundamental physical constants, a
parameter of the statistical Boltzmann distribution
and Gibbs distribution. Through them, the Boltzmann constant k B enters various thermodynamic
relations, for example, it relates the thermodynamic probability W of a system state to the entropy S through the expression S = k B ln W , and
determines the mean thermal energy k B T /2 of a
particle per degree of freedom. The gas constant R
involved in the equation of state for one mole of
the ideal gas, pV = RT (p is pressure, V is gas
volume), is related to the Boltzmann constant by
k B = R/N A , where N A is the Avogadro number.
The standard value based on the 1986 CODATA
recommendations is k B = 1.38066·10−23 J/K.
BOLTZMANN DISTRIBUTION
A distribution function of coordinates and momenta for particles or quasi-particles of an ideal

nondegenerate gas in the state of thermodynamic
equilibrium. The probability dW of a particle to
have a momentum in a range p ⇒ p + dp and a
coordinate in a range r ⇒ r + dr is related to the
Boltzmann distribution fn (r, p) by
dW (r, p) = fn (r, p) dr dp,
where in the classical case we have the approximation


ε(p) + U (r)
.
(1)
fn (r, p) = A exp −
kB T
Here ε(p) is the kinetic energy, U (r) is the potential energy, k B is the Boltzmann constant, and A is
the normalization factor found from the condition
that the probability of a particle to be present in
the phase space equals unity, i.e. W = dW = 1.
Sometimes the following expression obtained by
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integrating Eq. (1) over all momenta p is referred
to as the Boltzmann distribution function:


U (r)
f (r) = A exp −
,
kB T
while Eq. (1) is called the Maxwell–Boltzmann
distribution. Integration of Eq. (1) over coordinates yields the Maxwell distribution of velocities.
In a quantum description of particles characterized
by a set of single-particle energy levels Ei , the
Boltzmann distribution takes the form


μ − Ei
,
(2)
ni = exp
kB T
where ni is the average number of particles in the
state with energy Ei , μ is the chemical potential
of the system that acts as the normalization factor
determined by setting the sum i ni equal to the
total number of particles, N . The Boltzmann distribution is the high temperature limiting case of
the more accurate Bose–Einstein and Fermi–Dirac
distribution functions (see Bose–Einstein statistics, Fermi–Dirac statistics) that take into account
the quantum character of particle motion, and this
limiting case is valid for an ideal gas with a small
density of particles at high temperatures. In the
physics of semiconductors, the Boltzmann distribution is widely used in the statistics of a gas of
quasi-particles (electrons and holes) to determine
their equilibrium concentrations and other speciﬁc
parameters.
BOLTZMANN EQUATION (L. Boltzmann, 1872)
An integro-differential kinetic equation that

provides the time (t) evolution of the one-particle
distribution function (f ) of a low-density monatomic gas. The Boltzmann equation has the form
∂f
1
+ (p, ∇x f ) + (F, ∇p f ) = ρLp (f, f ),
∂t
m
where f (x, p, t) is the probability density function in the phase space of coordinates and momenta of a particle (x, p), m is the particle mass,
F is the external force ﬁeld applied at the point
(x, p) of the phase space, and ρ is a dimensionless parameter proportional to the mean density of
gas particles. The collision operator (or collision
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integral) Lp has the following form:


1
Lp (f, f ) =
dp  dσ |p − p  |
m


× f (p∗ )f (p ∗ ) − f (p)f (p  ) ,
where the explicit dependence of the function f
on the coordinates and time is omitted, and dσ is
the differential cross-section which includes conservation laws of both energy and momentum.
Momenta p∗ , p ∗ can be found from solving the
scattering problem for two particles with incident
momenta p and p  and a certain impact parameter, colliding in accordance with the laws of classical mechanics. When deriving the Boltzmann
equation, the evolution of the function f (x, p, t)
within a small time interval is assumed to be determined by its value at a given instant of time t
by means of the free motion of gas molecules and
their pairwise collisions, provided the interaction
time during the collision of two gas particles is
much smaller than their mean free path time. The
operator Lp is constructed taking into account the
number of particles in a phase volume element.
The Boltzmann equation is derived from the Liouville equation in the lowest-order approximation
using an expansion in powers of the density. If a
system is in statistical equilibrium the collision integral vanishes, and the Maxwell distribution will
be a solution to the Boltzmann equation.
BOND

See Chemical bonds, Covalent bond, Hydrogen bond, Ionic bond, Ionic-covalent bond, Metallic
bond.
BOOJUM
A point defect in the ﬁeld of a director at the
boundary of a nematic (see Nematic liquid crystal).

Boojum-induced elastic distortion spreads over
the entire bulk medium. Displacement of a boojum
into the bulk is energetically unfavorable because
a boojum in this case would be a point defect connected to the surface, i.e. a disclination. The director distribution in the vicinity of a boojum depends
on the orientation of nematic molecules near the
boundary. When this orientation changes, e.g., as
shown in the ﬁgure, from a tangential orientation
to a normal one, a boojum can either disappear or
transform into a hedgehog and move from the sur-

Change in the director distribution during the transformation of a boojum into a hedgehog (above), and into a
uniform state (below), during the variation of the director
angle relative to the surface. Each distribution is axially
symmetric, and the ﬁgure presents sections in a vertical
plane.

face to the interior. Experimentally, boojums are
observable in plane textures of liquid crystals in the
form of defect points at the sample surface as well
as in spherical nematic drops. The boojum was
ﬁrst studied by N.D. Mermin (1976) in superﬂuid
3 He-A. The nature of the ordering in the latter is
similar to that in nematic liquids (see Super uid
phases of 3 He).
BORN APPROXIMATION (M. Born, 1926)

A quantum mechanical perturbation theory
method of calculating the probability of scattering of a particle (quasi-particle) off a distancedecaying potential V (r). It is based on using plane
waves for both the initial wave function prior to
scattering, and the ﬁnal wavefunction far beyond
the range of V (r) after scattering. The scattering
amplitude in ﬁrst order perturbation theory (ﬁrst
Born approximation) is


m
e−i(k−k )r V (r) d3 x,
Akk  = −
2
2π
where m is the scattered particle mass, and k and
k  are the wave vectors of the incoming and scattered states of the particle, respectively. Subsequent orders of perturbation theory take into account the deviation of the wave function of the
particle from a plane wave, which is caused by
the interaction potential. The criterion of the Born
approximation is |V (R)|  2 /(mR 2 ), where R
is the range of the interaction potential. For an
electron scattering off a Coulomb potential, the
v
criterion of the Born approximation is v
(v is the relative velocity of colliding particles,
v is the velocity of electron motion in the Bohr
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orbit (see Bohr radius), v = Ze2 /(4πε0 ) (Z is
the atomic number, e is the electron charge). The
Born approximation ﬁnds wide use in the theory
of current-carrier scattering and scattering of other
microscopic particles in solids, in the treatment of
ionization processes, e.g., light absorption by local electron centers (see Local electronic levels) in
nonmetallic crystals, etc.
BORN–HABER CYCLE (M. Born, F. Haber, 1919)

A method of approximate determination of
the atomic bond energy in crystals (mainly alkalihalide crystals) from experimental data on reaction
energies whose sequence (cycle) results in the formation of a crystal from its gaseous atoms.
The bonding energy at the temperature of absolute zero is determined as a sum of energies
needed for (i) heating the crystal to room temperature (1.5 to 3 kcal/mole); (ii) separating the
crystal into the pure metal and the diatomic halide
gas (60 to 150 kcal/mole); (iii) sublimation of
the metal (20 to 40 kcal/mole); (iv) dissociation of the halogen into a monatomic gas (25 to
30 kcal/mole); (v) cooling the gases to absolute
zero (to 2.9 kcal/mole); (vi) removing the valence
electrons from alkali atoms (90 to 120 kcal/mole);
(vii) formation of negative halide ions from atoms
and electrons (70 to 80 kcal/mole). As a result of
summing, the bonding energy turns out to equal
∼180 kcal/mole for LiI, ∼185 kcal/mole for
NaCl, ∼170 kcal/mole for KCl, ∼160 kcal/mole
for KBr, ∼145 kcal/mole for CsI, and so on. Application of methods similar to the Born–Haber
cycle allows one to estimate the energies of various reactions in solids, which can be included into
one or another cycle, using the known energies of
other components of the cycle, e.g., from the energy of formation of Frenkel pairs (see Unstable
Frenkel pair) or Schottky pairs in different charge
states (see Schottky defect).
BORN–VON KÁRMÁN BOUNDARY
CONDITIONS (M. Born, Th. von Kármán, 1912)

Periodic boundary conditions imposed on the
Bloch function of a particle in a periodic potential,
or on a plane wave
ϕ(x + Lx , y, z) = ϕ(x, y + Ly , z)
= ϕ(x, y, z + Lz )
= ϕ(x, y, z),

127

where Li = Ni ai , i = x, y, z, are the Cartesian
coordinates; ai and Ni are the crystal lattice constant and the number of lattice periods in the direction i, respectively. Born–von Kármán boundary conditions allow one to determine the number
of allowed states of electrons with different quasiwave vectors k in a unit volume of the reciprocal space. Then, an extra (in addition to the Bloch
theorem) condition ψkλ (r + L) = ψkλ (r) (where
L is a linear combination of vectors L1 , L2 , and
L3 with integer coefﬁcients) is imposed on the
wave function. Hence, the number of allowed k
values equals the number of unit cells in the volume V = L1 × L2 × L3 and the density of permitted states in k -space equals V /(2π)3 . None of the
observed values, including the density of electron
states referred to one unit cell, or per unit volume
of direct space, are dependent on the selection of
L1 , L2 , L3 or V .
BORON, B

A chemical element of Group III of the periodic system with atomic number 5 and atomic
mass 10.81.
The isotope composition of natural boron:
10 B (19.57%) and 11 B (80.43%); the radioactive isotopes 8 B, 12 B and 13 B are known (halflives are fractions of a second). Outer electronic
shell conﬁguration is 2s 2 2p1 . Successive ionization energies are 8.298; 25.16 and 37.93 eV.
Atomic radius is 0.091 nm; ionic radius of B2+ is
0.023 nm. The most typical oxidation state is +3,
and in compounds with metals −3 (borides). In
the free state boron exists in the form of brown
ﬁne-crystal powder (so-called amorphous boron)
and of dark-gray crystals (crystalline boron). The
most important boron modiﬁcations are simple
α-rhombohedral B (I), tetragonal B (II), and complicated β-rhombohedral B (III). The α-rhombohedral boron lattice parameters are: a = 0.506 nm,
α = 58.1◦ , density is 2.365 g/cm3 ; the tetragonal boron lattice parameters are a = 1.012, c =
1.414 nm, and the density is 2.365 g/cm3 ; for
β-rhombohedral boron we have: a = 1.014 nm,
α = 65.3◦ , density is 2330 kg/m3 . The modiﬁcations B (I) and B (II) under heating above
1773 K irreversibly transform to B (III). T melting
of B (III) is 2346 K; T boiling is around 3973 K;
thermal coefﬁcient of the linear expansion is
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(1.1–8.3)·10−6 K−1 (from 293 to 1023 K). Thermal conductivity coefﬁcient of crystalline
boron is 25.96 W·m−1 ·K−1 (at room temperature); speciﬁc heat of amorphous boron is
12.97 J·mole−1 ·K−1 , speciﬁc heat of rhombohedral boron is 11.1 J·mole−1 ·K−1 . Standard
enthalpy is 5.895 J·mole−1 ·K−1 for crystalline
boron and 6.548 J·mole−1 ·K−1 for amorphous
boron; Debye temperature is 1220 K.
Crystalline boron is a semiconductor; the forbidden gap width determined from electrical and
optical measurements is 1.42 and 1.53 eV, respectively. Boron is a diamagnet, with speciﬁc magnetic susceptibility −0.62·10−9 (at room temperature). It is characterized by high hardness. At
low temperatures, boron is a brittle material; above
1800 ◦ C, it begins to deform plastically.
Chemically, boron is a nonmetal. Elementary
boron has low chemically activity: in the air it
burns at 973 K, forming B2 O3 ; with nitrogen
above 1473 K, it forms boron nitrides; with carbon above 1573 K, it forms boron carbides. It does
not interact directly with hydrogen, but a whole
number of hydride compounds Bn Hm is known
(see Hydrides), obtained indirectly using silicon.
Above 1273 K, there are silicon borides; formed
with phosphorus and arsenic above 1173 K are
phosphides and arsenides. It ﬁnds wide application
in the production of materials (boroplastics), hightemperature strong and superhard materials (e.g.,
borazon), neutron-adsorbing materials for nuclear
power engineering, semiconductor materials, corrosion resistant and antifriction coatings.
BORON CARBIDE, B4 C

The only chemical compound of boron with
carbon with a broad homogeneity range (molar
content of C is 8.6 to 21%). It forms a rhombo5 ), and the
hedral lattice of space group R3m (C3v
parameters of the crystal lattice in the homogeneity range vary from a = 0.5602 to 0.5616 nm,
c = 1.2066 to 1.2120 nm. T melting = 2400 ◦ C,
density is 2.51 g/cm3 , thermal conductivity is
121.4 W·m−1 ·K−1 at 300 K, microhardness is
45.0 GPa, elastic modulus is 450 GPa. Boron carbide is a semiconductor of p-type, band gap width
is 0.84 eV, electrical resistivity is 0.01 ·m. Boron
carbide does not decompose in mineral acids and
alkalis. It is obtained through interaction of B2 O3

with coal in arc furnaces, by synthesis from the
elements, by crystallization from melts, from their
gaseous compounds. Boron carbide is used as an
abrasive material, for the borating of metals and
alloys, for adsorption of neutrons.
BORON NITRIDE, BN

Chemical compound of boron with nitrogen,
with three modiﬁcations: α-BN, β-BN, γ -BN.
The α-BN compound is hexagonal with space
4 ), crystal lattice paramegroup P 63 /mmc (D6h
ters: a = 0.2504 nm, c = 0.6661 nm; β-BN is
cubic with sphalerite-type space group F 4̄3m
(Td2 ), a = 0.3615 nm; γ -BN has the hexagonal wurtzite-like structure, space group P 63 mc
4 ), a = 0.255 nm, c = 0.423 nm. The α-BN
(C3v
compound transforms into β-BN under high pressure and temperature (P [kbar] = 11.5 + 0.025T ).
In the course of heating under normal conditions, β-BN transforms to α-BN at temperatures
above 1400 ◦ C; α-BN transforms to γ -BN at
shock compression 120 to 130 kbar. The density is
2.20 g/cm3 for α-BN, 3.45 g/cm3 for β-BN and
1.8 g/cm3 for γ -BN; the thermal conductivity is
21 W·m−1 ·K−1 for α-BN and 1800 W·m−1 ·K−1
for β-BN. Microhardness of β-BN is 60 GPa;
elastic modulus is 953 GPa. Boron nitride is an
insulating material with electrical resistivity ρ >
1015 ·m and band gap width of β-BN ∼10 eV.
Boron nitride is obtained by nitration of boron.
The α-BN form is used as ﬁreproof and electrical
insulating materials; β-BN is a tool and abrasive
material.
Cubic boron nitride is a superhard material
having no natural analogs. It was obtained by
Robert H. Wentorf, Gr. (1956) under high pressure
(above 4.0 GPa) and temperature (above 1470 K)
from hexagonal boron nitride in the presence of
alkali and alkali-earth metals, lead, antimony, tin
and nitrides of the said metals. The rules of formation of binary compounds with a tetrahedral conﬁguration are as follows. The components should
belong to groups equidistant from Group IV of
the periodic system; the average number of valence electrons in this compound should equal
four. The majority of binary alloys with sphalerite
and wurtzite structures satisfy these rules. Cubic boron nitride with sphalerite-type (β-BN) and
wurtzite-type (γ -BN) lattices are characterized by
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the tetrahedral arrangement of atoms with each
atom of one type surrounded by four atoms of the
other type. In β-BN and γ -BN lattices the four
B–N bonds have the same length 0.157 nm, with
109.5◦ angles between them. The crystal lattice
of β-BN is similar to that of diamond with spacing 0.3615 nm. Cubic boron nitride is an insulator
with a density ≈3.465 g/cm3 . Nanotubes can be
made from boron nitride.
BORRMAN EFFECT
The same as Anomalous passage of X-rays.
BORRMAN TRIANGLE (G. Borrman)

A triangle in the scattering plane with one apex
lying in the entry surface of a crystal, the two side
lines directed along the wave vectors of the incident wave K 0 and the Bragg-diffracted wave K d
(see Bragg diffraction), respectively, and the base
formed by the segment of the exit surface of the
crystal intercepted by these lines. If an X-ray beam
is incident along K 0 at a certain point on the entry surface, and the crystal is oriented for Bragg
reﬂection, then the wave ﬁeld inside a thin crystal propagates only within the Borrman triangle.
Inside a Borrman triangle the response functions
also have ﬁnite values (see Dynamic radiation scattering).
BOSE CONDENSATE

A macroscopically large number of particles
with integer spin (bosons) in an ideal or slightly
nonideal Bose gas, which are in their lowest state
with zero point energy and momentum at a temperature below the Bose–Einstein condensation
temperature. Since the Pauli exclusion principle
does not apply, bosons can accumulate in the lowest energy quantum state, all with the same energy forming a coherent condensate. The latter is
described by a common complex wave function
Ψ = |Ψ |eiΘ with a magnitude |Ψ | and phase Θ
that are constant or slowly varying in time. This
fundamental property of bosons underlies the phenomena of super uidity in liquid 4 He (see Bose
u id) and superconductivity in metals (see Cooper
pairs). Related to this is the possibility of laser
generation (see Lasers) of a macroscopically large
number of photons with the same wavelength under the conditions of a nonequilibrium inverted
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level population, as well as the possibility of such

an accumulation of photons in a resonator. An analog of a Bose condensate is the ground state in systems with spontaneous symmetry breaking, which
is described by a complex order parameter, in particular, the so-called Higgs ﬁeld (see Higgs mechanism).
BOSE CONDENSATION
The same as Bose–Einstein condensation.
BOSE–EINSTEIN CONDENSATION, Bose
condensation

The property of Bose particles (bosons) with
integer spins to accumulate in macroscopically
large amounts in a single quantum state described
by a unique (coherent) wave function (see Bose
condensate). Bose–Einstein condensation is a
property of three-dimensional Bose systems only.
It is missing in two- and one-dimensional systems.
Bose–Einstein condensation of excitons and
biexcitons is a variety this condensation for the
case of quasi-particles (excitons and biexcitons,
between which repulsion forces dominate). Bose–
Einstein condensation of excitons interacting with
phonons leads to renormalization of the energy
spectrum of both subsystems and alters the shape
of light absorption and luminescence bands. The
bands contain additional sharp peaks generated
by a condensed phase and sloping wings arising from condensate-free excitons. The Fermi nature of electrons and holes forming excitons leads
to the non-Boseity of exciton operators. Excitons
metallize when their concentration nex becomes
−3
of
comparable to the inverse of the volume aex
the exciton, where aex is its Bohr radius. The
Bose–Einstein condensation of excitons is realiz3 < 1 only.
able under the condition naex
Bose–Einstein condensation of dipole-active
excitons and photons (or polaritons with wave vector k0 = 0) is of special interest. In this case,
the Bose-condensed state can be considered as
an intense coherent wave described by a coherent Glauber state with a macroscopic amplitude.
Equations describing inhomogeneous in space and
time weakly of excitons and of photons have been
derived; the diagram techniques for nonequilibrium states has been developed to describe coherent quasi-particles existing simultaneously with
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a condensate. On this basis, the features of coherent nonlinear propagation of light in densely
condensed media are assigned to the exciton
spectral range. The values of wave vectors and frequencies have been found, where, due to the absolute and convective instability of the spectrum,
generation and ampliﬁcation of waves is possible. Rearrangement of the energy spectrum of the
phonoriton type (see Phonoriton) is due to peculiarities of the distribution functions of incoherent
quasi-particles and conditions of stimulated Brillouin scattering of light. The role of quantum ﬂuctuations and the inﬂuence of incoherent polaritons
upon the statistical properties of an intense polariton wave have been clariﬁed. A stimulated Bose–
Einstein condensation of excitons and polaritons
under the action of coherent resonant laser radiation, and a stimulated Bose–Einstein condensation of biexcitons obtained by two-photon excitation with counter-directed or parallel laser beams,
were experimentally carried out.
BOSE–EINSTEIN STATISTICS (Sh. Bose,
A. Einstein, 1924)

The statistics describing the distribution in
quantum states of a system of very many identical particles with zero or integer (in  units) spin.
Particles as well as quasi-particles that obey
Bose–Einstein statistics are called bosons; including photons, phonons, magnons, excitons, bipolarons, π -mesons, and so on. The wave function
of bosons is symmetric with respect to the exchange of any pair of particles. A particular feature of bosons is the possibility for any number of
them to be in the same quantum state. In view of
this property, it follows from the Gibbs distribution
that the average number of particles ni in quantum
state i with energy εi for a boson ideal gas (Bose
gas) in thermodynamic equilibrium is

−1
 
εi − μ
−1
ni = exp
,
(1)
kB T
where k B is the Boltzmann constant, μ is the
chemical potential determined by the total number
N of particles in the system, and N = i ni (μ).
In a system with a variable number of particles,
μ = 0; under constant N , μ < 0. Eq. (1) is called
the Bose–Einstein distribution. At low temperatures, a ﬁnite portion of the particles pass to

the lowest states with ε = 0; their number N0 =
N[1 − (T /T0 )3/2 ] where


N 2/3 2
3.31
T0 ∼
=
gV
mk
is called the condensation temperature, g is the
degeneracy factor, m is the particle mass, V is
the system volume. Other particles are distributed
over states according to Eq. (1) at μ = 0. Such
a transition is called a Bose–Einstein condensation (Bose condensation). The Bose–Einstein distribution determines the efﬁciency of scattering of
particles moving in a solid (electrons and holes,
neutrons, photons etc.) by photons, nonradiative
quantum transitions in solids, phonon–phonon interactions and also values of electrical conductivity and thermal conductivity, speci c heat, acoustical properties, parameters of optical bands, spectral composition of black body radiation, and so
on.
BOSE FLUID
A quantum liquid that condenses at low tem-

peratures and consists of interacting bosons, i.e.
particles with integer (in  units) intrinsic angular momentum (spin). An example of a Bose ﬂuid
is liquid helium (4 He) at T < 4.2 K. Below some
critical temperature (see Lambda point) Bose ﬂuids can transform into the superﬂuid state (see Super u idity).
BOSE GAS (Sh. Bose)

A quantum system of weakly interacting particles (quasi-particles) with integer spins (bosons)
subject to Bose–Einstein statistics with the distribution function (at spin σ = 0)

−1
 
ε −μ
−1
,
nk = exp k
kB T
where εk is the energy of the kth quantum state
or of a free particle with momentum k, μ is the
chemical potential (μ  0), T is the absolute temperature. A Bose gas of neutral particles is ideal
for a small density n, when n1/3 r0  1, where
r0 denotes the action radius of exchange or van
der Waals forces, and a Bose gas of electrically
charged bosons (e.g., bipolarons) becomes weakly
nonideal at a high density, when n1/3 a0 1,
where a0 denotes the Bohr radius of particles. In
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a Bose gas with a given (constant) number of
particles, under a pronounced decrease of temperature, Bose–Einstein condensation takes place,
while in a Bose gas with a variable number of particles (quasi-particles) determined by the thermodynamical (thermal) equilibrium condition (e.g.,
the phonon gas in a crystal or in liquid helium),
the Bose–Einstein condensation does not occur.
BOSE STATISTICS
The same as Bose–Einstein statistics.
BOTTLENECK OF PHONONS
See Phonon bottleneck.
BOUNDARY DIFFUSION
Diffusion over two-dimensional structural defects like grain boundaries and subgrains, i.e. over

elements of imperfection of the crystal structure
which separate parts of a bulk metal from crystal
lattices of different space orientation, different
crystal structure, or different material composition. Among the various types of boundary diffusion, the greatest interest involves material transfer
over grain boundaries in polycrystalline materials.
Boundary diffusion deviates from the usual Arrhenius linear dependence (see Interdiffusion) of
log D versus 1/T where D is the diffusion coef cient; lower temperatures and grain pulverization result in greater departures from the Arrhenius
law. The boundary diffusion coefﬁcient in metals is usually several orders of magnitude higher
than that for bulk diffusion. A model for quantitatively estimating diffusion parameters put forward
by I.C. Fisher (1951) provides the expression
0.21(D/t)1/2
,
tan2 α
where D GB is the diffusion coefﬁcient over the
grain boundaries, t is the diffusion time, δ is the
width of the boundary layer, and α is the slope of
the straight line characterizing the dependence of
the logarithm of the concentration on the diffusion
depth. According to various authors the width of
the boundary layer lies in the range from 0.3 nm
to a few μm. The boundary layer has a so-called
diffusion width, i.e. a region in which the mobility of atoms is higher than in the bulk. This
width is approximately double the distance from
DGB δ =
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the grain boundary to the point where the diffusing atom concentration is reduced by the factor of
e = 2.718 from its maximum value. For some metals (e.g., for self-diffusion in nickel) this distance
is 4 to 5 μm. Diffusion over a phase boundary is
of great importance for phase transition kinetics.
On a phase boundary, like on a grain boundary, a
change of the crystal lattice state, defect clustering, and chemical segregation are possible factors
that enhance the atomic mobility compared to that
in the bulk. The principal methods for investigating grain diffusion are macro-, micro- and electron
microscopic autoradiography, and the method of
secondary ion–ion emission.
BOUNDARY EFFECTS in liquid crystals

Effects caused by the action of anisotropic
surface forces. In technological applications and
in laboratory studies liquid crystals are in contact with substrates and hosts (glass, polymers,
isotropic liquids, cleavages of monocrystals, and
so on). Anisotropic interphase interactions caused
by the mutual action of various molecular forces
(dispersion, dipole–dipole, steric) orient the molecules of a liquid crystal either normal to the boundary (homeotropic orientation), at an angle (conical
or tilted orientation), or in the plane of the boundary (planar orientation). A quantitative measure
of the orienting action of the substrate (i.e. of the
external medium) on the liquid crystal is the cohesion energy (anchoring energy) W . The magnitude
of W determines the work needed to turn the director (molecules) of the liquid crystal from its equilibrium position at the boundary through a certain
angle. If W is comparable to or greater than the
energy of intermolecular interactions in the liquid
crystal then the cohesion is called strong; otherwise it is called weak. Owing to long-range orientational ordering (see Orientational order), the conditions of cohesion at the surface affect the bulk
properties of the liquid crystal. For example, in the
case of weak cohesion the threshold tension of a
Frederiks transition is reduced; at the same time,
the response time decreases with a simultaneous
increase in the steepness of the voltage–contrast
characteristic in a liquid crystal cell, and this allows one to increase the information capacity of
liquid-crystal displays. Boundary effects inﬂuence
not only in the type of orientation of the molecules
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on the surface, but also the degree of order in the
interior. Near the surface the degree of order differs from that in the bulk (the former being higher,
as a rule). It is experimentally possible to form,
at the boundary of a nematic liquid crystal, a thin
layer of smectic liquid crystal that is characterized
by extra translational ordering of the molecules,
and by a higher degree of orientational ordering of
their long axes. The spatial inhomogeneity of the
degree of ordering near the liquid crystal surface
results in a macroscopic electric polarization of the
subsurface layer which is referred to as order electricity (compare with the exoelectric effect).
BOUND WATER, combined water

Water interacting with the surface of mineral particles, and thereby acquiring some special properties. It freezes at temperatures below
0 ◦ C. The “bonding” mechanism of water in rocks
involves the processes of physical and chemical
adsorption, capillary condensation (see Capillary
phenomena), and osmosis. The action of surface
forces in minerals results in the perturbation of
hydrogen bonds between the molecules of water,
which is then transferred in succession from molecule to molecule of water. Bound water is usually
separated into adsorbed, capillary, and osmotic
types. Adsorbed water is more strongly held at the
surface of minerals, and is therefore considered
strongly bound, while capillary and osmotic water
are both weakly bound. Strongly bound water is
nonuniform. One may identify “island” water adsorption (bonding energy within 40–130 kJ/mol)
and multilayer adsorption (bonding energy within
0.4–40 kJ/mol). Capillary and osmotic water are
contained in rocks at humidities exceeding the
maximum rock hygroscopicity. They both differ in
their properties from either free or strongly bound
water. Osmotic water may only be contained in
rocks if some ions are present. It is the type most
weakly bound to the surface, with its bonding energy remaining below 0.4 kJ/mol. The freezing
temperature for capillary and osmotic water varies
from −0.2 to −(2–3) ◦ C.
BOUSSINESQ EQUATION (J. Boussinesq, 1871)

An equation of the form Ut t − Uxx −
6(U 2 )xx − Uxxxx = 0, where U (x, t) is the velocity ﬁeld; and x and t are, respectively, the space

and time coordinates written in a dimensionless
form (subscripts denote partial differentiation).
This equation was introduced by Boussinesq
to describe the propagation of waves of small but
ﬁnite amplitude when the dissipation is negligible, and characteristic wavelengths signiﬁcantly
exceed the reservoir depth. In solid-state physics,
the Boussinesq equation is also referred to as a
nonlinear string equation in connection with its
application to the theory of nonlinear waves of
a one-dimensional lattice and a nonlinear string.
The Boussinesq equation is more general than the
Korteweg–de Vries equation (see Soliton) because
it takes into account motion in both directions.
The Boussinesq equation is completely integrable
by the inverse spectral transformation associated
with a scattering problem for a third order operator. Therefore, it has all attributes pertinent for
integrable systems: an inﬁnite series of polynomial conservation laws, Bäcklund transformation,
and many-soliton solutions. The simplest singlesoliton solution of the Boussinesq equation is



x ± ct
1 2
2
,
U (x, t) = c − 1 Sech
4
Δ
where c is the soliton velocity, and Δ =
2(c2 − 1)−1/2 is its width. It is a single parameter family of stationary solitary waves. There
are several modiﬁcations of the Boussinesq equations which cannot be integrated. In particular,
Ut t − Uxx − 6(U 2 )xx − Uxxt t = 0 is the adjusted Boussinesq equation used to describe longitudinal acoustic waves in rods; and Ut t − Uxx −
6(U 3 )xx − Uxxt t = 0 is the modiﬁed adjusted
Boussinesq equation used in the theory of nonlinear seismic waves.
BOUSSINESQ–GALYORKIN SOLUTION
(J. Boussinesq, B.G. Galyorkin)

A general solution of the equilibrium equations
of an elastic medium in the absence of bulk forces
expressed via an arbitrary biharmonic vector. If
the equilibrium equation is written in the form
(1 − 2ν)∇ 2 u + grad div u = 0, where u is the displacement vector, and ν is the Poisson ratio, then
the Boussinesq–Galyorkin solution has the form:


1
(1 − ν) × grad div f ,
u = ∇2f −
2

BRAGG MULTIPLE SCATTERING

where f is an arbitrary biharmonic vector, i.e. a
vector satisfying the equation ∇ 2 ∇ 2 f = 0.
BRAGG DIFFRACTION (W.L. Bragg)

A type of diffraction of X-rays, neutrons, electrons, etc., by crystals when the reﬂection from
each plane of atoms is specular, and the rays reﬂected from successive planes constructively interfere with each other. Symmetric and asymmetric Bragg diffraction are distinguished in which
the reﬂecting planes (hkl) are parallel or not parallel to the entrance plane of the crystal, respectively. The most important effect in Bragg diffraction is the total interference reﬂection of the
transmitted wave in a small angular interval (for
X-rays, a few seconds of arc) due to the extinction
effect when the wave ﬁeld penetrates a crystal to
a depth of the order of the extinction length. The
reﬂectivity of a crystal of ﬁnite thickness in Bragg
diffraction has some subsidiary maxima in its angular dependence, which are the analogues of the
pendulum solution in Laue diffraction. Bragg diffraction is mostly employed to check the structural
perfection of the near-surface layers of crystals.
Unlike Laue diffraction, Bragg diffraction is not
limited by sample thickness t ; and for thick samples t
tn , where tn is the absorption length, the
diffraction pattern is simpler, and it is more readily
interpreted.
BRAGG DOUBLE REFLECTIONS

This diffraction occurs when an X-ray, electron, neutron, etc., beam reﬂected in accordance
with the Bragg law from a family of parallel planes
in a crystal reﬂects again from the planes of the
same family.
The direction of propagation and the intensity
of Bragg double reﬂections are determined by the
crystal structure of a crystal, and by the experimental conditions. While the ﬁrst and the second
reﬂections occur in crystal regions disoriented by
the angle δ, the direction of Bragg double reﬂections differs from that of the primary radiation by
the angle ε = δ sin θ where θ is the Bragg angle. There are three kinds of Bragg double reﬂections in polycrystals: intrablock, intragrain and intergrain ones. At large scattering angles (ε  10◦ ),
these reﬂections are veiled by the diffuse background due to Compton scattering (see Compton
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effect) and thermal scattering. At small scattering
angles (ε  1◦ ), the contribution of Bragg double
reﬂections is signiﬁcant and exceeds the thermal
and the Compton scattering by several orders of
magnitude. The small-angle scattering of X-rays
due to Bragg double reﬂection allows one to determine the size of grains and blocks in polycrystals, their orientation distribution, and the angular block disorientation (see Bragg multiple scattering).
BRAGG LAW, Bragg relation (W.H. Bragg,
W.L. Bragg, G.V. Vulf, 1913)
The main equation of X-ray diffraction. X-ray

diffraction from the atomic lattice of a monocrystal can be formally described as reﬂection from
atomic planes. According to the Bragg law, the
angle of reﬂection (Bragg angle) θ between the
atomic plane and diffracted beam satisﬁes the condition
2dhkl sin θ = nλ,
where dhkl is the interplane distance between the
series of parallel atomic planes with crystallographic indices (hkl), λ is the X-ray wavelength,
and n = 1, 2, 3, . . . is the order of the reﬂection.
BRAGG MULTIPLE SCATTERING
Scattering of radiation in a crystal under the
conditions when the Bragg relation (see Bragg
law) is valid for two or n reﬂections simultane-

ously. One can represent the conditions of the
Bragg multiple scattering with the help of an
Ewald sphere in k -space: the Ewald sphere with
radius |k 0 | = 1/λ corresponds to the incident radiation with wavelength λ. Vectors k 0 , k 1 , k 2
corresponding to the incident wave and waves reﬂected from reciprocal lattice sites (1) and (2) for
the case of triple Bragg scattering are shown in
the ﬁgure (n = 3, including the primary beam).
Here, |k 0 | = |k 1 | = |k 2 |. By rotating the crystal
about the scattering vector (straight line H01 connecting sites (0) and (1)), one can remove site (2)
from the Ewald sphere, i.e. violate the Bragg condition for the site and thus exclude the triple dynamic scattering. At this, site (1) remains at the
sphere and the Bragg condition applies to it (see
Bragg double re ections). The greater the dimensions of a crystal unit cell and the shorter the wavelength λ (i.e. the larger the Ewald sphere radius),
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BRAGG RULE

BRAKING RADIATION
See Bremsstrahlung.
BRANCHING OF FRACTURES

Bragg multiple scattering.

the greater the number of reciprocal lattice sites
that can be on the sphere. That is, the more difﬁcult it will be to ﬁnd a position of the crystal where
there is no Bragg multiple scattering. The evaluation of the contribution of the Bragg multiple
scattering to the intensity of the measured reﬂection is quite a difﬁcult problem to solve, considering that it is complicated by the crystal mosaicity,
the divergence, and the nonmonochromaticity of
the incident radiation. Bragg multiple scattering
allows one to observe reﬂections in those directions where the Bragg scattering is prohibited
by the crystal symmetry conditions; this is the
so-called Renninger effect (M. Renninger, 1937).
Bragg multiple scattering in crystals can also play
a positive role, e.g., it underlies one of the methods
of high-precision determination of crystal lattice
parameters.
BRAGG RULE

This rule involves charged particle energy loss
during the passage through a material with the
chemical formula Al Bm Cn . . . and it is expressed
by the approximate relation




dE
dE
dE
+m −
=l −
−
dZ
dZ A
dZ B


dE
+n −
+ ···,
dZ C
where (−dE/dZ)i , i = A, B, C, are the energy
losses per unit length due to the ith component of
the material.

A process of the separation (bifurcation or
polyfurcation) of a main-line fracture into two or
more secondary ones. One can distinguish quasistatic branching of fractures caused, in particular,
by processes of plastic deformation at its vertex,
and dynamic branching which is observed when
the fracture attains about 60% of the speed of
transverse elastic waves. Due to this the stresses in
front of the fast moving fracture stop being a maximum, and the failure becomes more probable in
other directions. Dynamic branching of fractures
has been observed in hardened glasses (see Vitreous state of matter), steels, Plexiglas and epoxy
resins. Branching arises in the core layers of a
sample at the front of the main-line fracture, and
is directed along the tangent to the curved segment of the fracture trajectory. Thus, a secondary
fracture is oriented at an angle of approximately
30◦ with respect to the primary one. After each
act of branching the speed of the main-line fracture decreases. Therefore, multiple branching produces destructions that move in jumps with high
accelerations, up to 108 m/s2 , thus managing to
branch at small distances (e.g., in the millimeter
range for hardened steel), break loose, pick up critical speed, and then branch again. The branching
is stimulated by internal residual stresses that arise
in the sample being fractured.
BRASS

Alloy of copper and zinc belonging to the class
of compounds with metallic bonding. It exists over
a wide range of concentration. At low Zn content the alpha phase (face-centered cubic lattice)
is formed. At higher Zn content the stability of the
new phases (the so-called “electronic phases”) is
determined by the average concentration n of valence electrons per atom via the proper matching
of the Fermi surface and the Brillouin zone. The
three electronic phases are the beta phase (compound CuZn, body-centered lattice, n = 3/2, below 460 ◦ C ordered according to the CsCl type),
gamma phase (compound Cu3 Zn8 , complex cubic lattice, ordered, contains 52 atoms, n = 21/13)
and epsilon phase (compound CuZn3 , hexagonal
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Brass phase diagram.

close-packed lattice, n = 7/4). Unusual mechanical properties are found in β-brass, caused by a
martensitic transformation (shape memory effect,
superelasticity, high damping). The ﬁgure shows
the phase diagram.
BRAVAIS LATTICES (A. Bravais, 1848)

The classiﬁcation of three-dimensional lattices
into 14 types that takes into account the full point
symmetry groups (holohedries) and the parallel
translation groups.
If a Bravais coordinate system (chosen along
the most symmetrical directions of the lattice) coincides with the principal lattice system then the
Bravais parallelepiped constructed on it contains
lattice sites only at its apices, i.e. is a primitive parallelepiped. Such lattices are called primitive or P lattices; all other lattices are referred to as centered
lattices. There are three ways to center the Bravais parallelepipeds, I – body-centered, F – facecentered, and C – base (or side)-centered. Two lat-

tices are included in the same Bravais type if their
coordinates are the same and the parallelepipeds
are centered identically. The Bravais classiﬁcation
has also a group theory basis: two lattices are included in the same Bravais type if their full symmetry groups are isomorphous (see Isomorphism).
These groups (14 out of 73 symmorphic space
groups) are called Bravais groups and are designated by the symbols of the space groups. Each of
14 Bravais types is presented in Table 1 (see next
page) by a corresponding Bravais parallelepiped
with points at the apices, and where appropriate,
with centering points indicated (see inside front
cover).
BREAKDOWN of solids

A sharp increase of electric current density in
insulators and semiconductors that occurs when a

certain critical level of the applied electric ﬁeld
strength, Ecrit , is reached. The value Ecrit is called
the electric strength. The value of Ecrit falls within
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Table 1. Bravais lattices
Lattice type
System

Primitive

Base-centered

Body-centered

Face-centered

Triclinic

Monoclinic

Orthorhombic

Trigonal (rhombohedral)

Tetragonal

Hexagonal

Cubic

105 –107 V/cm for various dielectrics and starts
from 105 V/cm for semiconductors. During impact ionization it may be as low as 1 to 10 V/cm.
One may distinguish between the electric and thermal mechanisms of breakdown. The mechanism
of electric breakdown is typically characterized
by an avalanche increase of the number of free
carriers (electrons or electron–hole pairs), for example due to ionization by collision. Current lamentation may also occur, i.e. a conducting channel in which the current density is higher than its
average across the sample may form. This effect
results from an instability of the spatially homogeneous distribution of carriers when the sample

current–voltage characteristic has an S-shape. In

the case of an electric breakdown the value of Ecrit
only weakly depends on the sample temperature,
thickness, and the duration of electric ﬁeld pulse,
τ , provided τ = 10−7 –10−6 s. Thermal breakdown results from melting of the material via Joule
heating when its thermal equilibrium is disturbed
(thermal breakdown without a disturbance of thermal equilibrium is also known, the so-called type
II thermal breakdown). A combined mechanism of
breakdown is possible, when the Joule heating of
a particular region of the sample works to lower
the value of Ecrit necessary for an electrical breakdown in that region. The application of a strong
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ﬁeld may result in a gradual change of the composition and structure of an insulator, so that both
eventually work to lower the value of Ecrit . These
effects could, for example, lead to the formation
of color centers in alkali-halide crystals or to erosion of polymer surfaces. Such processes are called
electric aging of insulators. In contrast, dielectric
breakdown in semiconductors may not necessarily be accompanied by changes in the crystal lattice. In certain cases, when the conduction electron concentration is limited and the ﬁeld strength,
E is moderate, the initial process of breakdown
does not result in the failure of the material, and
may be repeatedly reproduced (see Impurity breakdown, Thermoelectric instability of photocurrent,
Streamer breakdown).
For different varieties, see also Acoustic breakdown, Electric breakdown, Magnetic breakdown.

more parts. Breaking stress is deﬁned by the ratio of the load to the specimen cross-section at
the moment of failure. In brittle metals (see Alloy
brittleness) this stress is achieved via the opening
of brittle cracks when the external stress remains
below the yield limit, and macroscopic plastic deformation is absent. When plastic metals subjected
to stresses exceed the yield limit, there develops a
tough failure or a quasi-brittle failure in them, while
the failure stress exceeds the yield limit because
of strain hardening. Failure stress in brittle metals depends only weakly on the temperature, approximately as the elastic modulus, while its dependence in plastic materials is controlled mainly
by the temperature dependence of the yield limit,
and may happen to be stronger.

BREAKDOWN NOISE
See Telegraph noise.

An exact solution of the secular equation for
the spin Hamiltonian of a paramagnetic ion with
electron effective spin S = 1/2, nuclear spin I ,
and isotropic g, g n and hyperﬁne (A) tensors.
The energy levels are as follows:

BREAKING STRAIN
Strain that results in the break-up of a body
into several macroscopic parts (failure). The break-

ing strain produces such a degree of deformation
that it results in failure. This strain is one of the
principal characteristics of a material, delimiting
its margin of plasticity. It is determined during the
mechanical testing of materials.
Breaking strain depends on the type of state of
stress (distension, compression, e xure etc.), i.e.
on the “rigidity” of various types of mechanical
n ,
tests, and on the softness factor a = tmax /Smax
which is the ratio of the maximum tangential tension, tmax to the maximum normal reduced stress,
n . With an increase in the material capabilSmax
ity to withstand stress the plastic deformation increases. Breaking strain also depends on the type
of crystal lattice, the structure, testing temperature,
environment, etc. When determining the level of
breaking strain the scheme reproducing both the
tensed and the deformed states of the specimen
during tests should be as close as possible to the
actual operating conditions of the material.
BREAKING STRESS, failure stress, failing stress

A stress reached during distension tests, which
result in the breakup of the specimen into two or

BREIT–RABI FORMULA (G. Breit, I. Rabi)

Δ
− gn βn BmF
2(2I + 1)


1
4xmF 1/2
± Δ 1 + x2 +
,
2
2I + 1

E(F, mF ) = −

where F = I + 1/2, mF = m ± 1/2, m = −I,
. . . , +I ; Δ = a(I + 1/2) is the splitting in zero
magnetic ﬁeld B; a is the isotropic hyper ne interaction constant, x = (gβ + gn βn )B/Δ, and β and
βn are the Bohr and nuclear magnetons, respectively.
BREMSSTRAHLUNG, braking radiation, collision
radiation

An emission of photons by electrically charged
particles decelerating in an electric ﬁeld (or in
a magnetic ﬁeld, called magnetic Bremsstrahlung
or synchrotron radiation). The intensity of Bremsstrahlung is proportional to the square of the
particle acceleration, i.e. proportional to Z 2 /M 2
where Z is the atomic number, and M is the
mass of the nucleus being decelerated by the
electric ﬁeld. Owing to the small mass of elec-
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BREMSSTRAHLUNG, COHERENT

trons and positrons, the intensity of their Bremsstrahlung is 3·106 times greater than that for
protons. This leads to a substantial contribution
to the Bremsstrahlung by the energy loss of
fast electrons and positrons in a medium (see
Charged particle energy loss). The spectrum of
Bremsstrahlung is continuous. The maximum
value of the energy of the emitted photon is
ωM = E − mc2 (here E is the total energy, m is
the electron mass, and c is the speed of light).
In a crystal the constructive interference of
photons scattered by closely situated atoms of
the crystal inﬂuences some speciﬁc features of
the Bremsstrahlung, in particular the intensity
of the Bremsstrahlung increases (see Coherent
Bremsstrahlung). These changes are especially
signiﬁcant in the case of the channeling of electrons and positrons (see Quasi-characteristic radiation). See also Radiation by charged particles.
BREMSSTRAHLUNG, COHERENT

See Coherent Bremsstrahlung.
BRILLOUIN FUNCTION (L. Brillouin, 1926)

Function Bj (x) introduced to describe paramagnetism of noninteracting atoms. For atoms
with the angular momentum j (in units of Planck
constant ), the function is
Bj (x) =



2j + 1
2j + 1
coth
x
2j
2j
−

 
1
x
.
coth
2j
2j

The Brillouin function determines the mean
value of the projection of j on the direction of
the magnetic ﬁeld H (directed along the z axis)
jz  = j Bj (x), x = gj |μB |H /(k B T ), where μB
is the Bohr magneton and gj is the Landé g -factor.
The Brillouin function is the basis for the quantum theory of paramagnetism of substances with
uncompensated atomic magnetic moments, and of
magnetically ordered materials (when described
in the framework of the molecular eld approximation; in this case, H is the effective magnetic
ﬁeld).

BRILLOUIN SCATTERING, also called
Mandelshtam–Brillouin scattering
Inelastic light scattering by thermal acoustic
phonons in condensed media with the light fre-

quency changed by a value equal to a phonon frequency. (Analogous processes by optical phonons
are called Raman scattering of light). The scattering is caused by ﬂuctuating inhomogeneities of
the refractive index, which are related to propagation of thermal (Debye) excitations of a medium.
From the classical point of view, Brillouin scattering can be interpreted as result of the diffraction of light by thermal elastic waves. By virtue of
the diffracted light interference, only waves with
wavelength Λ, which satisﬁes the Bragg condition λl = 2nΛ sin(θ/2) (where n is the refractive index of the medium, λl is wavelength in
vacuum, θ is angle of scattering), are responsible for scattering in a given direction. Furthermore, due to the Doppler effect, the light with frequency ωl , which is scattered by elastic waves,
undergoes a frequency change ωs = ωl ± ω0 , deﬁned by the relationship ω0 /ωl = ±v/(Λωl ) =
±2n(v/c) sin(θ/2), where c is the speed of light in
vacuo, and v is the sound velocity in the medium.
Elastic waves with frequency ∼1010 Hz (hypersonic waves) are of importance in the light scattering. The line width is determined by hypersound
attenuation.
The scattering efﬁciency is of the order of
10−6 scattered photons per incident photon. However, if the intensity of the incident light exceeds some threshold value (∼1010 W/cm2 ), an
avalanche-like growth of the amplitudes of sound
and of scattered waves occurs, a process called
stimulated Brillouin scattering. Brillouin scattering is used for studying material properties: sound
wave propagation velocity and decay rate, molecular structure, intermolecular interactions, etc.
Stimulated Brillouin scattering is used for the generation of intense hypersonic waves, and in experiments on wave front reversal of light waves. Resonance Brillouin scattering is an effective method
for investigating excitonic polaritons.
BRILLOUIN ZONE

A limited region in the reciprocal space
(k -space) of wave vectors inside which the quasiparticle energies in the crystal take on the entire

BRITTLE FRACTURE

spectrum of permitted values. The overall k-space
can be partitioned into an inﬁnite number of Brillouin zones of the same dimensions, and equal in
volume to a reciprocal lattice cell. The use of a single Brillouin zone is due to the crystal periodicity
since the quasi-particle energy E(k) is periodic in
the quasi-momentum space with the periodicity of
a reciprocal lattice vector G: E(k) = E(k + G).
A region with its center at the point k = 0 is
chosen as the ﬁrst Brillouin zone, or simply referred to as the Brillouin zone. It is delimited by
planes passing through the mid-points of the lines
(normally to them) that connect point k = 0 with
neighboring sites of the reciprocal lattice. A Brillouin zone is analogous to a Wigner–Seitz cell in
real (coordinate) space. Its boundaries are determined by the reciprocal space form of the Bragg
equation 2k·G = G2 , involving a reciprocal lattice vector. At the boundaries the quasi-particle
energy E(k) reaches an extremum. To describe
some physical phenomena it is convenient to use
the extended Brillouin zone scheme which makes
use of the periodicity of the quasi-particle spectrum in k-space.
BRITTLE CRACK
A crack, whose propagation is not followed by
a plastic deformation. During brittle crack propagation the theoretical strength is reached at its

vertex. The breaking of interatomic bonds occurs
without activation. Elastic energy, stored in the
material during a deformation process, converts
into surface energy at its propagation. The critical stress for the brittle crack propagation is determined by the Grifﬁth equation (see Grif th theory).
BRITTLE FAILURE

A type of solid failure involving purely elastic strains. Ideally only materials with no capability for plastic deformation (e.g., glass, ceramics, diamonds, some minerals) undergo brittle failure under conditions of ordinary tension. Metals,
due to the presence of dislocations, behave as ideally brittle only in special circumstances when
the failure is initiated in extremely small regions.
These regions have an ideal (defect free) structure
in perfect crystals (whiskers), or in microregions
near the tip of atomically-sharp submicrocracks,

139

where a fracture of atomic bonds occurs through
microspalling (without attendant plastic deformation). However, in so far as the origin of microcracks in metals is possible only as a result of the
displacement and pile-up of dislocations, so a failure in metallic materials can only be of a quasibrittle type (see Quasi-brittle failure) since a condition of purely elastic deformation does not appear
at their failure.
In practice when a failure of products, constructions and installations (e.g., hulls of ships)
occurs, it is considered to be the brittle type, if
an overall deformation of the product was elastic
before its failure, in spite of the fact that a large
local plastic deformation took place in the focus
of failure. Hence in practice the term “brittle failure” does not have a precise meaning. However,
it can correspond to a complicated type of failure combining features of overall elastic and local plastic deformation. The latter forms only in
small regions near cracks, or in action zones of
large residual stresses of a welding or quenching origin. An important feature of such a failure
is that the average (nominal) failure stress should
be less than the yield limit of the material. Excessively high strength of the material, low temperature (cold brittleness), high velocity of deforming
(a shock load), the presence of cracks or other concentrators of stresses, the presence of large residual macrostresses of the ﬁrst type; all of these factors contribute to the signiﬁcance of brittleness in
engineering practice.
BRITTLE FRACTURE
A fracture arising from brittle failure. This type
of failure is associated with failure by spalling,

when a progression of the crack is not accompanied by plastic deformation, and failure occurs
over the plane of crystal cleavage through the
breaking of atomic bonds. Actual brittle failure
has been found in covalent crystals such as diamond and silicon carbide. A brittle transcrystalline
failure is possible also in other crystals with a high
degree of covalent bonding, where dislocations are
practically “frozen in”. The typical feature appearing on the surface of a brittle fracture is a step of
spalling arising at the intersection of a screw dislocation and a crack front. A junction of the splitting
steps makes up a stream-like pattern. The same
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BRITTLENESS AND TOUGHNESS CRITERION

features of fracture are typical for quasi-brittle failure through splitting accompanied by plastic deformation of the region adjacent to the crack. Such
a failure is typical for crystals with body centered
cubic lattices at ambient temperatures.
Intercrystalline brittle failure occurs at sharply
weakened intergranular linkages. It is observed
along grain boundaries through the catastrophic
crack progress due to the segregation of impurities, and also to the presence of internal stresses.
Intercrystalline failures along boundaries of grains
and subgrains are distinguished. When a failure
runs along grain boundaries a fracture is completely free from a stream-like pattern, linkage
points of three (or more) boundaries of grains appear, and often a “bubble” due to the segregation
of impurities is observed on facets of split grains.

the failure is supposed to be tough. In mechanics, the engineering criterion of brittleness is used,
whether the product is destroyed by the average
(nominal) stress σn below the yield limit σy , i.e.
when σn < σy , which can be satisﬁed only in the
presence of stress concentrators (see Stress concentration).
BRITTLENESS, BLUE
See Blue brittleness.
BRITTLENESS OF ALLOYS
See Alloy brittleness.
BROADENING OF A LINE
See Line (level) width.
BROKEN BOND
The same as Dangling bond.

BRITTLENESS AND TOUGHNESS CRITERION

This is a condition determining the relation
of parameters responsible for the type of failure
of a solid under load. There is no unique brittleness and toughness criterion, since these criteria differ in various areas of science involving
failure problems. In solid state physics, the brittleness and toughness criterion is connected with
the possibility of plastic stress relaxation via the
generation of dislocations by a vertex of a perfectly sharp crack in a crystal. This possibility depends on the relation between theoretical strength
against shear τtheor and rupture σtheor and maximum tangential τmax and tensile stress σmax at the
vertex of the crack. If τtheor /σtheor < τmax /σmax ,
the crystal is tough (FCC metals: copper, silver,
gold); otherwise, it is brittle (diamond and BCC
metals: tungsten, iron, sodium). In physical materials science, as a brittleness and toughness criterion, the one based on the microspalling criterion
my be chosen: if j > Kt , then the failure is brittle,
if j < Kt , then it is tough (more precisely, a quasibrittle failure). According to the fractographic classiﬁcation of destruction types, one does not succeed in giving a clear distinction between brittleness and toughness in metals, and brittleness and
toughness criteria are qualitative: if in a fracture of
brilliant facets of a spalling no appreciable traces
of plastic deformation are seen, then the failure is
supposed to be of a brittle (or quasi-brittle) type; if
typical pores or pits are observed (a ﬁbrous break),

BROOKS–HERRING FORMULA (H. Brooks,
C. Herring)

This expression determines the energy dependence of the mean free path time τ (E) of charge
carriers of energy E in semiconductors when the
scattering takes place predominantly from ionized
impurities (low temperatures, high impurity concentrations). The Brooks–Herring formula is
τ (E) =

ε2 (2m∗ E 3 )1/2
,
πe4 NΦ(x)

where ε is the dimensionless dielectric constant;
m∗ is the effective mass of the carriers, N is
the impurity concentration, Φ(x) = ln(1 + x) −
x/(1 + x) where x = 8m∗ E/(2 q 2 ), q is the inverse Debye screening radius. It follows from the
Brooks–Herring formula that scattering by ionized
impurities becomes more efﬁcient at small carrier
energies and, consequently, at low temperatures.
The Brooks–Herring formula was derived in the
Born approximation of collision theory taking into
account the screening of impurities by free carriers. In its derivation the impurities are assumed to
be arranged in a crystal lattice in a disordered way
(see Current carrier scattering).
BUBBLE DOMAIN
See Magnetic bubble domain.
BUBBLE DOMAIN LATTICE
See Magnetic bubble domain lattice.

BULK PHOTOVOLTAIC EFFECT

BUCKYBALL
See Fullerene.
BULK ACOUSTIC WAVES
Propagating periodic strains of an elastic me-

dium obeying the wave equation ρ∂ 2 ui /∂t 2 −
cij kl ∂ 2 uk /∂xj ∂xl = fi , where ρ is the medium
density, u is the displacement of the medium element, cij kl are the components of the elastic modulus tensor, and f is the bulk density of the external (nonelastic) forces.
In contrast to liquids and gases, solids can support the propagation of traverse waves in addition to longitudinal waves; the displacements in
the former being normal to the propagation direction. Three natural modes of acoustic waves exist in an isotropic body (see Isotropy): one longitudinal acoustic wave with the velocity v =
(c1111 /ρ)1/2 , and two degenerate transverse
acoustic waves with v⊥ = (c1212 /ρ)1/2 . In an
anisotropic medium (such as a crystal) pure longitudinal and traverse waves can propagate only in
preferred directions which have sufﬁciently high
symmetry. For an arbitrary propagation direction,
there are three modes of bulk waves with different
phase velocities (a typical sound velocity in solids
is v ≈ 105 cm/s).
Acoustic waves can be classiﬁed by their frequency. Waves in the audible and infrasonic range
(f < 104 Hz) lack important applications in solid
state physics due to their long wavelength. Waves
with frequencies from 20 kHz to 1 GHz are called
ultrasonic (ultrasound), and are widely used in
physics and engineering. The frequency range 109
to 1012 Hz, called hypersonic (hypersound), exhibits quite sizable attenuation (attenuation coefﬁcient κ > 1 cm−1 ). Acoustic waves with frequencies above 1012 Hz are called terasound,
and exhibit a signiﬁcant dispersion as their wavelength becomes comparable to the crystal lattice
period. Sound velocity dispersion and anisotropy
of the medium cause the group velocity characterizing the propagation of perturbation waves,
which has a narrow spectral-angular distribution
(v gr = ∂ω/∂k), to differ from the phase velocity
describing the phase propagation (v ph = kω/k 2 )
in both magnitude and direction.
BULK CHARGE
The same as Space charge.
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BULK FORCE, volume force

A force distributed over the volume of a material. It is characterized by a volume force density
f , i.e. a force acting upon a unit body volume. An
example is a mass force f that acts on mass and
is associated with the acceleration a of a body:
f = −ρa, where the density ρ can depend on the
position, and vary throughout the body. The force
of gravity f G (at the Earth’s surface f G = ρg,
where g is the acceleration of gravity) is a special case of a mass force. Other volume forces are:
a thermoelastic force (see Elasticity theory, Thermoelasticity); the forces of electric and magnetic
ﬁelds acting upon charges and magnetic moments,
respectively; and the force acting upon the body
from the conduction electrons that drift in an electric ﬁeld E, f = enE (here n is the number of conduction electrons per unit volume, e is the electron
charge).
BULK MODULUS, compressibility modulus
One of the elastic moduli of an isotropic medium, K; it is expressed via the Lamé coef cients

as K = λ + (2/3)μ. Its reciprocal value is called
the compressibility. In crystals of cubic symmetry, K = (c11 + 2c12 )/3 (here cik are the secondorder elastic moduli in Voigt notation). The bulk
modulus is measured in pascals. K is 0.77 GPa
for Al; 1.37 for Cu; 1.78 for Fe; 0.75 for Ge; 0.24
for NaCl; 4.00 for diamond.
BULK PHOTOVOLTAIC EFFECT

The appearance of a stationary photocurrent
under uniform illumination of a macroscopically
homogeneous piezoelectric (see Piezoelectricity)
or ferroelectric crystal. A bulk photovoltaic effect
was discovered in the late 1960s which exhibited a
linear dependence of the photocurrent on the light
intensity (see Glass’ constant). The effect leads to
the generation of photoelectric voltages which can
exceed the band gap width by several orders of
magnitude, and are limited only by the photoconductivity of the crystal. The direction and magnitude of the photocurrent depend on the orientation
of the light polarization. Linear and circular effects
are known. Phenomenologically, it is convenient
to establish the characteristics of the bulk photovoltaic effect by expanding the photocurrent Ii in
a power series of the electric ﬁeld Ej as
Ii = σij Ej + αij k Ej Ek∗ + γij i EE ∗ j + · · ·
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The ﬁrst term with the second-rank tensor σij describes photoconductivity in an external ﬁeld Ej .
The second term describes the linear bulk photovoltaic effect (i.e. in linearly polarized light);
Ej and Ek being the projections of the light polarization vector. The components of the third-rank
tensor αij k of this effect differ from zero for only
20 piezoelectric symmetry groups. The third term
describes the circular photovoltaic effect.
The microscopic theory of the bulk photovoltaic effect takes into account two basic mechanisms. The ﬁrst, so-called ballistic, mechanism is
related to the asymmetry of the distribution function of the nonequilibrium carriers in momentum
space. This asymmetry, in its turn, is caused by
the asymmetry of the generation, recombination,
and scattering of the nonequilibrium carriers in
a crystal without a center of symmetry. The second, so-called shift mechanism, is due to displacement of the center of gravity of the wave packet
of an electron during its optical transition between
bands, or between an impurity center and a band
in a crystal without a center of symmetry. The two
mechanisms describe both intrinsic and impurity
bulk photovoltaic effects, and predict similar magnitudes of the bulk photovoltaic effect. Therefore,
the experimental differentiation of these mechanisms is a complicated task. At present, the linear and circular effects are observable in a large
number of ferro- and piezoelectric crystals, including ferroelectric niobates and tantalates, Te, GaAs,
GaP, ZnS, and some other piezosemiconductors.

can control processes of homogenization, recovery, recrystallization, and phase transitions. A speciﬁc feature of the action of intensive vibrations
on a material is the nucleation and growth of microcracks (see Crack) at early stages of loading, a
fatigue type phenomenon. Depending on the conditions of treatment, and the initial state of materials, acoustic dehardening may occur, e.g., with
sound waves incident on initially deformed metals
with a face-centered cubic lattice.
BURGERS CONTOUR

A contour constructed in a regular crystal lattice by sequentially tracing a closed line from one
atom to another.
It is used to classify defects in crystals, and
is of particular importance for the description of
linear defects or dislocations (Fig. (a)). If a dislocation appears in a crystal enclosed with such
a contour, the contour remains open. In order
to close a Burgers contour, it must be complemented with a vector called a Burgers vector that
closes the break (Fig. (b)). A Burgers vector b
characterizes a dislocation unambiguously. Linear
needle-shaped defects of different types unconnected with translational slip of a part of a crystal

BULK SOUND HARDENING, sonic strengthening
An increase of the yield limit, microhardness

and other mechanical properties, observable during propagation of high-intensity elastic waves
(sonic waves) in solids, mainly in metals. For
every material in equilibrium there is a critical vibration amplitude, which depends on the ambient
temperature and frequency. It is starting from this
amplitude that the density of dislocations, vacancies and other defects of the crystal structure increases. The shape and the size of a mechanical
part remains practically unchanged in this case,
which is an advantage of this method of hardening (see Strain hardening). Bulk sound hardening can arise due to the intensiﬁcation of thermally activated processes. Using the latter, one

Burgers contour in a defect-free crystal (a) and in a crystal with an edge dislocation (b). In the latter case, the
Burgers contour is closed with the Burgers vector b.

BURSTEIN–MOSS EFFECT

relative to another part (chain of vacancies, chain
of impurity atoms, etc.) never cause a break of a
Burgers contour. Sometimes a closed Burgers contour is constructed within a crystal with a dislocation (Burgers contour in the Frank interpretation).
Then, upon removal of the dislocation from the
crystal, the Burgers contour turns out to be open,
and it is closed by a Burgers vector. When dealing with small-angle and large-angle grain boundaries, use is also made of a special Burgers vector constructed in the reference lattice (contour
in Frank’s interpretation). This contour is constructed with the help of similar (according to the
crystallographic direction) vectors drawn in neighboring grains so that the vectors originate from the
same point located at the boundary. The Burgers
contour is closed in this case with the closure vector B.
BURGERS EQUATION (J.M. Burgers, 1940)

An equation of the form Ut + U Ux − μUxx =
0, where U (x, t) is the velocity ﬁeld; x, t are
space and time coordinates, subscripts indicate
partial differentiation, and μ is the viscosity coefﬁcient. The equation is a one-dimensional reduction of the Navier–Stokes equations (see Continuum mechanics), and is the simplest member from among the most important equations of
the physics of nonlinear waves. Burgers equation gives a good description of the dynamics
of weakly nonlinear waves in continua, including solids, when only ﬁrst order dissipation effects
are taken into account. The complete solution of
Burgers equation is connected with the Cole–Hopf
transformation (J.D. Cole, 1951; E. Hopf, 1950):
U = −2μ(ln ϕ)x , which transforms the former
into the linear diffusion equation: ϕt − μϕxx = 0.
If there is no dissipation (μ = 0), then the nonlinearity causes a gradual increase of the wave front
slope, and ﬁnally leads to the formation of a break
(simple Riemann wave). The latter, increasing in
the presence of viscosity (μ > 0), leads to the intensiﬁcation of dissipation effects that seek to decrease the proﬁle slope. It is the mutual compensation of these contradicting trends, represented
in Burgers equation by the last two terms, that
brings about the possibility of the propagation of
waves with a stationary proﬁle, including a shock
wave with a ﬁnite shock width, directly propor-
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Closed dislocation line in a crystal: A is the region unaffected by the shift; B is the region where a shear deformation has occurred; Burgers vector b is indicated.

tional to μ and inversely proportional to the shock
amplitude.
BURGERS VECTOR (J.M. Burgers, 1939)

The most important translational characteristic
of linear defects in crystals is the Burgers vector
(b) which closes an open Burgers contour around
a dislocation line. When there is no dislocation, the
contour is closed. The magnitude and direction of
a Burgers vector determine how a portion of material on one side of the dislocation line is shifted
relative to the material on the other side (see Fig.).
A Burgers vector and a tangent vector of the dislocation line determine the slip plane of a dislocation element. In magnitude, a Burgers vector can
equal either a whole repetition period of the crystal lattice in the vector direction (for perfect dislocations) or equal a fractional part of it (for partial
dislocations). A Burgers vector is constant along
the entire length of a dislocation line, whatever its
conﬁguration, and remains constant during the dislocation motion. The sum of Burgers vectors of
dislocations meeting at a dislocation site equals
zero if all the dislocation lines are directed either
to or from the site (Frank networks). Elastic strains
and stresses produced by a dislocation in a crystal
are proportional to the magnitude of the Burgers
vector, while the strain energy is proportional to
its magnitude squared. When dealing with smallangle and wide-angle grain boundaries in crystals,
a closure vector B is introduced, which is similar
to a Burgers vector and is caused by the presence
of dislocations at the boundary. This vector carries
the information on the angle of disorientation of
neighboring grains.
BURSTEIN–MOSS EFFECT (E. Burstein,
T.S. Moss, 1954)
An upward shift in energy of the intrinsic light
absorption edge in semiconductors accompanying
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an increase of the free current carrier concentration.
The Burstein–Moss effect is due to ﬁlling the
bottom of the conduction band by electrons in
n-type semiconductors or the top of the valence
band by holes in p-type semiconductors. Then,
only states above the Fermi level E F are available
for transitions involving photoexcited carriers. As
a result, direct optical band-to-band transitions at
T = 0 K are possible with the energy of quanta
satisfying the inequality


2 kF2
mn
1
+
,
ω  ωmin = Eg +
2mn
mp

where E g is the band gap, mn and mp are the effective masses of the electron and the hole, respectively; and k F is the wave vector corresponding
to the Fermi level. At T > 0 K and mn /mp  1,
the magnitude of the Burstein–Moss effect is approximately equal to Δω = E F −4k B T in directgap semiconductors, and in semiconductors with
small mn (e.g., InSb), it already appears at carrier
concentrations 1017 cm−3 . The Burstein–Moss
effect is used in studies of the energy band structure of semiconductors.
BURSTING
See Penetration deformation.

Cc
in cadmium polycrystal at T melting is 1.7·10−12
m2 /s. Effective high-energy (3 to 10 MeV) neutron cross-section for absorption and scattering is
4.3 barn, and 2610 barn for thermal (0.025 eV)
neutrons. Ion-plasma frequency is 8.54 THz; lowtemperature linear electronic speciﬁc heat (Sommerfeld coefﬁcient) is 0.70 mJ·mole−1 ·K2 ; electrical resistivity is 83.6 n·m (at 293 K) along the
principal axis 6 of a monocrystal and 68.7 n·m
in a perpendicular direction at room temperature, thermal coefﬁcient of electrical resistance in
these directions is 0.0041 and 0.00405 K−1 , respectively; Hall constant is ∼
= + 5.7·10−11 m3 /C
at room temperature. Work function of cadmium
polycrystal is 4.1 eV. Critical temperature of cadmium transition to the superconducting state is
0.517 K; critical magnetic ﬁeld is 2.8 mT (at 0 K).
Cadmium is a diamagnetic material with molar
magnetic susceptibility −19.7 · 10−6 CGS units
(at 300 K); nuclear magnetic moment of 111 Cd
isotope is −0.592 nuclear magnetons. Cadmium
is used in nuclear power engineering and as a
component of alloys for solders, printing blocks,
jewelry, electrodes.

CADMIUM, Cd

Chemical element of Group II of the periodic system with atomic number 48 and atomic
mass 112.41. Natural cadmium consists of stable isotopes with mass numbers: 106 (1.215%),
108 (0.875%), 110 (12.39%), 111 (12.75%), 112
(24.07%), 113 (12.26%), 114 (28.86%), 116
(7.58%). The electronic conﬁguration of the outer
shells is 4d 10 5s 2 . Successive ionization energies
are 8.994, 16.908 eV. Atomic radius is 0.148 nm;
radius of Cd2+ ion is 0.097 nm. Oxidation state
is +2. Electronegativity is ∼
=1.5.
In free form, cadmium is a silvery-white forgeable and ductile metal. It has a hexagonal closepacked crystal lattice; a = 0.297912 nm, c =
0.561827 nm (at 298 K). Density is 8.65 g/cm3
at 293 K; T melting = 594 K; T boiling = 1030 K.
Bond energy is 1.16 eV/atom at 0 K. Heat
of melting is 6.38 kJ/mole; heat of sublimation is 112.2 kJ/mole; heat of evaporation is
99.9 kJ/mole; speciﬁc heat is 0.231 kJ·kg−1 ·K−1 ;
Debye temperature is ∼
=200 K; coefﬁcient of
the linear thermal expansion of cadmium monocrystal is 54.0·10−6 K−1 along the principal axis 6
and +19.6·10−6 K−1 perpendicular to it (at
300 K); coefﬁcient of thermal conductivity is
83.7 W·m−1 ·K−1 along the principal axis 6 and
105 W·m−1 ·K−1 perpendicular to it (at room
temperature). Adiabatic coefﬁcients of elastic rigidity of cadmium monocrystal: c11 = 114.5,
c12 = 39.5, c13 = 39.9, c33 = 50.85, c44 = 19.85
(in GPa) at 300 K; bulk modulus is ∼
=58 GPa;
Young’s modulus is ∼
=65 GPa; shear modulus is
∼
=25 GPa; Poisson ratio is ∼
=0.31 (at 300 K),
ultimate tensile strength is ∼
=0.08 GPa and relative elongation is ∼
=32%. Brinell hardness is
∼
=0.18 GPa. Cadmium is easily forged and rolled.
Surface tension of liquid cadmium is 0.628 J/m2
(at 623 K). Self-diffusion coefﬁcient of atoms

CADMIUM SULFIDE

A semiconductor compound of the AII BVI
group (see Semiconductor materials), which crystallizes in the cubic sphalerite structure (zinc
blend structure), space group F 4̄3m (Td2 ), and
in the hexagonal wurtzite structure, space group
4 ). The unit cell of sphalerite
P 63 mc (C6v
contains four molecules with lattice parameter
a = 0.5835 nm, while that of wurtzite contains
two molecules, with lattice parameters a =
0.41368 nm, c = 0.6713 nm, and the ratio of anion and cation radii is 0.52. For both structures
the tetrahedral positions of the atoms is characteristic, the crystals have no center of symmetry,
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they are polar; they form polytypes (see Polytypism) as derivatives of basic structures. Below
the pressure 3 GPa a transition to the structure of sodium chloride is observed. The cubic
modiﬁcation is stable at considerably lower temperatures than those of growing monocrystals.
Data given for the hexagonal wurtzite modiﬁcation are as follows: temperature coefﬁcients
of linear expansion with temperature reduction
from 600 to 150 K are reduced from 5.9·10−6
to 0.5·10−6 K−1 , density is 4.825 g/cm3 , melting temperature is 1748 K, heat of formation
◦
= −157 kJ·mole−1 , standard entropy
Hf,298.15

◦
= 71 J·mole−1 ·K−1 , speciﬁc heat
S298.15
◦
Cp,298.15 = 47.4 J ·mole−1 ·K−1 , heat conduc-

tivity 0.20 W·cm−1 ·K−1 , Debye temperature is
219.3 K. Covalent bonding prevails with some
admixture of ionic bonding. The phonon spectrum has nine optical and three acoustic branches.
The band gaps are direct, the valence band
presents three closely located subbands: Γ9 (the
upper one), Γ8 , Γ7 ; the ﬁnal conduction band
has symmetry Γ7 . The band gap width:
Eg,1.8 K = 2.58 eV, Eg,300 K = 2.53 eV. Average values of temperature coefﬁcient of Eg
variation at constant pressure (dEg /dT )P in the
range 90 to 300 K and coefﬁcient (dEg /dP ):
−5.2·10−4 eV/K and 3.3·10−6 eV/bar. The spin–
orbit interaction constant is 0.065 eV, the valence
band splitting due to the crystal e ld action is
0.027 eV, electron af nity is 4.73 eV, work function is 7.26 eV. Effective masses of electrons,
holes: m∗n = 0.205, m∗p = 0.7 (⊥ c), m∗p = 5 ( c).
Refraction index dispersion and birefringence are
characterized by the values: ne = 2.726, no =
2.743 at λ = 515 nm; ne = 2.312, no = 2.996 at
λ = 1500 nm. Static and high-frequency dielectric constants are: εs = 8.64 ( c), εs = 8.28 (⊥ c),
ε∞ = 5.24.
The Cd–S system in the phase equilibrium diagram has one compound CdS with a narrow range
of homogeneity. Inherent atomic defects to a large
extent determine the diffusion and solubility of impurities, the structure of local centers, optical and
electric properties. Elements of Group III Al, Ga,
In, can replace the cations, elements of Group VII
Cl, Br, I, replace the anions, vacancies of anions, interstitial cations are shallow hydrogen-like

donors; elements of Group I Cu, Ag, replace
the cations, cation vacancies behave as deep acceptors. The association of the point defects is
characteristic. Conductivity may change from a
semimetal to insulator type, no p-type conductivity is observed due to the self-compensation
phenomenon. Mobility of electrons and holes:
350 cm2 ·W−1 ·s−1 and 30 cm2 ·W−1 ·s−1 . Minority carrier lifetimes (holes) are 10−6 to 10−8 s,
diffusion lengths of holes are short (7 to 0.5 μm).
The presence of direct band gaps facilitates
effective luminescent and laser radiation. Blue radiation is caused by the annihilation of free and associated excitons, green, orange, red and infrared
radiations are associated with impurity recombiA =
nation. At T  15 K energy of excitons Eex
B
C
2.550 eV, Eex = 2.564 eV, Eex = 2.632 eV, bonding energies of excitons: EA = EC = 0.0294 eV,
EB = 0.0295 eV. Centers of radiative recombination are centers of photosensitivity. Having the
high photosensitivity in a wide spectral range:
from UV to near IR, in the X-ray spectral range
CdS is characterized by high sluggishness, low
temperature and time stability of photocurrent.
The absence of a center of inversion and a strong
electron–phonon interaction determine the piezoelectric properties. The capability of fabrication by
simple methods in the form of powders, tablets,
and caked layers of thin lms with controllable
properties is a pronounced advantage. The uniqueness and variety of its physical properties allows
its use as a model material of the physics of semiconductors and quantum electronics: in photo-,
opto-, acoustoelectronics, optics, laser engineering. Cadmium sulphide is widely used as a crystallophor for the creation of the screens of electron
tubes, including color television, as a photoconductor for the creation of photoresistors, of nuclear particles radiation sensors, as an element of
heterojunctions for solar phototransformers.
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Uniaxial liquid crystals with structure units
(molecules or micelles) of oblong cylindrical
shape (cf. Discotics).

CALORIMETRIC COEFFICIENTS

CALCIUM, Ca

Chemical element of Group II of the periodic
system with atomic number 20 and atomic mass
40.078, it belongs to alkaline-earth metals. Natural
calcium is a mixture of 6 stable isotopes with mass
numbers 40, 42–44, 46, 48; among them, 40 Ca
(96.94%) is the commonest and 46 Ca (0.003%) is
the rarest. Electronic conﬁguration of outer shell
is 4s 2 . Atomic radius is 0.197 nm. Successive ionization energies are 6.133, 11.872, 50.914 eV. It is
chemically active; oxidation state +2. Electronegativity is 1.04.
In free form, calcium is a silvery-white metal;
it darkens in the air due to formation of products of calcium interaction with oxygen, nitrogen, water vapors, etc., at the surface. From
room temperature to 716 K, α-Ca is stable with
face-centered cubic lattice (with parameter a =
0.556 nm); at temperatures above 716 K and
up to T melting = 1120 K β-Ca is stable with a
body-centered cubic lattice (with parameter a =
0.448 nm), T boiling = 1770 K. Density of α-Ca
is 1.55 g/cm3 . Heat of melting is 8.4 kJ/mole;
heat of evaporation is 152 kJ/mole; speciﬁc heat
cp = 25.9 J·mole−1 ·K−1 . Work function 2.75 eV.
Debye temperature is 220 K; temperature coefﬁcient of linear expansion is 2.2·10−5 K−1 (at 273
to 573 K); heat conductivity is 125 W·m−1 ·K−1 ;
electrical resistivity is 3.8·10−2 μ·m (at 273
to 373 K); temperature coefﬁcient of electrical
resistance is 4.57·10−3 K−1 . Hall constant is
−1.78·10−10 m3 /C; magnetic susceptibility is
χ = +1·10−9 . Modulus of normal rigidity is 21
to 28 GPa, tensile strength is 59 GPa, elastic limit
is 4 MPa, limiting yield stress is 37 MPa. Brinell
hardness is ∼250 MPa.
Metallic calcium is used in metallurgy for reduction of U, Th, Zr and other rare metals from
their compounds; as deoxidizing and degassing
agent in melting of special steels, bronze, etc.
Calcium is used as a getter in electronic devices.
Monocrystals of the calcium compound, ﬂuorite
CaF2 , ﬁnd wide use in optical and laser devices.
CALIFORNIUM, Cf

Chemical element of Group III of the periodic
system with atomic number 98 and atomic mass
251.08, belongs to actinides. There are no stable
isotopes, and 17 radioactive isotopes are known
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with mass numbers 240 to 256. Electronic conﬁguration of outer shells of atom is 5f 9 6d 1 7s 2 .
Atomic radius is 0.169 nm; ionic radius of Cf3+
is 0.906 nm. Oxidation state is +3 (less often, +2,
+4, +5, +6). Electronegativity is 1.23.
In free form, californium is a silvery metal.
It exists in two allotropic modiﬁcations: lowtemperature (α-Cf) and high-temperature (β-Cf).
The ﬁrst has a hexagonal close-packed crystal
4 ), a = 0.3988 nm,
(space group P 63 /mmc (D6h
c = 0.6887 nm at room temperature); according to
other data, it has a double hexagonal close-packed
crystal lattice (a = 0.339 nm, c = 1.101 nm). The
other modiﬁcation has a face-centered cubic lattice (space group F m3m (Oh5 ), a = 0.5743 nm
and a = 0.494 nm upon hardening by quenching at
∼1000 K and 870 K, respectively) at temperatures
above 860 K to T melting = 1170 K. T boiling ≈
1500 K. Density of α-Cf is 15.1 g/cm3 . Below
the Curie point T C = 51 K, α-Cf transforms from
a paramagnetic state to a ferromagnetic one; in
β-Cf, no magnetic ordering has been found. Californium isotopes (in particular, 252 Cf) are used as
neutron sources in activation analysis, in medicine,
etc. Californium is highly toxic.
CALORIMETRIC COEFFICIENTS

The thermodynamic coefﬁcients of the form
(∂Q/∂μ)ν where μ and ν take on the values of
any of the thermodynamic parameters P , V , T
(pressure, volume, temperature) of a system. The
quantity ∂Q is the amount of heat transferring the
system into a new thermodynamic state under a
variation of μ by ∂μ at ν = const. There are 6
principal calorimetric coefﬁcients:
(∂Q/∂T )V = CV ,
speci c heat at constant volume,
(∂Q/∂T )P = CP ,
speciﬁc heat at constant pressure,
(∂Q/∂P )T , heat of isothermal compression,
(∂Q/∂P )V , heat of isochoric compression,
(∂Q/∂V )P , heat of isobaric expansion,
(∂Q/∂V )T , heat of isothermal expansion.
The calorimetric coefﬁcients can be expressed via
the derivatives of the thermodynamic state functions: enthalpy H and internal energy U (see
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Thermodynamic potentials):
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In addition to calorimetric coefﬁcients, thermodynamics also makes use of six thermal coefﬁcients:
(∂V /∂P )T , (∂P /∂T )V , (∂T /∂V )P , (∂V /∂P )S ,
(∂P /∂T )S and (∂T /∂V )S , where S is the entropy.
There are 9 independent thermodynamic relationships between these 12 thermodynamic coefﬁcients so only 3 thermodynamic coefﬁcients
can be selected as independent ones to be evaluated theoretically or determined experimentally.
In principle all other coefﬁcients can be calculated
via these three, chosen as independent. This circumstance allows one to calculate coefﬁcients that
are difﬁcult to measure experimentally through
easily measurable ones. For instance,
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Instruments for calorimetric measurements are
called calorimeters. Their design is determined by
the temperature interval and desired accuracy. The
two most widely used types in studies of solids are
adiabatic calorimeters where the heat exchange
between calorimeter and medium is negligibly
small, and dynamic (heat-conducting) calorimeters based upon detection and control of the heat
ﬂux between the sample and the environment.
Adiabatic calorimeters with a pulse heat input
are very accurate for measurements made close to
equilibrium. They are used at temperatures from
0.05 to 1000 K to determine the speci c heat,
thermodynamic functions, latent heats of phase
transitions, the critical index α of phase transitions; density of states of electrons at the Fermi
level N(EF ) by the electronic speciﬁc heat coefﬁcient γ ; obtaining direct information on energy
levels of valence electrons by the Schottky effect;
investigation of energy properties of vacancies
and coordination polyhedra. A drawback of this
method is the long time required for making the
measurement.
Dynamical calorimeters, in particular the Calve
type, are used at temperatures from 77 to 1880 K.
The temperature variation rate is from 1 K/h to
64 K/min. The important advantage of calorimeters of this type is the possibility of contact between the sample and the environment, control
of the pressure or gas phase during the experiment, and access to the center of the calorimeter
when necessary. The ﬁeld of application is the
determination of heat capacities, thermodynamic
functions, latent heats of phase transitions, heats of
oxidation–reduction reactions, heats of gas–solid
reactions, the energy related to the strain of a solid,
and heats of adsorption and desorption. At temperatures above 1800 K the speciﬁc heat of solids
is determined by the offset method. Benzoic acid
and corundum have been adopted as standard substances in calorimetry.

CALORIMETRY (fr. Lat. calor , heat, and
Gr. μετρεω , am measuring)

CANONICAL TRANSFORMATION METHOD
(N.N. Bogolyubov, 1947)

Methods for measuring thermal effects accompanying different processes. Calorimetric methods
are used in the interval 0.05–3500 K and attain
an accuracy 0.01%. Calorimetry at temperatures
above 400 K is conventionally called a hightemperature type.

A method utilizing a unitary transformation of
particle creation ak+ and annihilation ak operators
in order to reduce the initial complex Hamiltonian
of a many-particle quantum system, involving interacting particles expressed in a second quantization representation, to a simpler Hamiltonian in

CAPACITANCE

diagonal form for noninteracting quasi-particles
with a restructured energy spectrum.
If the initial Hamiltonian has the form


1
1
∗ ,
H=
Ak ak+ ak + Bk ak a−k + Bk∗ ak∗ a−k
2
2
(1)
then by introducing new operators according to the
relations
+
,
ak = λk ck + μ∗k c−k

+
+
a−k
= λ∗k c−k
+ μk ck
(2)
the Hamiltonian assumes the form

H =
ε(k)ck+ ck + E0 ,
(3)
1/2
ε(k) = A2k ∓ |Bk |2
.

The parameters of the canonical transformation
obey the normalization condition
|λk |2 ∓ |μk |2 = 1.
In formulae for the energy of the quasi-particles
and the transformation parameters the upper sign
corresponds to bosons and the lower sign corresponds to fermions.
The canonical transformation for spin waves
was applied by Holstein and Primakoff (1940) to a
ferromagnetic material, and it was applied by Bogolyubov (1947) to bosons for the case when many
of them are in the state of a Bose–Einstein condensate (see Bose–Einstein condensation). The
method was exploited by Bogolyubov to construct his microscopic theory of superconductivity
(1947). It results in the following elementary excitations:

 2 2 2
k 
2
2
,
(4a)
E(k) = k u (k) +
2m

NV (k)
u(k) =
,
(4b)
m
where m is the boson mass, N is the number of
particles in a unit volume, and V (k) is the Fourier
transform of the pairwise interaction potential. For
particles with repulsion, when V (k) > 0, Eq. (2)
yields at k → 0 the acoustic dispersion law of
quasi-particles E(k) ≈ ku(0), which is a necessary but insufﬁcient condition for the super uidity
of neutral Bose systems (see Landau super uidity
criterion). When attraction dominates at large distances with V (0) < 0, the spectrum (2) at k → 0
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becomes unstable (imaginary), which corresponds
to an exponential growth of long-wavelength perturbations in time, and a spontaneous contraction
(collapse) of the system. For charged bosons (e.g.,
bipolarons) with a long-range Coulomb repulsion
V (k) = 4πe2 /k 2 (e is the boson charge), the spectrum (2) of quasi-particles at k = 0 has a ﬁnite
energy gap E(0) = ωp (ωp is the plasma frequency) and satisﬁes the superﬂuidity criterion,
which corresponds to superconductivity (see Bipolaron mechanism of superconductivity).
In the case of electrons (fermions) interacting under the conditions of Cooper pairing (see
Bardeen–Cooper–Schrieffer theory) one can use
Hamiltonian (1), where k denotes both the momentum and the spin of the electron, and Ak and
Bk are given by
Ak = ξ(k),

Bk = Δ(k).

Here ξ(k) is the energy measured from the Fermi
level, and Δ(k) is the non-zero energy gap below the transition temperature from the normal
to the superconducting (superﬂuid) state of a
Fermi system. In the self-consistent eld approximation, which is asymptotically accurate in
the thermodynmic limit (see Bogolyubov method
in the theory of superconductivity), transformations (2) lead to a reconstructed spectrum of quasiparticles in a superconductor with the energy
ε(k) = [ξ 2 (k) + Δ2 (k)]1/2 .
CAPACITANCE

A quantitative measure of the ability of an object or material to retain electric charge q. Charged
particles of the same sign attempt to go out of
a charged body due to electrostatic repulsion.
Mobile charge carriers in a conducting medium
spread over its surface and provide an equal value
of electric potential ϕ everywhere on the surface.
If the conductor is electrically charged then its
potential differs from that at inﬁnity where by convention ϕ∞ = 0. The value ϕ is proportional to q;
and it speciﬁes the conductor capacitance by the
ratio C = q/ϕ. The greater the value of C, the
greater the charge on the conductor at a given ϕ.
The magnitude C of an isolated conductor is determined by its geometric dimensions and shape;
e.g., the capacitance of a sphere is equal to its
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radius (in Gaussian system of units). In a system of conductors, a correspondence between their
charges and potentials is determined by the linear
relations qi = j Cij ϕj (Cij is called the capacity coefﬁcient of the ith and j th conductors).
In a system metal–insulator–metal (condenser),
the capacitance is determined by the relation C =
q/ ϕ where q is the value of charges of opposite sign on every capacitor plate; ϕ is the
potential difference between the plates. For a planar capacitor C = εA/d where A is the area of
each plate, d is the distance between them, and ε
is the relative (dimensionless) dielectric constant
of the medium between the plates. For a very
small d, the capacity of the system can be very
large. The systems metal–semiconductor, semiconductor junction, and so on are similar to a
capacitor, and can also have a signiﬁcant capacitance (see Barrier capacitance). Variations of the
thickness of the dielectric layer under actions of
any kind provide information on the distribution
of electrically active extended defects in a system
(see Capacitance–voltage characteristic, Capacitance spectroscopy).
Josephson junctions, with typical capacitances
C ∼ 10−15 F, exhibit voltage changes V =
e/C ∼ 0.016 mV for individual electron tunneling. This is called a Coulomb blocade, and it
appears on a current versus voltage characteristic
curve (I versus V , or dI versus dV plot) as a sequence of steps called a Coulomb staircase.
CAPACITANCE, BARRIER
See Barrier capacitance.
CAPACITANCE SPECTROSCOPY

A collection of methods for determining the
energy spectrum of deep levels in semiconductors from changes in their barrier capacitance, C,
during variation of the applied voltage. A simple
version of capacitance spectroscopy is based on
measuring steady-state capacitance–voltage characteristics. When a reverse bias (i.e. a bias in the
cut-off direction) is applied to a system containing a semiconductor junction or a Schottky barrier,
the thickness L of the semiconductor region with
depleted current carriers increases, and the capacitance of the depletion layer decreases. More
information can be obtained by methods of nonstatic capacitance spectroscopy of deep levels. It

is based on the measurement of the capacitance
relaxation kinetics for different combinations of
factors applied to ﬁll or ionize the deep levels (such as forward and reverse bias pulses of
various durations, photoionizations, and temperatures). Using these methods provides separate
measurements of concentrations of deep levels
with different ionization energies, and also determines the cross-sections of charge carrier trapping
at the levels. The efﬁcient Lang method measures
the differences between C at two times, t1 and t2 ,
during the course of the relaxation of C with the
emission of electrons or holes from individual levels into a corresponding allowed band. There are
modiﬁcations of this method when the relaxation
of current rather than capacitance is measured; and
taken together they constitute the relaxation spectroscopy of deep levels.
CAPACITANCE, SURFACE
See Surface capacitance.
CAPACITANCE–VOLTAGE CHARACTERISTIC

Dependence of the sample capacitance C on
the applied voltage V .
Measurement of the capacitance–voltage characteristic is one of the most widespread methods
of investigating semiconductor electron–hole transit, heterojunctions, Schottky diodes and metal–
insulator–semiconductor structures. From the
shape of a C–V characteristic it is possible to determine the distribution of doping impurity in the
structure. In particular, in sharp p–n junctions and
Schottky diodes the capacitance–voltage characteristic plotted as C −2 versus V is a straight line
with a slope characterizing the doping of the semiconductor, and the cutoff voltage is equal to the
equilibrium height of the potential barrier at the
junction (contact potential difference). The characteristic shape of the C–V characteristic for M–I–S
structures is shown in the ﬁgure.
The presence of deep levels within the bulk or
at the surface of the sample, which recharge during voltage variations, causes additional features
of the capacitance–voltage characteristic. Besides,
the shape of the C–V characteristic has a strong
dependence on the frequency f of the probing
signal, because at high frequencies there is not
enough time to recharge the deep levels, and to

CARBIDE TRANSFORMATIONS

Dependence of the capacitance on the voltage in an
M–I–S structure at a low (solid line) and a high (dashed
line) frequency, where C0 is the insulator capacitance.

form the inversion layer in the M–I–S structure.
This allows one to use the C–V characteristic and
its frequency dependence to obtain information
about the concentration, energy spectrum and trapping proﬁles of the bulk and surface levels (see
also Varicap, Capacitance spectroscopy).
CAPILLARY PHENOMENA

Physical phenomena arising from surface tension. Capillary phenomena are most easily observed in thin tubes (R  10−3 m). The fundamentals of capillarity theory laid by P.S. Laplace
(1806–1807) include two basic laws:
(1) the excess pressure under the curved surface
of liquid is


1
1
,
(1)
+
p = ±σ
R1
R2
where σ is the surface tension coefﬁcient, R1
and R2 are the radii of curvature of two mutually perpendicular sections of the surface at
the point in question; and
(2) the edge angle θ0 of a solid surface by a liquid
is independent of the shape of the surface.
Of importance in the theory is the capillary
constant a with the dimensions of length:

σ
,
(2)
a=
ρg
where ρ is the difference between the densities
of the phases in contact, and g = 9.8 m/s2 .
For cylindrical tubes the Borelli–Jurin equation holds
2σ cos θ0
h=
,
(3)
gRρ
where h is the height of the rise of the wetting
liquid and ρ is the liquid density. Eq. (3) describes the impregnation of pore structures, and
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substantiates the role of capillary forces in the root
feeding of plants utilized for soil tillage. Eq. (1)
explains the presence of a considerable capillary
counter-pressure in a system of alternating drops
of liquid and gas bubbles in capillaries (gas embolism, decompression sickness in divers). See
also Thermocapillary effect, Electrocapillary phenomena.
CARBIDES (fr. Lat. carbo, coal, and Gr. ειδoς ,
type)
Chemical compounds of carbon with metals

and some nonmetals. We can distinguish covalent carbides (beryllium carbide, boron carbide,
silicon carbide), metal-like, and salt-like carbides.
Metal-like carbides include those of scandium,
yttrium, lanthanum, lanthanides, transition metals of Groups IV to VII of the periodic system,
and metals of the iron family. Carbides of transition metals (TiC, Cr3 C6 , Cr3 C2 , Mo2 C, WC
and others) are interstitial phases and structures
close to interstitial, with the carbon atoms occupying octahedral or tetrahedral sites (voids) of
close-packed metal lattices. Such carbides exhibit
metallic characteristics of conductity, high melting
(decomposition) temperature, hardness and chemical stability. Salt-like carbides include those of
s-state metals (alkali, alkaline-earth metals and
aluminum). The best known among them is calcium carbide CaC2 , a colorless crystal, with density 2.21 g/cm3 , T melting ∼ 2300 ◦ C. Carbides
are obtained from elementary matertials in vacuo
or in a reducing gas atmosphere, as well as by interaction of metallic oxides with carbon in vacuo
or in a reducing atmosphere, by interaction of metals or their oxides with carbon-containing gases,
and by interaction of gaseous compounds of some
metals (halides) and carbon in the hydrogen atmosphere. The favorable properties of carbides are
used in nuclear and space engineering, microelectronics, metal processing and many other areas.
CARBIDE TRANSFORMATIONS in steel

Formation and rearrangement of iron carbides
during the course of different treatments of steel.
Carbides are one of the basic phases in steel;
they may form upon cooling of steel heated above
some critical point, or upon tempering of hardened steel (see Quenching). Above 300 ◦ C a stable
iron carbide, cementite, is present in carbon steel.
At the tempering of alloyed steels, the temper-
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ature of cementite (Fe3 C) formation increases.
Redistribution of carbon and alloying elements
between phases leads to alloying of iron carbide.
With a certain temperature of tempering, degree
of steel alloying, and ratio of carbide-forming element content to that of carbon, the formation of
special carbide is possible. Destabilization of cementite (or special carbide) occurs at complete
replacement of one atom of iron in cementite (or
the basic element in special carbide) with the alloying element. In multicomponent alloying such
replacement occurs with several alloying elements
simultaneously. Carbide transformations that run
according to the mechanism of alloy aging and direct precipitation of carbides from ferrite, bypassing cementite, are used to harden structural, stamp,
tool, high-speed and certain austenite steels, as
well as to maintain hardening in long-term operation of boiler and turbine, motor equipment, of
industrial holders and fastening parts, etc., at increased temperatures.
The speciﬁcs of redistribution of carbon and
alloying elements between phases in multicomponent alloying causes the carbide transformations
to run at a lower number of alloying elements
than in single or simple alloying (and the same total degree of alloying). Here, the ferrite contains
more alloying elements, which permits a more
complete use of their effect upon physical mechanical, technological and service properties of
steel. The composition and type of the carbide
crystal lattice, distribution of carbides within the
structure, and the mechanism of their formation
are investigated using chemical phase analysis,
X-ray structure analysis, microscopic diffraction
and magnetic analyses, Mössbauer spectroscopy,
internal friction, and electron microscopy with the
help of replicas and foils.
CARBON, C

The chemical element of Group IV of the periodic table with atomic number 6 and atomic
weight 12.011. The mass numbers of the two stable carbon isotopes are 12 (12 C, 98.892%) and 13
(13 C, 1.108%). The 14 C isotope is unstable (halflife 5730 years). The wide diversity of properties
of carbon compounds is due to the electronic conﬁguration of the carbon atom: 1s 2 2s 2 2p2 . Interaction with other atoms results in rearrangement

of the density of the electron clouds and the concentration of electron density in certain directions,
such as along chemical bonds (see Hybridization
of orbitals). Depending on the way atomic orbitals
are combined, sp-, sp2 - and sp3 -hybridizations
are distinguished. Each hybridization corresponds
to a particular spatial arrangement of a bond. Oxidation states of carbon in its compounds are −4,
−2, +2, and +4; electronegativity value is ≈2.58;
atomic radius 0.077 nm, ionic radii: 0.016 nm for
C4+ and 0.26 nm for C4− .
There exist ﬁve allotropic (see Allotropy) modiﬁcations of solid carbon: diamond (sp3 -hybridization of orbitals), graphite (sp2 -hybridization),
fullerene (C60 and analogues, sp2 -hybridization),
carbyne (sp-hybridization), and amorphous carbon (mixed type of bonding). Carbyne is a quasione-dimensional semiconductor, the width of the
band gap of which is ∼1 eV. Amorphous carbon is
a polyphase structure, which consists of the ﬁnest
inclusions of polymorphic modiﬁcations of carbon. Depending on the mode of preparation, carbon may also contain chemically bound hydrogen
atoms, which saturate the dangling bonds of the
carbon structure. The principal carbon-containing
minerals are salts (carbonates) of carbonic acid
H2 CO3 . Carbon atoms are the chief constituents
of coal, oil, peat and other materials. Carbon is a
nonmetal and behaves as an active reducing agent
on heating. It forms carbides with various elements, e.g., boron carbide, silicon carbide SiC,
cementite Fe3 C. Carbon is used as a reducing
agent, as a component of various alloys, as fuel,
for production of electrodes, etc.
CARBON, ACTIVE
See Active carbons.
CARBON FILM, DIAMOND-LIKE
See Diamond-like carbon lms.
CARBYNE (fr. Lat. carbon , coal)

The third allotropic modiﬁcation of carbon,
which consists of rectilinear carbon chains bound
into crystals through van der Waals forces. The
rectilinear shape of the chains is due to sp-hybrid
bonding of the carbon atoms. In actual samples the
individual chains are cross-linked, with perhaps
some periodicity, and this involves a transition of

CASTING MATERIALS

some carbon atoms into sp2 - or sp3 -hybrid type
bonding. The presence of carbyne can be detected
by the methods of electron diffraction and X-ray diffraction.
Crystalline particles of carbyne are colorless,
and no large monocrystals have been prepared.
Carbyne is hard to obtain in a pure form (free from
admixture of laminated modiﬁcations of carbon).
Density and other physical properties depend on
the method of manufacture and puriﬁcation. Carbyne has a higher speci c heat than graphite and
diamond, and it surpasses graphite in hardness.
Heat of combustion is 84 to 372 kJ/mole, which
is signiﬁcantly lower than that of graphite and
diamond, which attests to the thermodynamic stability of carbyne.
There are 3 bands in the Raman spectrum of
carbyne at 1360, 1580 and 2140 cm−1 , the last of
them being the characteristic one related to the vibrations of conjugate C–C bonds. Carbyne is an
n-type semiconductor with a band gap of 0.64 eV;
electrical resistivity is 106 ·cm (at 293 K). Carbyne was originally obtained and characterized
by the methods of oxidative polycondensation of
acetylene. It forms upon condensation from vaporgas phase, plasma, an ion-molecular beam under
the conditions that are softer compared to those
for forming diamond, and of laminated polymers
of carbon. Natural carbyne was discovered in 1968
in a meteorite crater and received the name chaoite
(white veins and disseminations in graphite). In
its chemical inertness it surpasses graphite and approaches diamond. Defect-free thread-like crystals
of carbyne are believed to have very high rupture
strength.
CASCADE, COLLISION
See Collision cascade.
CASTING

The process of forming pieces (casts) by ﬁlling
a hollow casting form or mold with melted material (metals, their alloys, plastics, certain rocks,
metallurgy slags). The principal advantages of
casting include the possibility of obtaining casts
of a complicated conﬁguration that is as close in
size and shape to the ﬁnal product as possible.
Mold casting of steel, cast iron, nonferrous alloys
(from 5–10 to 100 g and more in mass) is used
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to produce various parts, from time-piece components to heavy-duty constructions for engineering,
metallurgy, power and other branches of machine
building. Steels and alloys are cast into molds
(plate casts, forging casts) or poured continuously
into water-cooled crystallizers (for a continuously
operating casting installation). More than 50 types
of casting techniques are available. Traditional
technologies include pouring molten metal from
dippers or crucibles driven by gravity into sand
casting forms. Special casting techniques make
it possible to improve the quality of casts, perform precision casting in both size and shape, and
achieve special physical and mechanical characteristics. Such technologies involve various external factors which act upon the crystallizing metal
and provide for using special casting forms, models or casting techniques. Among the latter are
casting under high or low pressure, centrifugal
casting, electric slag casting, continuous or suspension casting, casting into melted-out models,
casting into chill molds, ceramic and shell forms,
etc. Art casting is done using melted-out models
to produce monumental sculptures, architectural
decorations, and jewelry.
CASTING MATERIALS

Macroscopically inhomogeneous substances
obtained by fusion of two and more mutually soluble metals, nonmetals, or organic substances, and
by subsequent solidi ca tion of the liquid phase in
a mold of a particular shape. Depending on the
temperature range of metastability of the liquid
phase, the structure of casting materials may be
crystalline or amorphous. In a general case, the
conditions of solidiﬁcation in the amorphous or
crystalline states may be controlled by the cooling rate, by the purity of the materials, by their
solubility, and by their crystallization activity.
The properties of casting materials crystallizing during the course of solidiﬁcation are not
only determined by their chemical composition,
by the method of fusion, thermal and other types
of deformationless treatment, but are also dependent on the thermal conditions of solidiﬁcation,
on the nucleation rates of centers, and the linear
growth rates of crystallization nuclei. These factors
determine the degree of development of physical, chemical and structural inhomogeneities in
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casting materials. The processes of their solidiﬁcation and crystallization, and hence their properties, may be signiﬁcantly changed by modi cation,
electromagnetic mixing and other methods (see
Casting).
CAST IRON

Alloy of iron with carbon (usually 2 to 4% C),
also containing (Si, P and S, Mn), and sometimes
additional alloying elements (Al, V, Cr, Ni, etc.);
it solidiﬁes with the formation of eutectics. Unlike
steel due to its low plasticity, cast iron is machinable under pressure. It is characterized by a high
liquid yield. Cast irons are subdivided into the following classes: pearlite, ferrite, perlite-ferrite, sorbite, troostite, bainite, martensite, troostite-ferrite,
and austenite. According to its microstructure the
following types are distinguished: gray cast iron
(in the form of cementite or iron carbide Fe3 C),
and forgeable cast iron obtained by annealing
white cast iron (ﬂocculent graphite). The properties of cast iron are improved by alloying, modi cation, thermal treatment. Cast iron is the primary
product obtained from the processing of iron ore
materials. It is used in chemical, petroleum, and
agricultural machine building, in tool, car and tractor fabrication, in civil engineering, etc.
CATALYSIS, RADIATION
See Radiation catalysis.
CATASTROPHE, POLARIZATION
See Polarization catastrophe.
CATEGORY (fr. Gr. κατ ηγ oρια , accusation)

A level of crystallographic classiﬁcation by the
number and order of special (or individual) directions, i.e. directions in the crystal lattice which
do not repeat under a symmetry operation (see
Crystal symmetry). There are three categories: the
highest one (no special direction and some symmetry axes of order higher than 2); the medium
type (one special direction along a unique symmetry axis of order 3, 4, or 6); the lowest one (no
special direction and no symmetry axes of order
higher than 2). The highest category involves crystals of the cubic system, the medium one includes
those of the hexagonal system, trigonal system
and tetragonal system, and the lowest category encompasses structures of the orthorhombic system,

monoclinic system and triclinic system. Depending
on the category the nature of the anisotropy, and
many physical properties of a solid change characteristically (see Anisotropy of crystals).
This classiﬁcation term “category” is not commonly used in the Western literature.
CATHODE
See Cold cathode, Field-emission cathode,
Thermionic cathode, Photocathode.
CATHODE SPUTTERING
See Sputtering.
CATHODOLUMINESCENCE
A type of radioluminescence excited by an

electron beam (“cathode rays”). Depending on the
electron energy E, one distinguishes low-voltage
(E = 10–100 eV) and high-voltage (E > 0.5 keV)
cathodoluminescence. At high-voltage the electrons overcome the surface barrier, penetrate to a
depth proportional to E 1.4 , knock out secondary
electrons that also ionize atoms, create electron–
hole pairs, or directly excite the ions of the activator (Mn2+ , Tb3+ and others). The minority
carriers migrate across the lattice and are trapped
at luminescent centers, accompanied by radiative
recombination. At low voltage the excitation by
primary electrons only covers several near-surface
atomic layers, and the diffusion of nonequilibrium
carriers produces a zone of ﬂuorescence spreading
into the depth of the sample. The forming negative
charge is neutralized at high voltage luminescence
mainly through the emission of electrons from the
surface of a luminophor, while at low voltage the
neutralization is due to the conductivity of the latter. In its spectrum, cathodoluminescence is similar to other types of luminescence. Its brightness
in a certain spectral region is proportional to E
and the current density in the beam. The energy
yield is 10–30% for high voltage and 0.5–2% for
low voltage. Cathodoluminescence is employed in
picture tube screens and in low-voltage indicators
that are used in devices for the visualization of information, TV sets and other electronic devices.
Cathodoluminescence underlies the operation of
lasers excited by an electron beam.

CATLOW–DILLER–NORGETT POTENTIAL
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CATLOW–DILLER–NORGETT POTENTIAL
(C.R. Catlow, K.M. Diller, M.J. Norgett, 1977)

A central pair-potential that describes shortrange ion-to-ion interactions in ionic crystals using
the shell model. An analysis of the relation between the equilibrium interionic distance in a
crystal and its elastic constants on the one hand,
and the interionic interaction potentials yielded by
this model for alkali-halide crystals (such as LiCl,
NaCl, KCl, RbCl) on the other hand, demonstrated
that the ion-to-ion interaction is attractive at long
distances r and repulsive at short distances. Starting with that observation, Catlow, Diller and Norgett offered the following two proposals for the
short-range potential of (identical) second nearest
neighbors in alkali halides.
I. The
Buckingham
potential
V (r) =
A exp(−r/ρ) − Cr −6 contains an exponential
repulsive term with parameters A, ρ determined using an electron gas model, and an
attractive van der Waals potential with a parameter C (see Van der Waals forces). For
example, the F− –F− ionic interaction in a LiF
crystal is described by A = 1128 eV, ρ =
0.02753 nm, and C = 12.71 eV·nm5 . The
parameters for the anion–anion (C−− ) and
cation–cation (C++ ) interactions are arbitrarily assumed to be equal to each other, C−− =
C++ = C/2.
II. A combined (“spline”) potential consists of expressions used in proposal I for attraction at
long distances and repulsion at short ones, plus
the third and ﬁfth power polynomials for intermediate distances (see Fig.):
V (r) = −Cr −6 ,
V (r) =

3


r > ra ,

(1)

ai r i ,

ra > r > rm ,

(2)

bi r i ,

rm > r > rb ,

(3)

i=0

V (r) =

5

i=0



r
,
V (r) = A exp −
ρ

rb > r.

(4)

Matching the functions at points ra , rb , and
at the minimum point rm is carried out by invoking continuity of the functions and their

Schematic represention of the potential described in proposal II for the four regions: (1) r > ra , (2) ra > r > rm ,
(3) rm > r > rb , and (4) rb > r.

ﬁrst derivatives. The parameters A and ρ
coincide, while C considerably exceeds the
value expected from proposal I. For example,
C = 26.8 eV, while ra = 0.3457 nm, rb =
0.2 nm, rm = 0.2833 nm for the F− –F− interaction. These parameters are self-consistently
adjusted over the entire alkali halide series.
Having ﬁxed the potential parameters for second nearest neighbors, one may update the respective parameters for ﬁrst neighbors, that is for adjacent ions, that potential being the common Born–
Mayer potential, V (r) = A exp(−r/ρ). Next the
parameters of the ions are determined using the
shell model. The shell charge and the nucleus–
shell bonding constant are found by comparing
the static and the high frequency dielectric constants and the transverse optical frequencies with
experimental data for all the crystals, so that the
polarization of a crystal may be adequately described by the result.
The Catlow–Diller–Norgett potential, as presented in II above, has a number of advantages
over other potentials used for ionic crystals. It covers every individual ion and is easily applied to
modeling alkali halides. It offers a consistent picture of the ion-to-ion interaction for all the alkali
halides. In combination with the Coulomb potential it adequately describes the properties not only
of an ideal crystal, but of a real one as well. In the
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latter the ion-to-ion distances may differ considerably from the equilibrium ones in the vicinity of
defects. Thus it becomes possible to study both intrinsic crystalline and impurity defects in various
ionic crystals (see Interatomic interaction potentials).
CAUCHY RELATIONS (A. Cauchy)

Additional relations between the 36 crystal
elastic moduli cik following from the symme-

tries of interatomic interactions, where i, k =
1, 2, . . . , 6. If the interatomic forces are pairwise
and central then each term is at a center of
symmetry, the undeformed crystal is stress free,
and the harmonic approximation is valid. Then in
the general case there are 21 independent modulus constants cik (in Voigt notation) by virtue
of the symmetry condition cik = cki . The six
Cauchy relations c12 = c66 , c13 = c55 , c23 = c44 ,
c14 = c56 , c25 = c46 , and c36 = c45 reduce the
number of independent elastic moduli to 15. For
cubic crystals there are three independent elastic
constants (c11 , c12 , c44 ), and one Cauchy relation (c12 = c44 ). These results hold well for
some alkali-halide crystals, but not for most other
cubic crystals. In metallic crystals the Cauchy relations usually do not hold (e.g., in noble metals
c12 /c44 ∼ 2–4). In elastically isotropic crystals
obeying the Cauchy relations c11 = 3c44 , and
the Poisson ratio is ν = 1/4. For orthorhombic
crystals there are 9 independent constants and 3
Cauchy relations, corresponding to 6 independent
moduli when the Cauchy relations hold.
CAVITATION RESISTANCE

The ability of a material to resist the effect of
cavitation (formation of vapor bubbles) that appears in a liquid at the passage of a powerful sonic
or ultrasonic wave (acoustic cavitation), and also
during high-speed ﬂow past bodies (hydrodynamic
cavitation). The collapse of a cavitation bubble at
the compression phase produces a local hydraulic
shock which affects the surface of a tool, an article, or a part. Cavitation erosion is especially
strong for brittle materials such as rocks, concrete,
and ceramics. Metals possess considerably higher
cavitation resistance that reduces noticeably in
hostile media and suspensions with abrasive particles, and upon increasing the pressure within the

volume of a liquid. Ultrasound is widely applied
in some technological processes where cavitation
plays an important role, and this has prompted
the search for materials with high cavitation resistance. Its measure is the loss of mass per unit
area during a preset period of time. The cavitation intensity is evaluated by the destruction of a
thin aluminum foil placed in the cavitation area.
There are also other methods to determine cavitation resistance in investigations of hydrodynamic
cavitation, such as rotational, jet-impact, and ﬂowthrough ones.
CAYLEY TREE (A. Cayley, 1889); also called a
Bethe lattice

A branched structure in which each site has f
nearest neighbors, and no two branches are permitted to cross each other. It is cycle-free, and also
self similar since each branch is itself an entire
tree. Such graphs are used for percolation studies, in cluster techniques to provide a convenient
boundary condition for a cluster, to calculate the
number of isomers of saturated hydrocarbons, and
to describe disordered solids.
CELLULAR STRUCTURE

Regions 1 μm in size which are free of dislocations, or which contain individual dislocations,
dislocation dipoles, multipoles, interlacements,
networks, etc., and are separated by dislocation interlacements, balls, or rods. The cell boundaries
can be either dense or spread out, either narrow
or wide, and so on. The cells can be equiaxial
or nonequiaxial. Sometimes the cellular structure
is called block-cellular structure (see Block structure).
CEMENTATION

Coating a metal, usually iron or steel, by heating it with another substance so that the added
material, usually a powder, diffuses into the surface; it is a type of chemical heat treatment. The
coating material might be a metal like aluminum or
zinc, or perhaps carbon. Diffusion saturation of a
steel product surface by carbon typically produces
a saturated layer that is 0.5 to 2 mm thick, with
a carbon content of 0.8–1.1%. Cementation with
subsequent quenching and low annealing provides
articles with a high surface hardness, wear resistance and increased fatigue strength, leaving their

CENTRAL FORCES

core tough. Cementation may be carried out in
gaseous, liquid, and solid media containing carbon. It is used in the production of tools.
CEMENTITE (fr. Lat. caementum , broken stone)
A structural component of steel and cast iron
containing the elements iron and carbon. Cemen-

tite is the most stable iron carbide (Fe3 C), containing 6.7 wt.% C (see Carbide transformations).
It is formed upon the cooling of iron–carbon alloys
(see Iron alloys) if the conditions are favorable for
crystallization to occur in the metastable phase diagram of these alloys (iron–cementite). Cementite
is often a component of pearlite, sorbite, troostite and ledeburite. The crystal lattice of cementite
is orthorhombic; the unit cell contains 12 atoms
of Fe and 4 atoms of C. Lattice constants are:
a = 0.4514 nm, b = 0.5079 nm, c = 0.6730 nm.
According to some indications cementite is close
to an interstitial phase (see Interstitial alloys). It
forms substitutional solid solutions: carbon may be
replaced by nitrogen or oxygen, iron by manganese, chromium or tungsten (alloyed cementite).
Their dispersity, the form of cementite crystals,
and their crystal structure associated with a ferrite
environment (see Ferrites), to a large extent determine the strength and plasticity of iron–carbon
alloys after a heat treatment. Cementite is hard and
brittle, and there is practically no elongation if it
fails during the course of tensile tests. The melting
temperature is ∼1873 K; at this high temperature
it decomposes into austenite and graphite. It is ferromagnetic with the Curie point of 486 K.
CENTER
See Active centers, Amphoteric center, Color
center, Dilatation center, Luminescent centers,
Paramagnetic center, Positron center, Positronium
center.
CENTER OF INVERSION
See Center of symmetry.
CENTER OF MASS, center of inertia

A point in a solid body relative to which the total ﬁrst moment of the all the components of the
mass vanish, i.e. i mi r i = 0, where r i is the
radius-vector of the ith mass relative to the center of mass. In the absence of torques a solid body
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moves as if the resultant sum of all applied forces
R = i F i were acting at the center of mass,
and the total mass of the body M = i mi were
concentrated there. This deﬁnition implies that the
center of mass is, in a uniform gravitational ﬁeld,
the center of gravity, as well as the point where the
resultant force of gravity Mg is acting.
CENTER OF PERCUSSION

The point of a body about which it starts to rotate when an impulse (impulsive force) is applied
at another point in the body.
CENTER OF SYMMETRY, center of inversion

A special point of a ﬁgure possessing the property that during the inversion operation (r → −r)
through that point as origin of coordinates, all
the elements (points) of the ﬁgure transform into
themselves (r is the coordinate of an arbitrary
point of the ﬁgure). The presence of a center of
symmetry is equivalent to the presence of an inversion axis of the ﬁrst order. Many properties of the
solid state depend on the presence or absence of a
center of symmetry; see, e.g., Electric e ld effects
in radio-frequency spectroscopy.
CENTI. . . (fr. Lat. centum , a hundred)

Preﬁx to the name of a physical value to form
a fractional unit equal to 1/100 of the source
unit. Abbreviation symbol is c. For instance, 1 cm
(centimeter) = 0.01 m.
CENTRAL FORCES

In solids these are forces of interaction between pairs of atoms (ions) acting along the
straight line connecting them. In such a case these
atoms are considered to be point masses. Formally
the concept “central forces” is based on “rigid”
point atoms (ions). When interatomic interactions
in solids are described exclusively by means of
central forces, this constitutes a coarse and phenomenological approximation. The central force
is a special case of a pairwise interaction between
atoms, when its adiabatic potential U has the form

1 
U=
ϕ |R i − R j | ,
2
ij

where R i is the radius-vector of the lth atom, and
ϕ is a function which depends on the type of interaction. For a gravitational ﬁeld involving two
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CENTRAL PEAK

masses ϕ = −Gm1 m2 /|R 1 − R 2 |, corresponding
to an inverse square central force law, where G is
the gravitational constant.

dering point. This central peak is due to the contribution of nonlinear spin excitations, i.e. magnetic
solitons.

CENTRAL PEAK

CERAMIC FERROELECTRIC
See Ferroelectric ceramics.

A sharp increase of the magnitude of the order
parameter u ctuation at a frequency approaching
zero in the neighborhood of the critical point Tc
of a structural phase transition. Initially a central
peak was observed in 1971 in the energy spectrum
of a beam of monochromatic neutrons scattered
by a SrTiO2 crystal in the vicinity of Tc = 105 K.
Central peaks have also been observed experimentally in spectra of Raman scattering of light.
Depending on the nature and mechanism of its
formation one should distinguish three types of
central peaks: static intrinsic, static dynamic, and
impurity types. A static intrinsic central peak is
associated with the relaxation of lattice distortions
of crystals without impurities. The mechanisms
of dynamic intrinsic central peak formation are
much more diverse. These involve ﬂuctuations
of the entropy (ferroelectrics: SrTiO2 , KTaO3 ,
KDP type), the presence of an overdamped soft
mode at T → Tc (K2 SeO4 ), two-phonon anharmonic interactions (germanate of Pb, SrTiO2 ),
diffusion of mobile ions in solid electrolytes (Ag,
F, β-alumina), formation of a paraphase, and relaxation at T → Tc of clusters of the prior ordered
phase.
The impurity central peak is associated with
the relaxation of defects which differ from the
point of view of a given central peak formation
by the symmetry of their local surroundings, and
by the rigidity of their coupling with a crystal
lattice. Direct experiments on KPD-type crystals
have shown that the central peak disappears at the
annealing of defects. In the phenomenological theory the integrated intensity of a dynamic intrinsic
central peak at T → Tc increases as the susceptibility (at a given external ﬁeld), and its width is 1 to
2 orders less than an impurity central peak width.
For example, in NaNO3 the central peak width is
∼1013 s−1 , which is an order of magnitude less
than the central peak width in KH2 PO4 . A central peak was found when quasi-one-dimensional
magnetic materials (ferromagnetic CrNiF3 , antiferromagnetic KMnF3 , etc.) were examined at
temperatures higher than the three-dimensional or-

CERAMIC GLASS
See Glass ceramics.
CERAMIC PIEZOELECTRIC
See Piezoelectric ceramics.
CERAMICS (fr. Gr. κεραμικoς , made of clay)

A baked (sintered) material; pottery. A class of
compact materials, based on the compounds that
the nonmetallic elements of Groups III and IV of
the periodic system form with one another and/or
with metals, produced by technological processes
that allow for mass transport, as well as for the
binding of the components. Classiﬁed as ceramic
materials are: glass (see Vitreous state of matter),
monocrystals of refractory materials, and composites with a ceramic matrix (see Composite materials). Traditional (Table 1) and novel ceramics may
be distinguished.
The vast majority of ceramic materials are
mono- or heterophase polycrystalline materials
based on high-melting compounds. A wide diversity and intricacy of the electronic structure
of high-melting compounds comprising different
types of interatomic bonds (covalent, ionic, metallic) results in a unique combination of properties
(high energy of fragmentization, hardness, refractory properties, large elastic moduli, a collection of
distinctive electrophysical properties, etc.). Their
spatial distribution of interatomic bonds is related
Table 1. Types of traditional ceramics
• Pieces of Art
• Household pottery and china (tableware and tiling,
crockery, bathroom particulars, etc.)
• Glass (a variety of items and materials for all areas of
application)
• Binding materials (cement, gypsum, lime, mortar, etc.)
• Construction materials (pipes, bricks, roof tiles, etc.)
• Fire prooﬁng materials (bricks, crucibles, etc.)
• Abrasive materials

CERAMICS
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Fig. 1. Typical scheme of the production technology of ceramics.

to diamond-like crystals with predominantly covalent bonds (carbides, silicon nitride and boron
nitride), and these substances all have similar
structures constructed on the principle of diversiﬁed sequential packing of identical layers. These
compounds are characterized by the existence of a
substantial number of polytypes (see Polytypism);
the latter have also been found in diamond.
Besides covalent and ionic crystals, there are
many ceramic material components from a large
group of metal-like high-melting compounds, such
as interstitial solutions that form easily in transition metals by light elements with relatively small
atomic radii. Most of these phases are compounds
of variable proportion having wide ranges of homogeneity, and a great variety of structure types
(e.g., CaFe, ZnS, CaB6 , etc.).
Conventionally the properties of a ceramic
are deﬁned not only by the properties of its

components, but to a substantial degree, by the
technology of production (Fig. 1). Also widely
employed are the methods of self-propagating
high-temperature synthesis, chemical sedimentation, inﬁltration from the gas phase, etc. The
stability of the crystal lattice and the low mobility of defects in high-melting compounds results in
low rates of the diffusive and viscous processes responsible for mass transport, and for settling at the
solid-phase sintering. For that reason, additives
to activate the sintering are introduced into the
batch charge, and this is then subjected to explosion processing to augment the number of defects,
or there could be a physical and chemical modi cation of the surface, etc. The activating additives,
usually oxides, secure the liquid-phase sintering
regime, which not only facilitates the rearrangement of component particles, but also results in
their recrystallization via the liquid phase. This ac-
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CERAMICS
Table 2. Properties of several types of alumina
Type of ceramic

Fig. 2. Microstructure of ceramics fabricated by way of
the processes: (1) solid-phase sintering, (2) liquid-phase
sintering with the formation of (A) solid solutions, and
(B) systems comprising a crystalline matrix with glassy
phases at grain boundaries; (3) crystallization of eutectic
liquids; obtaining composites of crystalline matrix with
thread-like crystals (4), or with ﬁbers (5), by solid- or
liquid-phase sintering, or by the chemical sedimentation
and inﬁltration from the gas phase.

Strength,
GPa

Type of defects

An ideal crystal,
theoretical strength

50

–

Whisker thread-like
crystals

15

Screw dislocations along
the axis of growth, and
surface defects

Single crystals

7

Surface and bulk defects
of crystal lattice

Hot-pressed
ceramic

0.8–1.0 Same as above, plus grain
boundaries and additional
phases

Sintered technical
ceramic

0.2–0.3 Same as above,
plus pores

celerates the sintering process, while permitting
a substantial decrease in the temperature, but the
ceramic thus fabricated will be interlayered with
an amorphous phase at grain boundaries. Typical
microstructures obtained with such processes are
presented in Fig. 2. The type of microstructure that
is realized, as well as the character of the defects
and inhomogeneities in the ceramic, determine its
mechanical behavior and its complex of physicochemical properties resulting, for instance, in a
variation in strength by over two orders of magnitude (see Table 2).
The wide variety of types of structure, and
sometimes the attainment of record values of the
physical properties of the phase components of
the ceramics, provides us with the opportunity for
fabricating unique materials for a large number
of purposes. Along with the attainment of high
strength (more than 1500 MPa), a high fracture
toughness can be achieved to compensate for the
traditional brittleness.
The “viscous” state is not only reached by
means of a “skeletal” reinforcement, but also because the processes of elastic energy dissipation
are being purposely initiated at the vertex of a
spreading crack; the effects of such processes are
similar to the action of plastic relaxation at crack
vertices in metals. In ceramics, the energy dissipation is conditioned by the development of
microcracks, by ﬁrst- and second-order phase
transitions, etc. The stability to cracking of such

CERIUM
Table 3. Fields of application of novel (reﬁned, advanced) ceramics
• In electrical engineering and circuit electronics (substrates, varistors, magnetic, ferroelectric and hightemperature superconducting ceramics, transducers,
sensors, etc.)
• Structural ceramics (engine parts in the aerospace and
automobile industries, facing materials, fairings, thermoresistive bearings, heat exchangers, special ﬁreproof materials, etc.)
• In medicine (implants, bio-ceramics, etc.)
• In nuclear technology (nuclear fuel, materials for nuclear reactors, etc.)
• Wear resistant ceramics
• Low weight armor
• Fiber and laser optics, etc.

a ceramic may be enhanced from a typical level
of K 1c = 1–3 MPa·m1/2 up to values in the
range of 10–30 MPa·m1/2 , viz., up to a magnitude
characteristic of hard alloys and some metallic
construction materials.
The discovery in 1986 of high-temperature
superconductivity in copper oxides, and the
raising of the critical temperature of superconductors up to 90–135 K for ceramics of the
type of YBa2 Cu3 O7−δ (123 phase) and
HgBa2 Ca2 Cu3 O8+δ , respectively, opened up
essentially new opportunities in superconductor
electronics. All the superconducting cuprate ceramics are type II superconductors, possess a
perovskite-like structure (see Perovskites), and
have a carrier current density smaller than that
of metals and alloys, the carriers generally being
holes (in some cases electrons). The 123 phase,
the ﬁrst one discovered with T c above 77 K, has
granular particles of 1–10 μm dimensions that are
in weak electrical contact with each other in the
ceramic body, with the electromagnetic properties
of the ceramic strongly inﬂuenced by intercrystallite grain-boundary layers.
On the whole, there is a broad range of applications of these novel ceramics (Table 3), and these
materials are used in many ﬁelds of technology.
CERIUM, Ce

Chemical element of Group III of the periodic system with atomic number 58 and atomic
mass 140.12; it is the lightest rare-earth element
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aside from lanthanum. Natural cerium has 4 stable
isotopes 136 Ce (0.193%), 138 Ce (0.25%), 140 Ce
(88.48%) and 142 Ce (11.07%). The outer shell
electronic conﬁguration is 4f 2 5d 0 6s 2 . Ionization
energies are 6.9, 12.3, 19.5, 36.7 eV. Atomic radius is 0.181 nm; radius of Ce3+ ion is 0.107 nm,
of Ce4+ ion is 0.094 nm. Oxidation states are
+3, +4. Electronegativity is 1.08.
Cerium is a silvery-blue metal; in air it is
covered by a grayish-white oxide ﬁlm. Four crystalline modiﬁcations of cerium are known (α-Ce,
β-Ce, γ -Ce, δ-Ce). The crystal lattice of α-Ce is
face-centered cubic with a = 0.485 nm (at 77 K);
β-Ce has a double hexagonal close-packed lattice
(α-lanthanum type), a = 0.3673, c = 1.1802 nm
(at 298 K); γ -Ce is face centered cubic with
a = 0.51612 nm (at 293 K); δ-Ce has a body centered cubic lattice, a = 0.411 nm (at 1041 K).
At room temperature γ -Ce is stable. During
the course of cooling, starting from the temperature 263 K, γ -Ce partially transforms to β-Ce;
the transformation is of a martensitic nature. At
the temperature ∼95 K the non-transformed part
of γ -Ce transforms to α-Ce. Below 77 K β-Ce
also transforms to α-Ce, but this transition is not
completed even at the temperature of liquid helium 4.35 K. The complete transition may be
achieved only by plastic deformation of the sample at 77 K. The transitions γ ↔ α and γ ↔ β
are characterized by large hysteresis depending
on the temperature and pressure. At atmospheric
pressure the reverse transformations α → γ and
β → γ start from the respective temperatures
∼160 K and ∼373 K. If the pressure is over
2500 atm β-Ce cannot exist at any temperature. The behavior of Ce strongly depends on
its history and purity. The transformation γ ↔ δ
takes place at 998 K. Density is 6.678 g/cm3 at
293 K, Tmelting = 1071 K, Tboiling = 3740 K.
Heat of melting is 9.211 kJ/mole, heat of evaporation is 390.18 kJ/mole, heat of sublimation is
398 kJ/mole; speciﬁc heat is 27.9 J·mole−1 ·K−1
at 298 K; coefﬁcient of thermal conductivity is
10.89 W·m−1 ·K−1 at 300 K, linear expansion
coefﬁcient is 8.5·10−6 K−1 at 298 K. Electrical
resistivity is 0.753 μ·m at 298 K, temperature
coefﬁcient of electrical resistance is 8.7·10−4 at
273 K. Above 12.5 K cerium is paramagnetic
with molar magnetic susceptibility +2300·10−6 .
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Thermal neutron cross-section is 0.63 barn. Debye temperature is 139 K. At room temperature
the elastic modulus is 29.99 GPa, shear modulus
is 11.99 GPa, Poisson ratio is 0.248; ultimate tensile strength of cast sample is 0.1206 GPa, relative
elongation is 32.6%. Pure cerium is a forgeable
and tough metal. At room temperature without
preheating it is possible to manufacture cerium
sheets by forging, and wire by pressing. It is used
as an alloying addition to the light metals, and also
as a getter.
CERMET (fr. ceramic metal)

A composite material consisting of ceramic
grains dispersed in a metallic matrix. It is formed
by techniques of powder metallurgy.
CESIUM, Cs

Chemical element of Group I of the periodic
table with atomic number 55 and atomic mass
132.9054. There is one stable isotope 133 Cs, and
22 radioactive isotopes, among which 137 Cs with
a half-life 27 years has found the broadest applications. Outer shell electronic conﬁguration is
6s 1 . Ionization energies are 3.893, 25.1, 34.6 eV.
Atomic radius is 0.262; radius of Cs+ ion is
0.167 nm. Oxidation state is +1. Electronegativity is 0.68.
Cesium is a silvery-white metal. It has a bodycentered cubic lattice with a = 0.605 nm (at
448 K). Density is 1.9039 g/cm3 (at 273 K) and
1.880 g/cm3 (at 300 K); Tmelting = 301.75 K;
Tboiling ≈ 960 K. Heat of melting is 15.8172
kJ/kg, heat of evaporation is 613.2 kJ/kg; speciﬁc
heat at constant pressure is 32.2 J·mole−1 ·K−1
at 298 K; thermal conductivity ratio is 16.7 to
27.2 W·m−1 ·K−1 at 301.6 K; linear expansion
coefﬁcient is 9.7·10−5 K−1 (273 to 300 K). Electrical resistivity is 0.183 μ·m (at 273 K) and
0.2125 μ·m (at 300 K). Mohs hardness is 0.2;
Brinell hardness is 0.015. Normal elastic modulus is 1.716 GPa at room temperature. Debye
temperature is 42 K. Ion-plasma frequency is
1.724 THz; linear low-temperature electronic speciﬁc heat coefﬁcient is ≈3.20 mJ·mole−1 ·K−2 .
Electronic work function of cesium polycrystal is
≈1.85 eV. Cross-section of thermal neutron trapping is 29 barn. Cesium is paramagnetic with
magnetic susceptibility 0.1·10−6 (at 291 K).

Cesium is used in the production of photocells
(it exceeds all the other metals in light sensitivity), of gas absorbers, and of low work function
coatings for emitters. The application of “cesium
plasma” is prospective for ionic reactor motors.
CHAIN REACTIONS

Reactions of active particles (free radicals in
chemical reactions, neutrons n in nuclear reactions), when the elementary interaction produces
one or a number of additional active particles (radicals, A·). In the ﬁrst case the reaction is called
an ordinary, non-branched chain reaction, in the
second case it is a branched one. The chlorination process of H2 : Cl· + H2 → HCl + H·,
Cl2 + H· → HCl + Cl·, . . . , etc., is an example
of a non-branched chain reactions. The process of
H2 oxidation represents an example of a branched
chain reaction: H· + O2 → ·OH + O:, O: + H2 →
·OH + H·, ·OH + H2 → H2 O + H·, . . . , etc. In
such a manner, the primary species A· may give
rise to a large number (from ten to 107 ) of transformations of inactive particles (e.g., molecules).
The number of such transformations per primary
active species A· is called the chain length. The
breaking of a chain (chain reaction termination)
may be due to the presence of an impurity which
interacts with A· so an additional A· is not produced. Also it may be due to the departure of A·
from the reaction region.
In the simplest situation (homogeneous case)
the chain reaction rate is determined by the equation:
v = K1 C1 P0
 t
× exp


(α − 1)K1 C1 − K2 C2 dt − βt ,

0

where P0 is the concentration of the primary
species A· created by the initiating chain reaction,
K1 and K2 are the velocity constants of chain reactions and the chain breaking reaction; C1 and
C2 are the concentrations of initial substances of
the chain reactions, and of the chain breaking centers; α is the number of A· species arising in the
elementary act of chain initiation; β is a constant
related to the probability of A· leaving the reaction region. The exponential term in this equation
reﬂects the time change of the radical concentra-
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tion; and the relations between the terms in the
exponent index determine the kinetic character of
the chain reactions. So, if the ﬁrst term in the exponent index turns out to be larger than the sum
of the others, then the chain reactions velocity increases exponentially with respect to time, and a
chain explosion is possible.
In solids chain reactions have been found in
organic matrices. The matrix itself and also the
components diluted in it can participate in these
reactions. For example, in organic polymeric matrices which contain halide complexes of Au,
Pt, Cu, Bi chain reactions can be initiated by
the action of light or ionizing radiation on the
system. As a result, atomic Cl· appears (e.g.,
[AuCl4 ]− +Cl· → [AuCl2 ]− +Cl2 +Cl·), and the
chain length in such systems may reach 104 . The
use of chain reactions for the photographic recording of information provides new opportunities for
the creation of sensitive media with high resolution.
Free radicals giving rise to chain reactions
may be generated at the heterogeneous burning of
solids and its mixtures in the reaction zone. In such
a case the very existence these radicals determines
the burning kinetics. There is some evidence that
at burning, chain reactions also occur in the condensed phase.
Nuclear chain reactions take place in uniform solid specimens of U-235 or Pu-239 (nuclear bomb), and also in the case of a nonuniform distribution of U-235 in some other material (graphite, heavy or light water, or of course
U-239) which form the nuclear reactor. The ﬁrst
nuclear chain reaction was realized by E. Fermi
in 1942 in a uranium-graphite reactor. Up to the
present time only uranium nuclear reactors are
in use, and they satisfy the following conditions.
The elementary act of ﬁssion involves a neutron
n striking a U-235 nucleus in accordance with the
reaction
U-235 + n → A + B + kn + Q,
where A and B are nuclear fragments (daughter
nuclei), k is the neutron multiplication factor, and
the chain reaction proceeds because the average
value of k ∼ 2.5 for the elementary act of ﬁssion.
The kn secondary neutrons in turn induce further
ﬁssions The energy Q of the reaction is harnessed
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in nuclear power plants for heating cities, producing electricity, etc. and the number of neutrons
generated is greater than one (i.e. k > 1). The
cross-section of the ﬁssion reaction of U-235 increases with the decrease of the neutron velocity
v as 1/v, and there are resonances in the range of
neutron energy from a fraction of an electronvolt
to perhaps a hundred electronvolts. As a result, the
so-called “thermal neutrons” play the main role in
ﬁssion reactions. At these low energies the crosssection for the U-235 ﬁssion reaction is much
larger than the cross-sections for other reactions
with neutrons. Since there is a large probability
that many neutrons will escape from a very small
sample without reacting, there is a critical mass
for the chain reaction to take place, and this is
approximately 50 kg for U-235 and 10 kg for
Pu-239. If the average neutron multiplication factor k is too large, the number of neutrons in
the specimen can grow exponentially, leading to
an explosion. To prevent this, neutron absorbing
rods (e.g., graphite) are inserted into the reactor to
remove excess neutrons and keep k ∼ 1 so the
chain reaction will proceed slowly, and generate
heat gradually.
CHALCOGENIDE MATERIALS (fr. Gr. χαλκoς ,
copper and γ ενναω, engender)

Compounds of elements of Group VI of the
periodic table (O, S, Se, Te, Po, collectively
called chalcogens) with other elements. The class
of chalcogenides (oxides, sulﬁdes, selenides, tellurides) contains the X−2 anion of Group VI
elements. In view of their differences in properties and ﬁelds of application, oxides are often
unfairly excluded from the list of chalcogenide
materials, and polonium compounds are rarely included because they are strongly radioactive. In
modern areas of engineering chalcogenide materials are often used in the form of thin lms or
monocrystals, which are obtained through precipitation of aqueous solutions, decomposition of
chelate compounds on a substrate, crystallization
from gaseous (vapor) phase, etc. Typical ionic lattices of chalcogenides are characteristic of these
elements, which exhibit very low values of ionization potentials. Many chalcogenide materials form
lattices of the chalcopyrite type, the spinel type,
and others. They are often nonstoichiometric compounds. Chalcogenides comprise a broad class of

164

CHANNELED PARTICLE FRICTION

compounds, including insulators, semiconductors
and conductors of electric current. Chalcogenide
materials are used in opto- and microelectronics,
power engineering, in metallurgy, as photosensitive elements, transparent contacts, contactless
switches, image converters, light indicators and
electric phosphors, resistive salts, memory storage
cells, etc.
Historically the term chalcogenide was used
for ores and minerals containing copper and sulfur:
chalcopyrite (copper pyrite) CuFeS2 , the most important of all copper ores; chalcocite Cu2 S; chalcanthite CuSO4 ·5H2 O (blue vitriol), chalcostibite
CuSbS2 , and others.
CHANNELED PARTICLE FRICTION
See Friction of channeled particles.
CHANNELED PARTICLE
SELF-ACCELERATION

A phenomenon observed during the passage of
a beam of relativistic charged particles through a
monocrystal in parallel to crystallographic planes
or axes. Charged particles travelling in the
channeling mode may radiate short-wave photons.
By this action the channeling charged particles
may absorb quanta emitted by other charged particles of the beam, and thereby increase their initial
energy.
Quasi-bound motion of charged particles in
the planar or axial channneling mode may be
regarded as one-dimensional or two-dimensional
atoms. Thus in analogy with an atomic system, the
process of self-acceleration of channeled particles
may be called a quasi-Auger effect. For ultrarelativistic electrons entering a monocrystal parallel to crystallographic planes, the main radiation
mechanism is electromagnetic quasi-characteristic
radiation associated with the transitions of electrons from the free state to the channeling one.
An electron in the quasi-bound channeling state
may transfer to another quasi-bound state or escape into the continuum spectrum as a result of
electron trapping (this exchange takes into account
the possible contributions of not only real, but also
virtual photons). The kinematics of this process
shows that in the ﬁnal state it is possible to detect
charged particles with double their initial energy.

CHANNELING in monocrystals

The transversely restricted (relative to the initial direction) motion of charged particles along
open channels between neighboring close-packed
atomic rows or planes in crystals. The condition
for channeling is a small value of the angle subtended by the particle direction while entering
the channel to the corresponding axis (for axial channeling) or plane (for planar channeling).
This means that the particle being channeled experiences repeated glancing impacts with atoms
of restraining chains (planes). These bend the
trajectory in such a way that encounters with a
small impact parameter become rare. The classical description of channeled ions proposed by
J. Lindhard is based on using a potential averaged over the atoms of chains (planes), which is
referred to as a string potential, or a continuous
potential. In this case the angle ψ of the particle velocity vector relative to the axis of a chain
or plane must be smaller than a critical value
ψk = (U0 /E)1/2 , where E is the particle energy,
and U0 is the height of the potential barrier created
by the atoms of a chain or a plane. If ψ is greater
than ψk , called the Lindhard angle, the particles
are no longer conﬁned to the regime of channeling (see also Dechanneling). The manner of
reﬂection of a particle from the walls of a channel
suggests that a positively charged channeling particle spends most of its time moving past regions
of a crystal with relatively low electron density.
Therefore, the trapping of a particle into the channeling mode causes a reduction of its ionization
energy loss and increases its effective mean free
path in a monocrystal. In the channeling regime
there is a considerable reduction of the probability
of processes with small impact parameters relative
to the sites of a crystal lattice (see Orientation effects).
The occurrence of channeling was observed
ﬁrst for positively charged ions, and later for
electrons and positrons. It is of interest that the
channeling phenomenon was “discovered” twice.
In 1912, the German physicist J. Stark took notice of the fact that charged particles can penetrate to considerably greater depths along some
preferential axes. However, this effect was forgotten for a long time until a “second discovery”
in the early 1960s. It was found by computer

CHARACTERISTIC ENERGY LOSS

simulation that incident bombarding ions which
have abnormally long paths through a monocrystal when they enter the crystal almost parallel to
a main crystallographic direction. The channeling of relativistic charged particles gives rise to
an intense electromagnetic quasi-characteristic radiation in the gamma ray and X-ray bands. See
also Hyperchanneling, Molecule channeling, Neutral particle channeling, Quantum states of channeled particles, Okorokov effect, Channeled particle self-acceleration, Surface channeling, Surface
conductive channel, Current lamentation.
CHANNELING OF ION BEAMS

This takes place along the directions of atomic
chains and planes in a monocrystal because the
ions scattered at small angles to these directions
cannot penetrate deep into the crystal (see Fig. 1).
Shadow traces of the atomic chains and planes
appear (the so-called shadow effect) at the target detecting the scattered ions. The emission of
products of a nuclear reaction between the incident ions and the crystal atoms also produces the
shadow effect. The shadow disappears, if the time

Fig. 1.

Fig. 2.
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between the trapping of the ion nucleus by the
crystal atom nucleus and the emission of the reaction product is long enough for the activated atom
to displace noticeably from the blocking chain
(plane). This allows one to estimate experimentally the nuclear reaction time. One can observe
the blocking by the shadow effect resulting from
the embedding of a radioactive isotope into a
monocrystal. Fig. 2 shows the angular distribution
of the intensity of emitted α-particles in a tungsten crystal upon the introduction of the 222 Rn
isotope; the minimum corresponds to the 111 direction. Heating the crystal results in washing out
the shadow due to thermal displacements of the
atoms.
CHARACTERISTIC ENERGY LOSS

Discrete energy losses, which are independent
of the energy of incident primary electrons, and
are characteristic of a given solid; they are observed in reﬂection and transmission spectra of
secondary electrons. Characteristic energy loss is
energy expended on the excitation of (i) electron
transitions from inner core levels or from valence band levels to unoccupied levels, vibrational
energy levels, and (ii) collective longitudinal oscillations of a solid-state plasma (plasmons). The
values of characteristic energy losses of the ﬁrst
kind (30–105 eV) are easily determined from the
binding energies (Eb ) of electrons in atoms, and
are used in ionization spectroscopy for the analysis
of solids. Different solids exhibit different binding
energies because of many-particle effects (relaxation, multiplet splitting, con guration interaction,
shake-off and shake-up, chemical shifts). Characteristic energy losses of the second kind (1–30 eV)
are more difﬁcult to interpret, since they are due to
processes involving levels of the valence band and
upper unoccupied levels. Vibrational characteristic energy losses are related to transitions between
the vibrational states of surface atoms (molecules)
of a solid, or of adsorbed layers; these characteristic energy losses are a source of information on
phonon involvements. Volume and surface plasmon characteristic energy losses (ωP and ωS ,
respectively) are determined by the concentration
of valence electrons
n: ωP = (4πe2 n/m)1/2 ,
√
ωS = ωp / 2, and they manifest themselves
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as distinct lines in the spectra of materials with
weakened valence electron bonding. Other materials (e.g., transition metals) exhibit diffuse plasma
characteristic energy loss lines. See also Characteristic energy loss spectroscopy.
CHARACTERISTIC ENERGY LOSS
SPECTROSCOPY

Branch of physics concerned with the discrete
energy losses that are experienced by a monochromatic primary electron beam interacting with a
solid. Characteristic energy loss spectroscopy examines samples using either the transmitted beam
or the reﬂected beam of light. The techniques are
applied to the investigation of inner core levels
in atoms of solids, shifts of these levels caused
by changes of the chemical environment, electron
transitions from valence band levels to unoccupied levels, transitions among vibrational states of
atoms of adsorbed layers at solid surfaces, generation of collective longitudinal plasma oscillations
(plasmons). These studies provide information
on the composition and electronic properties of
the material as a whole, and in particular of its
surface. The major ﬁelds of application are the
spectroscopy of surface plasmons and vibrational
characteristic energy loss spectroscopy, which allows one to perform a complete analysis of the
surface. As distinct from optical spectroscopy, vibrational characteristic energy loss spectroscopy
affords: (1) operation over a broad energy band
(0.001–1 eV), which includes phenomena inaccessible by optical methods; (2) excitation of optically forbidden transitions, and (3) an increase
of the scattering cross-section. There exists the
following classiﬁcation of spectroscopic methods
according to the type of physical process involved
in the energy losses: ionization spectroscopy of valence and inner core levels, plasmon characteristic
energy loss spectroscopy and high-resolution vibrational spectroscopy. The intensity of spectral
lines due to characteristic energy losses is not very
high, and decreases with an increase of the probing
beam energy; therefore, electrons with energies
below 2 keV are used, so the probing depth in this
case does not exceed 2 nm. Thus, characteristic
energy loss spectroscopy is the preferred method
for examining near-surface layers of solids.

CHARACTERISTIC LENGTH OF MAGNETIC
MATERIAL

Parameter lw of uniaxial magnetic materials,
with the dimensionality of length, which is equal
to the ratio of the surface energy density of a Bloch
domain wall to the maximal volume energy density
of the demagnetization eld μ0 M 2 /2. In materials
with a quality or Q-factor (see Magnetic lms) exceeding 1 the characteristic length determines the
minimal diameter of a magnetic bubble domain
(or minimal spacing of the band domain structure), that may occur in thin layers (ﬁlms) along
the easy magnetization axis, which is perpendicular to the developed surface. The largest possible
diameter of an isolated magnetic bubble domain is
≈3.9lw , and the layer thickness in this case must
be ≈3.3lw .
CHARACTERISTIC LENGTHS IN
SUPERCONDUCTORS
Coherence length ξ , penetration depth of magnetic eld λ, length of imbalance relaxation λE
(see Penetration depth of electric eld), Josephson

penetration depth.
The superconducting phase transition is characterized by the generation of bound states, i.e.
Cooper pairs of electrons which are bosons, and
are subject to Bose–Einstein condensation. The
coherence length ξ is the effective radius of a
Cooper pair, and it determines the characteristic
distances over which the complex order parameter of the superconductor ψ(r) (effective wave
function of Cooper pair) changes to an appreciable extent when the superconductor is in a certain
nonequilibrium state; e.g., at the penetration of
Abrikosov vortices into a superconductor (ξ is the
radius of the normal state vortex core), at the interface of a superconductor with a normal metal
(proximity effect), etc. Typical values of ξ range
from 10−6 m in pure metals to 10−9 m in alloys
and compounds.
The coherence length of a pure (type I) superconductor is ξ0 = vF /π 0 , and in the case
of a (type II) superconducting alloy with electron mean free path ll , which is small compared
with ξ0 , the coherence length at the temperature 0 K is of the order of ξ(0) ≈ (ξ0 ll )1/2 . In
the neighborhood of the transition point, ξ tends
to inﬁnity as ξ(T ) ≈ ξ(0)/(1 − t)1/2 , where
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t = T /Tc . In a type II superconductor, the magnitude of ξ is related to the value of the upper critical
e ld Bc2 through the expression Bc2 = Φ0 /(2πξ 2 )
(Φ0 = h/(2e) is the ux quantum).
The Meissner effect in superconductors arises
from the fact that external magnetic ﬁeld creates a current (Meissner current) in the surface
layer which screens the bulk of the superconductor
from the penetration of the ﬁeld. The characteristic thickness of this layer is called the penetration
depth λ. In the case of a pure type I superconductor, the London penetration depth is determined
from the London formula λ0 = [mc2 /(4πne2 )]1/2
and is of the order of 10−7 m. In the case of
a superconducting alloy, λ > λ0 , with the value
ll . In the neighborhood
λ ≈ λ0 (ξ0 / ll )1/2 at ξ0
of Tc , λ has the temperature dependence λ(T ) ≈
λ(0)/(1 − t)1/2 . The penetration depth λ may be
determined experimentally from the change of the
superconductor inductance, which is due to partial
penetration of the ﬁeld into the bulk of the solid.
The imbalance relaxation length λE determines the characteristic distances of nonequilibrium processes in superconductors. The simplest case is the current ﬂow through a galvanic
contact between a normal metal and a superconductor. In the normal metal, the current is
carried by electrons, whereas in the superconductor it is carried by Cooper pairs. The conversion of normal excitations into pairs in the
normal metal takes place at the distance λE from
the interface. The electric ﬁeld E differs from
zero in this region, therefore λE may be considered as the depth of penetration of a longitudinal
(in contrast to the Meissner effect) “dissipative”
electric ﬁeld. The nonequilibrium state of the
superconductor exists within the distance ∼λE
of the interface. This state is characterized by
an imbalance in the occupancy of electron-like
(P > PF , where PF is the Fermi momentum)
and hole-like (P < PF , where P is excitation
momentum) spectrum band branches. The imbalance relaxation is related to inelastic collisions
(i.e. electron–phonon types), characterized by a
mean free path length lε = vF τε , which are inefﬁcient at low temperatures, and therefore lead
to rather high values of λE (e.g., λE ∼ 10 μm).
According to theory, λE = (DτQ )1/2 , where
D = vF ll /3 is the electron diffusion coef cient,
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and τQ = [4T /(πΔ)]1/2 τε is the period of the
imbalance relaxation. In the neighborhood of Tc ,
λE varies as λE (T ) ≈ λE (0)/(1 − t)1/4 . The
value of λE determines the characteristic dimensions of the region of inhomogeneity (so-called
phase slip centers) in the resistive state of superconducting ﬁlms.
The Josephson penetration depth has the value
λJ = [Φ0 /(2πμ0 Jc deff )]1/2 where Jc is the critical current and deff is the effective thickness of the
junction. A Josephson junction is considered short
when its length is less than λJ , and it is long when
it has a greater length.
CHARACTERISTIC SURFACE, ellipsoid

A second-order surface, which represents the
orientation dependence of a particular physical
property of a crystal, which is described by a
second-rank tensor.
The equation of the characteristic surface,
when reduced to the principal axes of the crystallophysical coordinate system (e.g., an orthogonal crystal coordinate system compatible with
nonorthogonal lattice constant directions) is of the
form
s1 x12 + s2 x22 + s3 x33 = 1,
where s1 , s2 and s3 are the principal values of the
tensor sij . If all sii are positive, then the characteristic surface is (in the general case) a three-axis
ellipsoid; with its semiaxes equal, respectively,
to (s1 )−1/2 , (s2 )−1/2 and (s3 )−1/2 , and proportional to the values of the particular physical
property represented by the sij in question along
the principal axes. For a random direction, speciﬁed by radius vector r, we have rij = (sij )−1/2 .
In accordance with the Neumann principle
(which states that the symmetry group of a certain physical property of a crystal must include
the symmetry elements of the point group of the
crystal), the symmetry of the characteristic surface corresponds to the symmetry of the physical
property. For all positive values of sii the characteristic surface is a sphere for cubic crystals
which belong to the highest symmetry category.
The characteristic surface of the crystals which
belong to the medium category, those with tetragonal, hexagonal or trigonal structures, has the shape
of spheroid (prolate or oblate ellipsoid), whereas
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crystals of the lowest symmetry category which
are orthorhombic, monoclinic, or triclinic, are described by a characteristic surface in the form of a
three-axis ellipsoid. An example of a characteristic
surface associated with optical anisotropy represents the dependence of the refractive index n on
the direction in the crystal; depending on the shape
of this surface crystals are classiﬁed as optically
isotropic, uniaxial crystals or biaxial crystals.
The main property of the characteristic surface may be stated as follows: if vectors A and
B are interconnected by the relation Bi = sij Aj
and the radius vector r of the characteristic surface
tensor sij is parallel to the vector A, then the direction of the vector B coincides with the normal
to the plane, which is tangent to the characteristic
surface at the contact point of the vector r. Characteristic surfaces apply in the linear or harmonic
response range of physical properties.
Besides the characteristic surface, the concept
of an indicating surface is sometimes introduced:
x12
s12

x2
x2
+ 22 + 32 = 1.
s2
s3

Radius vectors, which terminate at this surface,
designate the absolute values of the physical properties in a given direction.
CHARACTER OF GROUP REPRESENTATION
MATRIX

The trace or sum of the diagonal elements of
a group representation matrix. The character is independent of the choice of coordinate system, and
all irreducible representations of the same class
have the same character. The character table of
the irreducible representations has orthogonality
properties (see Group theory).
CHARGE CARRIER DRIFT
See Current carrier drift.
CHARGE COUPLED DEVICES

A broad class of devices (charge transfer devices, charge coupling devices, and related chargeinjection devices) that allows for the scanning
of an optical image in a manner similar that of
a cathode ray tube (vidicon). The main purpose
of such devices is the transmission of TV signals of various spectral bands: they are also used

in random-access memories. The mechanism of
charge coupling action can, to some extent, be
represented by a combination of a bipolar transistor (motion of minority current carriers) and a
eld-effect transistor (controls carrier motion by
changing displacement voltage at the gate). The
electrodes (gates) have a mosaic structure, and
the distance between the edges of adjacent elements does not exceed the diffusion length of
nonequilibrium carriers. The application of a bias
voltage to a single gate element creates a “potential well” under this element for minority carriers.
The latter accumulate under the gate in quantities proportional to their rate of generation. In a
two-dimensional array of such elements, each “operating element” with the bias that corresponds to
the accumulation of minority carriers has unbiased
elements as neighbors on every side. Upon supplying the bias to an element adjacent to the operating
one, a “potential well” appears under it. If the
well is deep enough the packet of minority carriers from the “operating element” well moves into
it. The sequence of voltage pulses at the gate elements is set so that the packet shifts by the length
of one element with each pulse, thus the charge of
every “operating” element can be led sequentially
through to the output element, producing an output
signal proportional to this charge.
CHARGE DENSITY OSCILLATIONS
See Plasma oscillations.
CHARGE DENSITY WAVE in metals

Periodic redistribution of electronic, ionic and
total charge in space, caused by small periodic
displacements of ions near their equilibrium positions in the crystal lattice. The charge density
wave (CDW) state is detected via the scattering of X-rays, fast electrons and neutrons, which
exhibits diffraction peaks from the source lattice and weaker peaks from their “satellites” (see
X-ray structure analysis, Electron diffraction analysis). A charge density wave can appear when the
metal is cooled below some critical temperature.
The phase transition to the CDW state is characterized by changes in the temperature dependence
of the resistance, Hall constant, magnetic susceptibility, and a modiﬁcation of the electronic
spectrum of the metal. The charge density wave
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period can be commensurate with the period of
the source lattice, and in these cases one can talk
about commensurate CDWs which differ from incommensurate ones. As a rule in the cases of
incommensurability the lattice period depends on
the temperature, and structural transitions to the
commensurable CDW are possible.
The transition to a charge density wave state
is found in metals with strong anisotropy of the
electronic spectrum. This anisotropy can have
a two-dimensional character, when the electrons
move freely in a plane (their Wannier wave functions at different points overlap), but between the
planes their motion is restricted (due to the weak
overlapping of the electronic Wannier functions).
Related to such compounds are, e.g., the layered
compounds of dichalcogenides of transition metals like TaS2 , NbSe2 (see Quasi-two-dimensional
crystals). Anisotropy of a one-dimensional type is
realized in compounds with a chain structure, e.g.,
in organic conductors (see Quasi-one-dimensional
crystals).
The origin of transitions to the CDW state
for all these systems is associated with the features of the geometry of the Fermi surface. The
theory shows that if sufﬁciently large sections
of this surface are nested, meaning that they are
can be overlapped with each other by translation along a reciprocal lattice vector Q, then the
polarizability of the system of electrons in the periodic electric ﬁeld of the lattice E = Re (E0 eiQr )
(r is the radius-vector of the lattice point) is high
and the lattice becomes unstable with respect to
the appearance of periodic distortions with wave
vector Q. The distortions are formed below the
critical temperature and cause an energy gap to
appear in the electronic spectrum at the nested sections of the Fermi surface, i.e. with the complete
or partial loss of metallic properties. The degree
of nesting, as well as the extent of the metallic
property loss grows with increasing anisotropy of
the electronic spectrum. In quasi-two-dimensional
(layered) compounds the appearance of an energy gap at the whole Fermi surface is impossible, and they preserve their metallic properties at
transitions to CDW state, or in case of large displacements of atoms they become semimetals. In
quasi-one-dimensional compounds the region of
Fermi surface nesting is more extensive, and the
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energy gap may occur on the whole Fermi surface.
Then quasi-one-dimensional compounds in a state
with a charge density wave become insulators (see
Peierls transition).
CHARGE DENSITY WAVE IN
SUPERCONDUCTOR
See Superconductor with charge (spin) density
waves.
CHARGED PARTICLE ENERGY LOSS in a solid

This loss occurs during the interaction of incoming charged particles with atoms and electrons
of a target. It is characterized by the average braking ability equal to −dE/dx, where E is the
particle energy and coordinate x is its initial direction, and by straggling of the charged particle
energy loss (by the root mean square scattering
of the energy loss value). This energy loss determines the values of charged particle path in
the material. Calculation of the energy loss is a
complex many-particle problem, and to solve it
requires the adoption of a series of approximations which differ for high- and low-energy particles, for long-range and short-range collisions,
and also for the different correlations of masses
and charges of interacting particles, taking into account the so-called density effect associated with
the polarization of the medium by the ionizing
particle, of the resonance recharging of the moving ions, etc. The main mechanisms of charged
particle energy loss are the nuclear decelleration
or braking caused by elastic collisions (taking
place without variation of internal energy), collisions of atoms (ions); electron braking caused
by the inelastic collisions leading to the excitation and ionization of the atomic electron shells,
and also of the free electrons of the irradiated
material (see Characteristic energy loss). Besides,
there is the charged particle energy loss from radiation – Bremsstrahlung and Cherenkov radiation;
the loss is substantial for light particles, especially
for electrons and positrons. The value of this loss
depends on the energy, charge, and mass of the
moving particles, as well as on the charge, mass,
and density of the target atoms. For motion close
to the direction of low-index crystallographic axes
and planes, the energy loss strongly depends on
the direction of the incident beam (see Orientation
effects; Channeling); in other cases the target may
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be approximately considered as an amorphous one
with isotropic loss. In the approximation of the
Lindhard–Scharf–Schiott theory charged particle
energy loss of ions in an amorphous medium is
expressed in terms of dimensionless variables for
the energy ε = aEM2 /[e2 Z1 Z2 (M1 + M2 )], and
coordinate ρ = 4πxa 2 NM1 M2 /(M1 + M2 )2 ,
where M and Z are the masses and atomic
numbers of the incident ions (subscript 1)
and of the atoms of the medium (subscript 2),
N is the density of the atoms of the medium,
2/3
2/3
a = 0.8853aB (Z1 + Z2 )−1/2 , aB is the Bohr
radius. Taking into account the structure of the
atomic electron shells supplements the results of
the Lindhard–Scharf–Schiott theory concerning
an oscillating (within limits of tens of percents)
dependence of dE/dx on Z2 caused by the contribution of the valence atomic shells to the charged
particle energy loss of the electrons.
The charged particle energy losses of positrons
and electrons of not too high energies E < Ecr
when the role of braking radiation is not yet appreciable, are determined by nuclear and electron
braking, with values having qualitative regularities close to the charged particle energy loss of
ions, but differing from the ion values mainly due
to the mass difference between the electrons (taking into account relativistic corrections) and ions.
The value of Ecr may be evaluated from the correlation Z2 Ecr [MeV] ≈ 800. For different energy
ranges, masses, particle charges, and target parameters, there are different approximations for the
calculation of the charged particle energy loss, and
there are also many available experimental data.
CHARGED PARTICLE PATHS in condensed
media

Characteristics of charged particle trajectories
that are limited by the charged particle energy
loss during collisions with atoms and electrons
of the medium. The particle path in a medium
is a broken line since each collision results in a
change of particle momentum and direction. The
total vector path, R, is the distance between the
particle entry point and its terminal point where
it has already expended most of its energy and
stopped. The projective path Rp presents a projection of R onto the direction x of the initial

particle momentum (e.g., the latter may be normal to the bombarded plane, yz). The transverse
path R⊥ characterizes the change of the initial
coordinate of the particle in the yz plane at the
time the particle stops. Finally, one may consider
the total or effective path RL which is equal to
the full length of the distance travelled by the
particle taking into account all deviations from
a linear track. The number of particle collisions
per unit path length, the impact parameters for
each collision, and, hence, the trajectory of each
individual particle are probability variables, even
for identical initial conditions of particle motion,
so there exists a certain distribution of charged
particle paths over their lengths. When bombarding a sample with a beam of ions of the same
chemical element with equal initial energies the
proﬁle of stopped ions appears to exhibit a certain
broadening. Such a distribution is often characterized by the moments M1 = Rp = x; M2 =
Rp2 = (x − x)2 , . . . , Mk = (x − x)k 

(k = 3, 4, . . .), x k  = (r cos θ)k p(r, θ; E) dr,
where p(r, θ; E) is the probability for a particle
entering the crystal with energy E at the zero
coordinate point along the direction n to stop
at point r, so that θ = arccos(nr/r). The value
Rp presents the statistical average scatter (straggling) of particle paths, M3 that is a measure of
distribution asymmetry. The accepted measure of
asymmetry is the so-called distribution skewness,
3/2
Sk = M3 /M2 . In the case of Sk < 0, the path
distribution falls off more sharply from its maximum in the bulk sample, and when Sk > 0 a
sharper fall-off is at the surface of the sample. The
pathways become longer in the case of channeling.
Electron pathways in the medium typically feature much sharper trajectory breaks compared to
the pathways of heavy particles. Because of multiple collisions, the electron quite soon “forgets”
its initial direction of propagation. Moreover, electrons penetrate the medium in a diffusion manner.
To retrieve the pathways experimentally electrons
of varying initial energies are shot through thin
plates. The maximum plate thickness at which a
throughput electron current is still recorded corresponds to the maximum path length for an electron with a given energy penetrating the material.
A normal pathway is one with a plate thickness
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such that the initial electron beam intensity decays by a factor of 6 when passing through it.
An empirical dependence for electrons with initial energies E  0.6 MeV is Rp [mg/cm2 ] =
526E[MeV] − 94.
CHARGE, MAGNETIC
See Magnetic charge.
CHARGE-TRANSFER COMPLEXES

Organic compounds consisting of molecules
of two types: one acts as an electron donor and
the other as an electron acceptor, the charge being redistributed between the neighboring donors
and acceptors. Charge-transfer complexes have an
electric dipole moment even if they are created
from nonpolar molecules, and they exhibit paramagnetic properties, whereas the initial donor and
acceptor molecules are diamagnetic. If an electron
in the ground state of the organic solid is completely transferred from donor to acceptor, such a
compound is called an ion-radical salt (limiting
bond case in charge-transfer complexes). Besides
weak charge-transfer complexes of ion-radical
salts, there are many such compounds with intermediate strength bonds. The properties of chargetransfer complexes are strongly dependent on the
extent of charge transfer, and on the magnitude
of the donor–acceptor interaction. The electrical
conductivity of these complexes at room temperature varies over a wide range: from 10−15 up
to 102 –103 −1 ·cm−1 . The temperature dependence of the electrical conductivity is of the semiconductor type; hence, most charge-transfer complexes are organic semiconductors. These are exempliﬁed by compounds of different molecules
with the molecular acceptor tetracyanoquinodimethane (TCNQ). Because of the strong acceptor
properties, the planar structure, and the high symmetry of the TCNQ molecule, one can obtain
charge-transfer complexes with a rather high conductivity (as high as 104 −1 ·cm−1 ). A large
variety of organic charge-transfer complexes have
been synthesized that exhibit properties ranging
from those of semiconductors to metals and superconductors (see Superconductivity). The latter two
categories include mainly ion-radical salts. Molecular charge-transfer complexes are of interest as
photosemiconductors (see Photoconductivity).
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CHEMICAL BOND PREDISSOCIATION
The state of a chemical bond, usually an ex-

cited one, having an energy that exceeds the energy of atoms in the dissociated state. The latter
is separated from the initial state by a barrier
which may be overcome by tunneling (see Tunneling phenomena in solids). The simplest example
of chemical bond predissociation is the excited
hydrogen molecule H2 with a dissociation energy ≈4.4 eV, whereas the excitation energy upon
transition of one of the atoms to the level 2p
is ∼10 eV. Another example is the state of an
α-particle in a radioactive nucleus, e.g., of Ra
or U, whose average lifetime is, respectively, 1600
and 4.4·109 years.
CHEMICAL BONDS in solids

Bonds between atoms of a solid; isolated atoms
decrease their free energy during the redistribution
of their electron densities when they join together
through chemical bonding. The nature of a chemical bond is determined by the nature of the constituent atoms, and by the type of structure adapted
by the solid. There exist molecular crystals, whose
structural elements are molecules; under evaporation this crystal type decomposes into molecules.
Crystals can be formed from monatomic molecules of noble gases (He, Ne, Ar, Kr, Xe, Rn),
diatomic molecules (H2 , O2 , NO, CO), triatomic
molecules (H2 O, H2 S, NO2 ), and molecules of a
more complex composition (NH3 , CH4 , etc.). In
these cases every molecule has saturated bonds,
and the attraction of molecules toward each other
is through van der Waals forces or hydrogen
bonds, as in H2 O, H2 S, NH3 . A certain (additional) role is played by Coulomb forces, if the
atoms have a partial charge, as, e.g., in CO2 and
H2 O molecules. In cases when the molecules contain atoms of Groups I, II, III, together with those
of Groups V, VI, VII of the periodic table, i.e. they
are polar molecules, then Coulomb forces become
dominant to the extent that individual molecules
are not observed in the crystal, and its structural elements are ions. Typical examples are provided by
alkali-halide crystals, and oxides of alkaline earth
metals. In these compounds every ion is usually
symmetrically surrounded by ions of opposite sign
(six for FCC NaCl, eight for BCC CsCl); and the
stronger ionic bond is formed. For these cases the
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action of van der Waals forces between ions becomes of secondary importance.
The opposite case is provided by crystals of elements of Group IV: diamond, silicon, germanium,
gray tin. There are no charges on the atoms of these
crystals, and the formation of covalent bonds, or
homopolar bonds, is due to the sp3 -hybridization
of orbitals (atomic orbitals), and to the attraction
of electrons to the nuclei (skeletons) of neighboring atoms. As only four hybrid orbitals may be
formed by a combination of s- and p-orbitals, the
number of closest neighbors (coordination number) for these crystals is limited to four. Each
atom of one sublattice is tetrahedrally surrounded
by four atoms of the other sublattice. The binary
A(n) B(8−n) type crystallization of elements (sphalerite lattice) is formed analogously, e.g., BN, GaP,
ZnS, HgTe, CuCl. However, the atoms of the metal
and the metalloid in these compounds possess
fractional charges of opposite sign, with the metal
atom positively charged. This is a combined (hybrid) polar-covalent bond (ionic-covalent bond).
The smaller the number n of the periodic table
group, the more ionic the bond.
In metals and alloys the so-called metallic bond
also occurs: it is formed through delocalization of
valence electrons. At the formation of the crystal
the outer (valence) s- and p-electrons (elements
of Groups I to III, and transition elements) leave
their atomic nuclei and migrate between ions over
the entire lattice. As this takes place, their kinetic
energy decreases (in accordance with the uncertainty relation). It is this energy decrease that is
responsible for the formation of a metallic bond;
alkali metals and alkaline earth metals possess relatively weak metallic bonds (1 to 2 free electrons
per atom), whereas elements such as Fe, Ti, Pt exhibit rather strong metallic bonds.
For a fairly broad class of hydrogen-containing
organic compounds there is a noticeable contribution to the crystal formation energy from hydrogen
bonds. Typical examples are provided by ice, solid
ammonia, and the ferroelectric crystal KH2 PO4 .
Because of its comparatively small mass, a positively charged hydrogen atom exhibits quantum
behaviour and spends some time near an electronegative atom (see Electronegativity) of one of
the neighboring molecules, which results in a decrease of the overall system energy. Many solids

exhibit several types of chemical bonds, usually
with one or two bonding types dominant.
CHEMICAL DIFFUSION
The same as Heterodiffusion.
CHEMICAL HEAT TREATMENT
Heat treatment in a chemically active medium

involves the diffusive saturation of a metal surface
with chemical elements of the medium. Both nonmetals (B, C, N, etc.) and metals (Al, Ti, Cr, Zn,
etc.) are used as diffusible elements. In a number of cases simultaneous saturation with metals
and nonmetals is used, including multicomponent
saturation. During chemical heat treatment a diffusion layer is formed as a result of prior processes
of dissociation in the active external medium, adsorption of dissociated atoms on the surface of
the base metal, and diffusion of the saturating
element. Chemical reactions bring about dissociation with the generation of active atomic states of
chemical elements (e.g., ammonia decomposition
under nitriding). Adsorption of dissociated atoms
may take place either through the action of van
der Waals forces of attraction, with the generation of an adsorption layer (physical adsorption),
or because of chemical bonding with atoms of
a metal surface (chemisorption). Simultaneously
with these processes, the main chemical heat treatment process goes on, namely the diffusion of
adsorbed atoms into the depth of the metal. The
result is the formation of a diffusion layer with a
certain distribution of diffusible elements relative
to the depth. The concentration changes monotonically with depth, so a continuous sequence of
solid solutions forms with the base metal. The
chemical composition of the layer is more complicated if the solid solutions have limited solubility,
or if chemical compounds form. In this case the
layer includes different phases, in accordance with
the phase diagram of the saturating element with
the base metal at the diffusive saturation temperature, and the concentration dependence on the
depth can undergo abrupt changes. The duration
of diffusive saturation is determined by the depth
of the diffusion layer, which increases quadratically with time. The main methods of chemical
heat treatment with respect to the type of active medium are: saturation from powders and
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pastes, gaseous media, melts of metals and salts,
as well as evaporation of the diffusible element in
vacuo. Chemical heat treatment involving a single
element includes nitriding, aluminizing, boronizing, siliconizing, titanizing, zinc plating, cementation. Saturation with two elements takes place
at aluminoboronizing, aluminosiliconizing, chromosiliconizing, nitrocementation, cyaniding. This
treatment involving several diffusible elements includes saturation with boron and silicon together
with other metals (Ti, Cr, Mo, W, etc.), as well as
saturation with aluminum and chromium together
with other metals (Ti, V, Mn, Zn, etc.).
Chemical heat treatment is used in industry to
increase the reliability and service life of metallic
working parts of devices and engines. Depending
on the chemical composition of the metallic work
piece and the nature of the saturating elements,
treated articles may acquire increased hardness,
strength, corrosion resistance and cavitation resistance, wear resistance (see Wear), etc.
CHEMICAL METHODS OF ANALYSIS

Methods of analysis based on the use of chemical reactions. Methods of quantitative analysis
involve the determination of the masses of the
reaction products (gravimetry); determination of
the volume of the solution of one substance required to react quantitatively with a given solution
volume of another substance (titration analysis),
determination of thermal effects of the reaction
(calorimetry), of its rate (kinetic methods), etc.
Methods of qualitative analysis are based on carrying out chemical reactions, which indicate either
the presence of ions of certain type in the solution,
or the presence of certain atoms in organic compounds. Chemical methods of analysis have been
largely superseded by more accurate physical and
physicochemical methods of analysis.
CHEMICAL POTENTIAL (introduced by
J.W. Gibbs, 1873–1878)

Thermodynamic state function, which deﬁnes
the change of thermodynamic potential for the
change in the number of particles of the ith type
Ni in open multicomponent systems with varying numbers of particles, which are described by
the grand canonical distribution (see Gibbs distributions). The chemical potential μ of the ith
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component equals the partial derivative of every
thermodynamic potential (e.g., Helmholtz free energy F ) with respect to Ni while holding other
thermodynamic quantities constant (e.g., μi =
∂F /∂Ni at T = const, V = const and Nj = const
for j = i). The chemical potential for constant
pressure conditions is closely related to Gibbs free
energy G = i μi Ni , and in the case of a singlecomponent system μ = G/N , i.e. the chemical
potential is equal to Gibbs energy per particle.
For quantum systems of bosons, which obey
Bose–Einstein statistics, the chemical potential is
negative at temperatures higher than the Bose–
Einstein condensation temperature T0 , and is equal
to zero below T0 , and in systems with varying
numbers of particles (phonons in solids, photons in equilibrium with thermal radiation). For a
system of fermions, which obey Fermi–Dirac statistics, the chemical potential is positive at temperatures below the degeneracy temperature (Fermi
temperature) TF , it coincides with the Fermi energy EF at absolute zero of temperature; and for
T > TF the chemical potential satisﬁes the inequality μ < EF .
In external potential ﬁelds (gravitational, electric) the role of the chemical potential is played
by the quantity μi = μ0i + Ui (r) = const, where
μ0i is the chemical potential in the absence of the
ﬁeld, and Ui (r) is the potential energy of particles
of the ith type in the external ﬁeld. For charged
particles in an electrostatic ﬁeld E = −∇ϕ(r)
the expression for the electrochemical potential
μi = μ0i +ei ϕ(r) = const holds true. Equal values
of chemical potential in different phases deﬁne
equilibrium conditions for phase equilibria (the
so-called Gibbs’ phase rule) and chemical reactions. The chemical potential in a solid determines
the electronic work function of a crystal for e ld
electron emission, thermionic emission and photoelectron emission, electron af nity, contact potential difference, and other properties.
CHEMICAL SHIFT

Term used to describe changes (depending on
the speciﬁc nature of the material under investigation) of the positions of energy levels or spectral
lines which can arise from the local electronic
or chemical environment. The values of chemical
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shifts are usually given as parameters corresponding to the spectrum (energy state) of a given
material. Generally the chemical shift is measured
either in the same units as the basic quantities
which characterize the spectrum, or in dimensionless units.
The term is most widely used in high resolution
nuclear magnetic resonance (NMR) spectroscopy,
in Mössbauer spectroscopy, in the physics of
semiconductors to describe the location of impurity energy levels, etc.
In high-resolution NMR the chemical shift is
the shift of the resonance signal. The mechanism
producing this shift is as follows: an atom (molecule) is placed in an applied magnetic ﬁeld B 0 ;
and as a result of Larmor precession of electrons oriented parallel to and antiparallel to B 0 the
ﬁeld B ∗ arises (see Diamagnetism), so the nucleus
experiences the action of an effective magnetic
ﬁeld B = B0 − B ∗ = B0 (1 − σ ), where σ is
called the screening constant; usually σ ∼ 10−6 .
For nuclei of a given type, which are in different electronic surroundings, i.e. either in different
molecules or at nonequivalent sites of one molecule, the resonance will be observed for different
values of B0 (at a given frequency). In practice the
NMR chemical shift is measured in relative units
δ = (B − Bst )·106 /B0 , where B and Bst are the
respective resonance values of the external ﬁeld
for the sample under investigation and a standard
substance. The chemical shift is one of the main
characteristics of high resolution NMR spectra,
which are observed for liquids (and occasionally
gases). The value of this shift provides information on the electronic structure of molecules, and
the nature of chemical bonds. The development
of a recent trend in spectroscopy, namely highresolution NMR spectroscopy of solids, permits
the measurement of chemical shifts in solids.
In the Mössbauer effect the chemical shift (also
called isomer shift) makes its appearance if the
source and absorber differ chemically.
In the physics of semiconductors a chemical
shift manifests itself in the difference between
the energy states of impurity levels, expressed in
terms of the effective mass, and the energy states
calculated from theory, taking into account corrections to the potential due to the speciﬁc atom (ion).
For example, some donor levels exhibit fairly large

chemical shifts in their ground state energies due
to correlation and exchange effects involving the
donor and core electrons.
CHEMILUMINESCENCE
Luminescent excitation that results from chem-

ical reactions. The process of chemiluminescence
involves the emission of radiation either by products of a chemical reaction, or by other components which become excited by absorbing energy transferred to them from reaction products.
Chemiluminescence in solids arises at a boundary with a gaseous or liquid phase as a result of
heterogeneous reactions (see Heterogeneous system), which proceed either spontaneously (intrinsic chemiluminescence) or under action of various
external factors: e.g., electrical, electrolysis (electroluminescence). A speciﬁc case of chemiluminescence is bioluminescence (e.g., luminescence
of rotten wood). Chemiluminescence constitutes
the basis of action of chemical lasers, and is used
for the analysis of gases and solid surfaces.
CHEMISORPTION, chemical adsorption

Chemical binding of particles of a substance
(atoms, molecules, radicals) by a solid surface. It
differs from physical adsorption by its stronger
bonding, that is by a higher value of the binding energy (0.5–10 eV). The bond between the
adsorbed particle and the solid can have both covalent and ionic components; the former due to
overlap of the electronic wave functions of the adsorbed particle and the substrate atoms, and the
latter due to the transfer of charge from the adsorbed particle to the solid material. An adsorbed
ion in conjunction with charges which screen it
can form a dipole, which results in the adsorbed
ﬁlm changing the electronic work function of the
solid. Particles chemically adsorbed on the surface
of a solid interact with one another, and sometimes generate an ordered two-dimensional lattice
of adatoms (see Monolayer). Chemisorption plays
an important role in the oxidation of metals, heterogeneous catalysis, crystal growth, electronics,
etc.
CHEMISTRY
See Crystal chemistry, High-energy chemistry,
Mechanochemistry, Mesonic chemistry, Quantum
chemistry, Radiation chemistry, Solid state chemistry.

CHIRALITY OF MAGNETIC BUBBLE DOMAINS

CHERENKOV RADIATION (S.P. Vavilov,
P.A. Cherenkov, 1934); referred to as
Vavilov–Cherenkov radiation in the Russian
literature
Photons emitted by charged particles moving

in a medium with a speed v which exceeds the
speed of light u = c/n in this medium, where n
is the refractive index. In condensed matter with
high values of n Cherenkov radiation is observed
at electron energies of about 105 eV, and at protons
energies of 108 eV. This radiation is explained via
Huygens principle by noting that waves which are
emitted at points along the charged particle trajectory for the condition v > u will overtake waves
emitted earlier by the particle. As a result of their
interference, a light cone is formed having a vertex that coincides with the instantaneous position
of the emitting particle, with θ the angle between
the direction of the particle’s movement and the
direction of propagation of the outgoing radiated
wave satisfying the relation
cos θ =

1c
.
nv

The spectral distribution of energy E(ω) for Cherenkov radiation is determined by the relation


dE
c2
e2
= 2ω 1− 2 2
dω
c
v n
for the condition v > c/n(ω). There is no radiation for frequencies ω which do not satisfy the
above condition. Cherenkov radiation has found
wide application in Cherenkov counters used for
determining the speeds, charges, and masses of
fast charged particles (electrons, positrons, mesons, protons, and antiprotons); and for studying optically anisotropic media, including waveguides.
CHI PHASE (χ -phase)
An intermetallic compound with a cubic lattice

isomorphic to that of cubic α-Mn. It is formed
mainly by transition metals. The best known chi
phases are those involving rhenium with refractory
materials. In alloys of rhenium with molybdenum,
tungsten, niobium and tantalum the chi phase contains about 75 at.% Re. In the systems Mo–Re
and W–Re the chi phase is obtained by the peritectic reaction (see Peritectic alloys) at 1850 ◦ C
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in the system Mo–Re and at 2150 ◦ C in the system W–Re; and this reaction only takes place
for a narrow region of homogeneity. In the systems Nb–Re and Ta–Re the χ -phase melts without
decomposition and exhibits a broad range of homogeneity. In systems formed by Re with Ti, Zr
and Hf the composition of the χ -phase is approximately Me5 Re24 ; it is formed by the peritectic
reaction, and has a moderate range of homogeneity (Me–Ti, Zr or Hf). The chi phase has also
been observed in binary systems Al–Re, Nb–Os,
Tc–Zr. Chi phases are assumed to be “electron
compounds” (see Hume-Rothery phases). A number of chi phases transform to the superconducting state, with the highest transition temperature
Tc = 12.9 K for Nb0.24 Tc0.76 (see Superconducting intermetallic compounds).
CHIRALITY (fr. Gr. χειρ , hand)

Handedness, or belonging to one of two (“lefthand” or “right-hand”) non-superimposable mirror image conﬁgurations. See also Enantiomorphism.
CHIRALITY IN LIQUID CRYSTALS

Absence of planes of symmetry in the molecules of liquid crystals. Chirality in liquid crystals
leads to instability of a uniform (homogeneous)
state, and the formation of spatially-periodic (spiral) structures (right-handed or left-handed) in
some liquid crystal phases (cholesteric liquid crystals, blue phases, smectic liquid crystals of the
C type); see Chirality, Enantiomorphism.
CHIRALITY OF MAGNETIC BUBBLE DOMAINS
The sign of the relative rotation of the magnetization in the center of a domain wall for a
magnetic bubble domain with topological index
S = 1, which does not contain Bloch lines. The
magnetization in a magnetic domain wall is ei-

ther aligned along the vector tangent to the lateral
surface of a domain wall, or is opposed to it.
Hence two possible states of a magnetic bubble
domain, labeled χ ± , are more favorable (in the
context of magnetostatics) than all other states. By
convention the label χ + is assigned to a clockwise rotation of the magnetization when observing
along the rotation axis direction. The twisting deﬂections of χ + and χ − are equal in magnitude.
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CHOLESTERIC LIQUID CRYSTAL

It should be noted that, by virtue of domain wall
twisting, the above deﬁnition is valid only for the
cross-section of the magnetic bubble domain by
a plane that is at equal distances from the magnetic lm surfaces. Transitions between the χ +
and χ − states of magnetization rotation usually
occur when horizontal Bloch lines are present.
CHOLESTERIC LIQUID CRYSTAL, cholesteric,
chiral nematic, cholesteric phase (fr. Gr. χoλη ,
bile, σ τ ερεoς , solid, and χειρ , hand)
An analog of a nematic phase (see Nematic liquid crystal) for a material containing chiral mole-

cules, that is molecules which differ from their
mirror image structures (see Chirality in liquid crystals). When chiral molecules are dissolved in a nematic liquid the structure undergoes a helical distortion to form a helical phase called a cholesteric.
This phase was originally observed in the ethers
of cholesterol, hence its name. A cholesteric, like a
nematic, lacks long-range order, and the molecular
orientation has a preferred axis denoted by a director n which is perpendicular to the helical z axis.
The local symmetry is close to ∞22 (or C∞h ),
with the spatial distribution of the apex positions
of the director vector n tracing out a spiral or helix.
The spatial period or step along the helical axis is
one half the pitch of the spiral because director orientations n and −n are equivalent, as is the case
in nematics. The step of the spiral L depends on
the chemical composition and on the temperature,
and typical values lie in the range from 350 nm
to 650 nm, corresponding to visible and near UV
wavelengths. Cholesteric liquid crystals possess
unique optical properties such as Bragg diffraction
of light beams at the spiral structure, enhanced optical activity, etc. These properties are widely used
in various ﬁelds of engineering, in particular in the
medical area.
CHRISTOFFEL SYMBOLS (E.B. Christoffel,
1869)

The Christoffel symbol is Γkli = g in Γn,kl ,
where the metric tensor gik deﬁnes Γi,k,l =
(∂k gil + ∂l gki − ∂i gkl )/2, and ∂i = ∂/∂x i . The
Christoffel symbols do not form a tensor; in particular by choosing a particular system of coordinates
one may reduce all the Christoffel symbols to zero
at any given point. In curvilinear coordinates in a

ﬂat space the Christoffel symbols are used to form
covariant derivatives of tensors. These symbols are
used in elasticity theory to characterize changes of
the basis vectors ei of the local coordinate system
deformed together with the body: dei = Γkil el dx k .
Christoffel symbols and gik are both expressed
through the strain tensor uik : gik = δik + 2uik
(δik is the unit tensor), Γi,kl = ∂k uil + ∂l uki −
∂i ukl . To take into account dislocations and internal stresses, the Christoffel symbols are replaced,
within the framework of the mechanics of solids,
by the coefﬁcients of linear (afﬁnity) coherence,
Γikl . The number of independent values of Γikl
is equal to 15 (in contrast to 9 for the previous case). Γikl may be separated into symmetric
(Γi(kl) ) and antisymmetric (Γi[kl] ) parts with respect to the indices k, l: Γikl = Γi(kl) + Γi[kl] . The
quantity Γi(kl) characterizes the pure deformation
of the trihedron deﬁned by the basis vectors ei ,
and Γi[kl] characterizes the rotation of the trihedron during its transition from point to point. The
quantity Γi[kl] is directly linked to the density of
dislocations in the material; the sum of the Burgers vectors of dislocations passing through a small
area S is proportional to the convolution of the tensor of the area S and Γi[kl] .
CHROME PLATING

Application of chromium coatings to the surface of materials to increase their hardness, wear
resistance (see Wear), corrosion resistance and
friction resistance, and also for decorative purposes. The thickness of the coatings varies from
1 μm to 3 mm, their hardness ranges from 500
to 1200 kg/mm2 . Electrolytic chrome plating is
carried out from aqueous chromium-oxide solutions either with a sublayer of copper and nickel,
or without it. The appearance, structure, physicochemical and mechanical properties of the coatings may be changed by variation of the electrolyte
composition, and the method of electrolysis. Also
in some areas of engineering diffusion chrome
plating is used, preferably from the lowest halide
compounds of chromium, by means of thermal
decomposition or reduction in a gaseous, solid
or liquid medium, with successive diffusion of
chromium into the depth of the parts being coated.

CINNABAR

CHROMIUM, Cr

A chemical element of Group VI of the periodic table with atomic number 24 and atomic mass
51.996. There are four stable isotopes: 50 Cr, 52 Cr,
53 Cr, 54 Cr. The outer shell electronic conﬁguration is 3d 5 4s 1 . Successive ionization energies are
6.764, 16.49, 31, 51, 73, 90.6 eV. Atomic radius
is 0.125 nm; radius of Cr2+ ion is 0.084 nm, of
Cr3+ is 0.063 nm. Covalent radius is 0.118 nm.
Oxidation states are +2, +3, +6. Electronegativity is 1.55.
Under normal conditions chromium is a
silvery-white metal. The crystal lattice is bodycentered cubic, space group I m3̄m (Oh9 ), with
parameter a = 0.28848 nm (at 298 K). Density
is 7.194 g/cm3 (at 298 K); Tmelting = 2176 K,
Tboiling = 2742 K. Heat of melting is
≈14.0 kJ/mole, heat of evaporation is
393.34 kJ/mole; speciﬁc heat is 460 J·kg−1 ·K−1
(at 298 K). Debye temperature is 630 K. Linear
thermal expansion coefﬁcient is ≈6.5·10−6 K−1
(at 298 K); coefﬁcient of thermal conductivity
is 67 W·m−1 ·K−1 (at 298 K). Adiabatic elastic
moduli c11 = 350.0, c12 = 67.8, c44 = 100.8 (in
GPa). Young’s modulus is 279.65 GPa (at 298 K);
shear modulus is 102.02 GPa (at 298 K), Poisson ratio is 0.31. Ultimate strength is 84 MPa
(at 298 K, after recrystallization). Relative elongation is 0% (at 298 K, after recrystallization).
Vickers hardness is 100 to 200 HV. Linear lowtemperature electronic speciﬁc heat coefﬁcient
is 1.4 mJ·mole−1 ·K−2 . Electrical resistivity is
129 n·m. Temperature coefﬁcient of electrical
resistance is 3·10−3 K−1 (293 to 373 K). Hall
constant is 3.63·10−10 m3 /C (at 293 K). Coefﬁcient of absolute thermal electromotive force is
16.2 μV/C. Chromium is an antiferromagnet with
Néel temperature TN = 311 K. Molar magnetic
susceptibility is 3.6·10−6 CGS units. Nuclear
magnetic moment is 0.474 nuclear magnetons. Reﬂection coefﬁcient of 500 nm wavelength light is
67%. Electronic work function of polycrystal is
4.68 eV. Chromium is employed to give glass an
emerald green color, and it ﬁnds wide use as a catalyst.
CHROMIUM ALLOYS
Chromium-based alloys. Doping Cr with small
additions (up to 1%) of yttrium, rare-earth elements and titanium causes the binding of these
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atoms into refractory compounds (see Refractory
materials), and reﬁning the metal matrix decreases
the cold brittleness temperature slightly, and increases its plasticity. At the same time the corrosion resistance increases. Strong doping of Cr
with iron, cobalt, nickel, ruthenium, and rhenium
changes the electronic structure of chromium, and
in some cases its crystal structure and phase composition. It provides for an appreciable decrease
of the cold brittleness temperature. However, in
such a case alloy brittleness appears, due to the
formation of a sigma phase. Chromium alloys are
smelted in archer or induction furnaces in an inert gas atmosphere, or fabricated by the method
of powder metallurgy. A thermomechanical treatment of low-doped chromium alloys, when a ﬁnegrained and cellular dislocation structure arises
(see Cellular structure), permits an increase of
the strength and, at the same time, the cold
brittleness temperature. Low-doped chromium alloys are used as thermal-environment resistant
materials, and as high-temperature materials at
1000–1100 ◦ C, with a short-term heating capability up to 1500–1600 ◦ C. Highly-doped alloys are
used in the chemical engineering industry, in the
production of components for magnetohydrodynamic generators, foundry castings, etc.
CINNABAR (fr. Gr. κινναβαρι), HgS
A mineral, the red-colored stable modiﬁcation of mercury sulﬁde. The Mohs hardness is

2–2.5, and the density is 8.0–8.2 g/cm3 ; the crystal family is trigonal, and the space group is
P 31 21 (D34 ), a = 0.4146 nm, c = 0.9497 nm.
Another modiﬁcation of mercury sulﬁde, black
metacinnabarite with the ZnS type structure, is
unstable and gradually transforms into cinnabar.
This most important mercury mineral is used to
produce the metal. Artiﬁcially, cinnabar is prepared by rubbing mercury with sulfur with subsequent treatment with alkalis. The heat of formation
equals −59 kJ/mol (at T = 298 K). Cinnabar exhibits a high volatility (t sublimation = 580 ◦ C). The
crystal lattice energy is 3,578 kJ/mol. The crystals
are composed of polymer chains –Hg–S–Hg–S–
with the parameters: d(HgS) = 0.236 nm,
∠HgSHg = 105◦ , ∠SHgS = 172◦ . Artiﬁcial
cinnabar is a semiconductor material used for photoresistors, as a catalyst, and as a pigment.
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CIRCULAR PHOTOVOLTAIC EFFECT

CIRCULAR PHOTOVOLTAIC EFFECT
Photovoltaic effect observed in doubly refracting crystals (see Gyrotropic media) illuminated by
circularly or elliptically polarized light (see Polarization of light). There is a difference between

the circular photovoltaic effect and other photovoltaic effects: the resulting current is proportional
to the degree of circular polarization of the radiation Pcirc and changes its direction in accordance
with the sign of the polarization. The “circular”
photovoltaic effect for elliptically polarized light
is described by the following relation:
jα = γαβ i[E × E ∗ ]β ,
where j is the current density, and E is the amplitude of the light electric ﬁeld (see also Bulk
photovoltaic effect). For circular polarization this
becomes
i[E × E ∗ ] = |E|2 Pcirc q/q,
where q is the wave vector of the light. Initially
the circular photovoltaic effect was observed in tellurium, then it was studied in a variety of crystals
including a number of ferroelectrics. The origin of
this effect arises from the asymmetry of the distribution of the electrons excited by the light. This
asymmetry is due to the correlation between the
electron angular momentum (spin) and its linear
momentum in gyrotropic crystals. The inverse effect, the so-called optical activity (see Rotation of
light polarization plane) induced by the current and
resulting from the spin orientation during the current ﬂow, has also been observed in tellurium. In
nongyrotropic crystals, which possess no center
of symmetry, the circular photovoltaic effect does
not occur, while the phenomenon of optical activity may appear from uniaxial deformation or an
applied magnetic ﬁeld. Such a magneto-induced
circular galvanomagnetic effect was observed in
p-type GaAs. In crystals of low symmetry, including those possessing a center of symmetry, the
circular drag effect described by the relation
jα = Tαβγ i[E × E ∗ ]β qγ
may be observed.
In contrast to the circular photovoltaic effect,
the circular drag effect is due to the transfer of
phonon momentum to the electrons. The current
in this effect changes its sign, not only when the

sign of the circular polarization changes, but also
when the light propagation direction changes. The
circular photovoltaic effect may used in inertialess
receivers of polarized laser radiation, in elements
of optical memory on photorefractive crystals (see
Photorefraction), and also as a mechanism of fourwave mixing of isofrequency waves in various
nonlinear optical frequency converters.
CLATHRATE COMPOUNDS (fr. Gr. κληθρα ,
adler-tree)
Phases comprising at least two compounds,

with the molecules of one enclosed in the molecular voids or lattice cavities of the other. They bear
a close similarity to interstitial solid solutions.
As a rule, only van der Waals forces act between the molecules of a clathrate compound. The
binding energy of each enclosed molecule is about
≈50 kJ/mol. This relatively high value for van
der Waals interaction is explained by the molecule and void geometry ﬁtting well into one another, and by the many points of bonding by the
molecule. Depending on the void type, clathrate
compounds are categorized as lattice or molecular types. Lattice clathrate compounds can only be
solids, and are further classiﬁed by the shape of
their voids as channel, cage (originally only this
type was termed clathrate), and laminated varieties. Examples of “host” compounds that form
cage clathrates are uria, thiouria, hydroquinone,
phtalocyanines, etc. There is a wide range of
corresponding “guest” compounds: hydrocarbons,
alcohols, many gases. Cyclic molecules usually
form the molecular clathrate compounds, such as
cyclodextrin and other macrocyclic compounds.
Compounds of relatively small dimensions can
be enclosed in the voids of such “hosts”. The
clathrate compounds exhibit, in the general case, a
variable composition. They are employed mainly
to isolate and purify “guest” molecules.
CLAUSIUS–MOSSOTTI EQUATION (R. Clausius,
O. Mossotti, 1879)

Relation between the relative (dimensionless)
dielectric constant of isotropic nonpolar insulators,
ε(ω), at a frequency ω (see Temporal dielectric dispersion) and the polarizability, α(ω), of the atoms
that make up the crystal lattice:

α(ω)N
ε(ω) − 1
=
,
3ε0
ε(ω) + 2

(1)

CLOSE-PACKED STRUCTURES

where N is the number of atoms per unit volume,
and SI units are used. This expression is sometimes written in terms of the electric susceptibility
χ(ω) = ε(ω) − 1. If the square of the refractive index, n(ω), in the transparency region is substituted
for ε(ω) then Eq. (1) is called the Lorentz–Lorenz
relation. Eq. (1) differs from the frequently used
expression ε = 1 + αN/ε0 which is applicable in
the case of a linear response of a medium (crystal)
to a macroscopic electric ﬁeld averaged over the
medium, since the Clausius–Mossotti equation is
derived taking into account the local electric ﬁeld
that acts on an atom in the crystal, and this differs from its mean value. The Clausius–Mossotti
equation for cubic crystals coincides with the expression for ε derived from the rigorous Ewald
method. See also Langevin–Debye equation.
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Fig. 1. Planar triangular close packing arrangement of
spheres.

CLEMENTI FUNCTION (E. Clementi)

A wave function of a certain nl-shell of an
atom (or ion) whose radial part is represented
as a superposition of Slater functions (see Slater
rules), the parameters of the latter being derived
from minimizing the total energy of a given multielectron state. Clementi functions can be used as
the ﬁrst approximation for a non-empirical computation of crystals.
CLOSE-PACKED STRUCTURES, closest-packed
structures

Geometrical arrangement of rigid spheres of
the same radius, which provides the densest ﬁlling of space. There is only one way of attaining
such a conﬁguration in a plane, which consists
in arranging a lattice (the sites formed by the
centers of balls) based on an equilateral triangle
conﬁguration, as shown in Fig. 1. The threedimensional closest-packed sphere structure is
constructed from the above planar arrangement by
superimposing layers, one onto another, in such
a way that the upper layer of a pair lies with its
atoms set in the recesses of the layer below; the
density of√packing (packing fraction) in this case
being π/ 18 ≈ 0.74. There are two ways to do
this, and either one is effectively equivalent. The
third layer also has two possibilities, but they are
not equivalent. One way for positioning the third
layer is to place its spheres in recesses between
second layer atoms that are not directly above the

Fig. 2. Three-dimensional close packing arrangements
of spheres: (a) face-centered cubic, and (b) hexagonal
close-packed.

atoms of the ﬁrst layer, and this gives what is
called an ABC arrangement of layers, as shown
in Fig. 2(a). None of the three layers is directly
above another. Another way to position the third
layer is with its atoms in recesses directly above
the ﬁrst layer, thereby forming what is called the
ABA sequence of layers, as shown in Fig. 2(b).
Each subsequent layer can be positioned in one of
two ways, leading to an inﬁnity of possible closest
packed structures if the number of layers becomes
very large, and the sequencing of the A, B, and C
type layers is random subject to the condition that
two identical layers cannot be adjacent to each
other. If the sequence is a periodic one, then the
corresponding closest-packed sphere structure is
spoken of as periodic highest-density spherical
packing. According to the Belov theorem, periodic
closest-packed sphere structures may exhibit only
eight different space groups of symmetry: P 3m1,
R3m, P 3m1, R3m, P 6m2, P 63 mc, P 63 /mmc,
F m3m.
The packing consisting of only two alternating layers ABAB. . . is referred to as highest-
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CLOSE PACKING, RANDOM

density hexagonal packing or hexagonal closepacked (HCP). The three-layered ABCABC. . .
arrangement is given the name highest-density cubic packing or cubic close packing (CCP or FCC).
The centers of the spheres of the latter structure
form a face-centered cubic lattice. The tendency
of atoms to attain closest packing results in the
fact that most metallic atoms crystallize in one of
the close-packed arrays which is almost always
the hexagonal (e.g., Mg, Nd, Zn) or the facecentered cubic (e.g., Ag, Al, Cu) one. In addition
bulky components (e.g., anions oxygen or sulfur)
of various widely occurring chemical compounds
also form close-packed arrays, and the diversity of
structures stems from the fact that there are many
ways of arranging the smaller cations throughout
the smaller tetrahedral and larger octahedral cavities of the closest-packed structure.
CLOSE PACKING, RANDOM
See Random close-packing model.
CLUSTER

A stable aggregation or group of atoms or
molecules distinguished by certain physical or
chemical features from other similar stable microobjects. Several particles constitute the lower limit
on the size of a cluster, while the upper limit
can often be deduced from one of the following
two traits: (1) the addition of one more particle
to the aggregation appreciably affects the system
properties; or, (2) the number of particles at the
surface, i.e. those which differ in properties from
the bulk due to their proximity to the surface, is
comparable to the total number of internal particles in the cluster. These conditions usually limit
the number of particles in a cluster to the range
102 –103 . Larger agglomerates of particles in a
material are called phase precipitates. Examples
of clusters are: agglomerations of impurity atoms
or intrinsic defects (see pile-up of dislocations and
point defect clustering) arising in the bulk of a
solid due to their mutual attraction and to the diffusion of particles (during the growth of crystals or
during heat treatment), under the action of external energetic particles (see Collision cascade and
Subcascades), under the action of light (in photographic emulsions), etc. The atomic or molecular

aggregates that comprise a small particle can be
formed during the coagulation of particles, e.g.,
those dispersed in air (aerosol particles), during
the sputtering of materials under ion bombardment
or other high-energy factors, during evaporation,
etc. Surface clusters can be formed by deposition
of particles on the surface of a solid. The stability of a cluster can depend on the number n
of constituent particles, and sometimes it depends
on whether n is odd or even. Thus it was established by means of mass spectrometry that when
Li atoms are evaporated into an inert gas an appreciable amount of Li2 , Li6 and Li8 appears,
whereas Li3 , Li5 , Li7 , and Li9 are either entirely
absent, or are present in only trace amounts. During the ion sputtering of Ag crystals three times
more Agn clusters form with odd n compared to
the number with even n.
A method termed the cluster approximation is
often employed in numerical computations of the
energy spectra of ideal crystals, or of crystals with
defects, with a cluster deﬁned here as a lattice of a
ﬁnite number of atoms. Atom–atom potentials and
cluster boundary conditions are chosen to provide
for a high cluster symmetry, for correct values of
the crystal lattice constants, and for stability. Systems of particles can also have fractal properties
(see Fractal) arising from special rules followed
in building the system. For instance, a percolation
cluster is a set of certain lattice sites obtained by
successive translations of a given length from an
arbitrarily chosen starting site to other randomly
chosen sites; the dimensions of such a cluster are
not limited to integers (see Percolation theory).
In quantum scattering theory coupled states of
several particles are termed clusters; with every
cluster considered as a separate scattering channel.
CLUSTER APPROXIMATION

The breaking down of a system into subsystems (see Cluster) that interact weakly with each
other. This approximation is employed in thermodynamics, statistical physics, and quantum scattering theory. It involves expressing the wave function of a multiparticle system far away from the
scattering region as a superposition of states corresponding to individual isolated particles and/or
groups of them. The cluster approximation in the
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theory of lattice defects in crystals is based on singling out a region in the crystal that incorporates
the defect and several coordination spheres surrounding it. The local defect properties (binding
energy, energy level position, wave function of the
localized state, lattice conﬁguration) are then computed over this region using one of the standard
molecular theory methods. The interaction of the
cluster with the rest of the crystal is accounted for
by using a self-consistent eld approach.
Sometimes the term cluster approximation is
employed to designate an approximate method for
computing the parameters of an ideal crystal by
representing the crystal as a cluster consisting of a
relatively small number of atoms. Certain boundary conditions are imposed upon the outermost
atoms to ensure the stability of such a conﬁguration. See also Watson sphere.
CLUSTER, CYBOTAXIC
See Cybotaxic clusters.
CLUSTER DEPOSITION

Formation of heterogeneous lm s composed of
clusters of particles. The ﬁlms form via the deposition from a ﬂow of clusters, e.g., produced by ion
sputtering of different targets, or by homogeneous
gas phase nucleation, or due to a heterogeneous
nucleation at the substrate surface. A cluster may
contain from several to a few thousand particles.
An assortment of cluster deposition technology
methods provides a range of structures and cluster properties which determine the ﬁlm formation
kinetics and ﬁlm properties. Using the method of
cluster deposition at low temperature one can obtain the epitaxial deposition of multicomponent
compounds such as semiconductors, or one can
grow diamond-like carbon lms, oxides, nitrides,
carbides, etc.
CLUSTER, NONCRYSTALLINE
See Noncrystalline clusters.
CLUSTER SPUTTERING
Sputtering of a solid under the action of ion
bombardment during conditions when clusters of

different size composed of the solid’s own atoms
plus impurity atoms are predominant in the ﬂux
or ﬂow of sputtered material. Not only neutral
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clusters, but also positive and negative ions, polyatomic and molecular ions and their fragments,
are found in the sputtered ﬂux during the cluster
sputtering of metals, semiconductors, insulators,
organic compounds, polymers and biomolecules.
The mass-spectra of sputtered clusters range from
dimers through aggregates of tens and hundreds
of atoms, up to large bioorganic molecules and
their clusters. The energy distribution of sputtered
clusters reaches 100–200 eV, the average being
2–10 eV per cluster of ions and 10–20 eV for
neutral clusters. The sputtering probability sharply
drops with an increase in the number of atoms in
the cluster, and it can undergo oscillations associated with the binding energy. In particular, there
may be less charged metallic clusters having an
even number of atoms than those having an odd
one. The mechanisms of the cluster sputtering of
solids are not yet understood. Theories of direct
knock-out (for small clusters), of recombination,
and of shock waves, have been proposed to explain the phenomenon. The latter theory allows
for the emergence of large clusters and of complete bioorganic molecules (such as insulin) under
the impact of a single heavy accelerated ion, or
of a fragment from nuclear ﬁssion. Cluster sputtering plays an important role in secondary ion
mass-spectrometry, and it also ﬁnds applications
in designing sources for accelerated cluster and
macromolecular ion formation, including ionized
bioorganic molecules.
COADSORPTION

A cooperative adsorption of adsorbates of differing chemical composition. In the case of physisorption the mutual inﬂuence of these adsorbates
is associated with the difference in the heats of adsorption, which may result in the particles with
a greater heat of adsorption driving out those
with lesser heats of adsorption. In the case of
chemisorption, the mutual effects of the adsorption
of different species is associated with the formation of chemical bonds of the adsorbates with the
substrate; this can result in a promotion or inhibition of the sorptional activities of neighboring
centers. Such an inﬂuence may stretch over the
distance of several lattice constants, and may result in the emergence of not only a short-range,
but also a long-range order. The phenomenon of
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heterogeneous catalysis is based on the process of
coadsorption of molecules of differing chemical
composition.

COAGULATION

See Coalescence.

COAL

Carbonaceous porous combustible stratiﬁed
rock; with a surface of fracture which is either
lustrous or lusterless. Coal contains a maximum
of 30% of incombustible components (ash). Coal
is formed by carbonization (metamorphic transformation) of the remains of decomposed plants
under prolonged exposure to temperature, ionizing
radiation of natural radionuclides, etc. According
to the degree of carbonization, brown coal (lignite) and black coal are distinguished. The carbon
content increases from ∼65% (by mass of organic
components of coal) for soft lignites to >91% for
anthracites; accordingly, the oxygen content decreases from 30 to 2%, and the hydrogen content
decreases from 8 to <4%. The percentages of sulfur and nitrogen are little affected by the extent
of carbonization, and are respectively 0.5–3% and
0.5–2%. Coal can also include P, Ge, Ga, B, V,
W, U, and other elements. The X-ray diffraction
pattern is indicative of the presence of both the
amorphous (see Amorphous state) and the crystal structures of coal. The carbonization process
involves a structural-molecular rearrangement of
the organic material; this rearrangement being
responsible for the extreme values of the following characteristics of coal at intermediate stages
of carbonization (carbon content ∼85%): elastic
modulus, microhardness, yield, density, heat of
combustion, caking ability, volume and radius of
pores, extracting characteristics, etc. At these intermediate stages coals gain the capacity to form
coke on heating. The electrical conductivity of
coal ranges from 10−2 to 10−10 (·cm)−1 . Coals
which contain >91% C exhibit an abrupt increase
of aromaticity, and an abrupt decrease of electric
resistance. Coals contain paramagnetic centers,
with concentration reaching 1020 spin/g.

COALESCENCE (fr. Lat. coalesco, grow together,
be coupled)
The spontaneous merger of small particles of

a solid that results in the formation of a single
larger particle whose shape minimizes its free energy. The phenomenon of the formation of pores
in a solid is also known. The coalescence of particles may occur in sols, aerosols, and on the surface
of a solid. Coalescence is distinct from coagulation, the latter being the mere sticking together of
colliding particles. Coalescence is associated with
diffusion processes that take place under the inﬂuence of surface tension forces. It will be slowed
down by charged particles. Surface coalescence
is conditioned by strains in the substrate, by its
surface roughness, and by its polycrystalline structure.
COATING

Application of a layer, which has protecting,
decorating, conducting, etc., properties, to the surface of a material. Metals and alloys, as well as
nonmetallic substances, are used as coating materials. Application of a metallic coat is performed
through hard facing with a thin layer of salts in oil
(baking coating), chemical deposition, galvanization (electrolytic deposition, see Electroplating),
dip coating (dipping into melted metal or into
aqueous salt solutions in the presence of oxygen),
vacuum evaporation, cathode sputtering (sprayed
metal coating), etc. Nonmetallic coats (varnishes,
enamel and oil paints) are applied to surfaces
through brushing, spraying under pressure, fusion.
Colloid mixtures of graphite with varnish, or of a
metal with varnish, are used as nonmetallic conducting coatings. Anodic oxidation is used in order
to coat the surface with an oxide lm ; carbon ﬁlms
are obtained through decomposition of a dried
layer of carbonic acid through heating to 473 K,
or high vacuum evaporation.
COATING, ANTICORROSIVE
See Anticorrosive coatings.
COBALT (Lat. cobaltum ), Co

Chemical element of Group VIII of the periodic system with atomic number 27 and atomic
mass 58.9332. The naturally occurring stable isotope 59 Co is very close to 100% abundant. The
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most important artiﬁcial isotope is radioactive
60 Co with a half-life of 5.24 years. The outer
shell electronic conﬁguration is 3d 7 4s 2 . Successive ionization energies are 7.865, 17.06, and
33.50 eV; electronegativity is 1.7. Atomic radius
equals 0.125 nm; the Co2+ ionic radius equals
0.072 nm, that of Co3+ is 0.063 nm. The oxidation state is +2, +3, rarely, +1 and +4.
Cobalt in the free state is a metal of silver-steel
color. It exists in two polymorphic conﬁgurations:
α-Co with a hexagonal close-packed lattice (space
4 ), a = 0.2507 nm and c =
group P 63 /mmc (D6h
0.40686 nm at 298 K), and β-Co with a facecentered cubic lattice (space group F m3m (Oh5 ),
a = 0.3548 nm). The temperature of the start of
the transformation of α-Co into β-Co by heating
is 750 K; the temperature of the start of the reverse
transformation by cooling is 676 K. The density
of α-Co is 8,183.6 g/cm3 (at 293 K), that of
β-Co is 8,739 g/cm3 (at 298 K), the binding energy is −4.387 eV/atom at 0 K and −4.4 eV/atom
at room temperature; T melting = 1768 K,
T boiling = 3203 K. The heat of fusion is
16.2 kJ/mol. The speciﬁc heat is 414 J·kg−1 ·K−1
at standard pressure and temperature. The Debye temperature is 385 K. The coefﬁcient of linear thermal expansion parallel to the c axis is
14.62·10−6 K−1 , and perpendicular to the c axis,
it is 10.96·10−6 K−1 . The thermal conductivity is
142 W·m−1 ·K−1 at 163 K and 70.9 W·m−1 ·K−1
at 290 K; the adiabatic elastic rigidity coefﬁcients of α-Co crystal are: c11 = 306.28, c12 =
165.12, c13 = 101.9, c44 = 75.33, and c33 =
357.4 GPa at 298 K. Young’s modulus of α-Co
is 220.9 GPa, that of β-Co is 199.7 GPa; the
modulus of rigidity of α-Co is 84.5 GPa, that of
β-Co is 74.7 GPa; Poisson ratio of α-Co is 0.307,
and that of β-Co is 0.337 (at 298 K). The ultimate tensile strength is 260 MPa (at 298 K),
and the relative extension is 5% (at 293 K). The
Brinell hardness is 124 MPa for cobalt subjected
to 1.2–3 GPa treatment. The self-diffusion coefﬁcient equals 5.91·10−26 m2 /s. The Sommerfeld
low-temperature electronic speciﬁc heat coefﬁcient (linear term) equals 4.73 mJ·mol−1 ·K−2 .
Electrical conductivity is 55.7 n·m (at 293 K);
the temperature coefﬁcient of electric resistance
equals 604·10−5 K−1 . The Hall coefﬁcient is
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0.36·109 m3 /C. The absolute thermal electromotive force coefﬁcient equals 18.5·10−6 V/K.
The optical reﬂectivity for 5.0 μm wavelength is
92.9%. The work function for a polycrystal equals
4.41 eV. Cobalt is a ferromagnet with Curie point
T C = 1393 K. The nuclear magnetic moment
of 59 Co equals 4.639 nuclear magnetons, and
the atomic magnetic moment equals 1.715 Bohr
magnetons. The thermal neutron absorption crosssection is 34.8 barn.
Cobalt ﬁnds its use as a component of hard
magnetic, corrosion resistant and high-temperature
alloys and coatings, as well for glass dyeing; the
intermetallic compound SmCo5 is used for the fabrication of permanent magnets (see Samarium–
cobalt magnet), and radioactive 60 Co is employed
in medicine as a source of γ -radiation.
COERCITIMETER

Device for measuring the coercive force or coercivity Bc of magnetic materials. The most common types are coercitimeters for coercive force
measurement by magnetization MBc or by induction BBc . For an MBc measurement the sample is
magnetized to saturation and then demagnetized
up to the point of zero magnetization, and the
magnetic ﬁeld strength that brings this about corresponds to MBc . For measuring Bc by induction
the sample is made part of a closed magnetic circuit, and the strength of the demagnetization ﬁeld
at which the induction B in the sample goes to
zero is accepted as the value Bc (i.e., BBc ). For
small values of the coercive force MBc ≈ BBc . See
Magnetometry, Magnetic structure analysis.
COERCIVE FORCE, coercive e ld, coercivity
(fr. Lat. coercitio, con nement)

Value of an applied magnetic ﬁeld Bc which reduces the magnetization of a magnetized magnetic
substance to zero. In many magnetic materials
the magnetization process is not reversible, but
takes place around a hysteresis loop. An applied
magnetic ﬁeld Bm produces a state of magnetization Mm in the material. The removal of the
applied ﬁeld does not reduce the magnetization
to zero, but rather to the remanent magnetization
value Mrem . A reverse direction ﬁeld −Bc must
be applied to reduce the magnetization to zero.
Increasing the reversed applied ﬁeld to −Bm induces the reversed magnetization −Mm , and most
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of a hysteresis loop is thereby traced out. When
Bm is small the coercive ﬁeld Bc is also small,
where of course Bc < Bm , and increases in Bm
cause Bc to increase. Very large applied ﬁelds Bm
induce a saturation magnetization Ms , so further
increases in Bm have no effect. The coercive ﬁeld
Bc measured at saturation is called the coercivity, and the associated hysteresis loop is called an
extremal hysteresis loop. The coercivity of various materials varies over a very wide range from
10−4 mT to 10 T. (Some authors deﬁne Hc =
Bc /μ0 , where 1 mT ∼
= 795.8 A/m.) The coercivity arises from the back magnetization process,
and involves the magnetic anisotropy energy, the
magnetostriction, and the saturation magnetization. In a particular material the coercivity can differ considerably depending on its structural state;
it depends also on the direction in anisotropic materials, on the temperature, and on the presence
of external stresses. The extremal coercivity value
for a given material equals its anisotropy ﬁeld and
can be achieved, e.g., in ﬁne monocrystal ferromagnetic single-domain particles, in which back
magnetization is brought about by irreversible rotation of the spontaneous magnetization vector.
High coercivity values can be obtained in close to
perfect crystals where, near saturation, the formation and growth of back magnetization nuclei are
impeded. In most ferromagnets the coercivity is
determined by the critical ﬁeld for irreversible displacement of magnetic domain walls, and this can
be impeded by various inhomogeneities such as
internal stress gradients, foreign inclusions, structural defects, and so on.
COHERENCE
See Macroscopic quantum coherence, Structural coherence.
COHERENCE FACTORS

Renormalization coefﬁcients F 1,2 (k, k  ) appearing in the Bardeen–Cooper–Schrieffer theory (BCS theory) which connect the matrix elements B1 (k , s  | k, s) for single-particle transitions k, s → k  , s  in the system of non-interacting
Bogolyubov quasi-particles (see Bogolyubov method), and the matrix elements B2 (k , s  | −k, −s)
for the processes of the annihilation of quasiparticle pairs in the states k  , s  and −k, −s. The

latter appear in a superconductor under the effect
of an external perturbation with corresponding
matrix elements B0 (k  , s  | k, s) for the singleelectron transitions k, s → k  , s  in the normal
state of a metal: B1,2 = F1,2 B0 .
According to the BCS theory,
F1 (k, k  ) = Uk Uk ± Vk Vk ,
F2 (k, k  ) = Uk  Vk ± Uk Vk ,
where the Uk , Vk are the Bogolyubov transformation coefﬁcients (see Canonical transformation
method), with the sign determined by the nature of
the external perturbation.
Coherence factors are needed for theoretical
descriptions of the different kinetics in superconductors associated with transitions in the system
of Bogolyubov quasi-particles. This provides, e.g.,
in the BCS theory, an explanation of the difference between the type of temperature dependence
of the nuclear spin relaxation time and that of the
coefﬁcient of ultrasound adsorption in a superconductor.
COHERENCE LENGTH in superconductors

Length scale for the variation of the order
parameter (see Ginzburg–Landau theory of superconductivity)
ξ0
,
ξ(T ) = √
2(1 − T /Tc )1/2

ξ0 =

vF
,
πΔ0

where v F is the Fermi velocity, Δ0 = E g /2 is
the superconducting energy gap at T = 0, and
T c is the critical temperature of the second-order
phase transition from the normal to the superconducting state. According to the scale invariance
hypothesis, at the point T = T c the coherence
length ξ goes to inﬁnity as ξ(T ) ∼ (1 − T /T c )−ν .
The critical index is ν = 1/2 in the self-consistent
e ld approximation. The coherence length also determines the effective size of Cooper pairs with
the binding energy 2Δ. In pure superconductors
with T c ≈ 1–10 K, for T  T c , ξ is equal to
ξ0 ≈ 10−5 –10−4 cm in order of magnitude. In
“dirty” superconductors with short electron mean
free paths l  ξ(T ) the effective coherence length
is ξ eff ∼
= (ξ l)1/2 . In highly disordered superconducting alloys (compounds) and in amorphous
superconductors ξ  10−6 cm, which provides
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high values of the Ginzburg–Landau parameter
κ = λ/ξ and the upper critical eld B c2 (T ), where
λ is the magnetic ﬁeld penetration depth.
COHERENT BREMSSTRAHLUNG
A type of Bremsstrahlung (braking radiation)
speciﬁc for monocrystals. The Bremsstrahlung of

charged particles in single crystals at high particle energies effectively differs from that of an
isolated atom. For relativistic particles (total energy E far exceeds rest energy, Lorentz factor
1), there is
γ = [1 − (v/c)2 ]−1/2 E/(m0 c2 )
a formation zone one radiation length l long in
which the Bremsstrahlung process takes place
which can substantially exceed an atomic size,
i.e. the creation of a radiated photon takes a long
enough a time so that a particle can traverse a
macroscopic distance. The time of photon generation is long compared with the duration of a particle’s impact upon a nucleus, therefore the process
characteristics are determined mainly by interference during the radiation process, rather than by
the nature of the collision with an individual nucleus. The formation zone in monocrystals may be
substantially longer than the separations between
the atoms of the crystal lattice. In this case all the
atoms in the zone take part in the process of coherent radiation, with the Bremsstrahlung intensity in
monocrystal increasing, relative to that of an an
amorphous substance, proportional to the number
of atoms located in this zone:
N eff ∝

l
2E(E − ω)
∝
.
a
m2 c3 ωa

The presence of interference in the monocrystal
Bremsstrahlung arises from simple kinematic considerations. Suppose a particle entering a crystal
at a small angle, θ , relative to a crystallographic
axis encounters atoms along its path spaced a distance a/θ apart (a is the lattice constant), and
subsequent acts of Bremsstrahlung emission take
place. Suppose the energy of the radiation of
quanta is small, and the radiation only weakly
affects the particle motion (its momentum is virtually unchanged at radiation). The quanta are
emitted mainly in the forward direction of the
particle motion (within a cone whose angle is inversely proportional to the Lorentz factor γ ). If
t0 is the time of emission at the ﬁrst atom, the

Intensity I of Bremsstrahlung of electrons in a diamond
single crystal as a function of the energy ω of the emitted quanta at the incidence angle θ = 4.6 mrad relative to
the (110) axis (an electron beam of initial energy 1 GeV
is directed along the (001) plane); shown are theoretical
calculations (solid lines) and experimental data (dots).

Bremsstrahlung emission at the second atom will
occur at the time t0 + a/(vθ). As the ﬁrst emitted
quantum reaches the second atom at the moment
t0 + a/(cθ), the phase difference between the two
must be equal to 2πn (where n is an integer) for
the interference to amplify the radiation:


a 1 1
= 2πn.
−
ω
θ v c
With a ﬁxed particle energy, E, and a ﬁxed magnitude of quantum energy, ω, there is a particular
angle θmax at which constructive interference is
observed:
a
,
θmax =
2πnl
where l is the radiation length. There may be
different numbers of lattice sites inside the Bremsstrahlung region, depending on the angle of incidence of the charged particle relative to the
crystallographic planes or axes, which results in
an appearance of maxima and minima in the
Bremsstrahlung spectrum presented as a function of the angle at which fast particles enter the monocrystal. The intensity of coherent
Bremsstrahlung in the Born approximation is proportional to the square of the number of atoms
within the radiation length. If the Born approximation is inapplicable, the dependence of coherent
emission intensity I on the number of atoms
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within the formation zone is weaker, having a
logarithmic dependence (see Fig.). The coherent
Bremsstrahlung exhibits a rather high degree of
polarization, and this results in intense beams of
polarized γ -quanta being produced by electron accelerators.
COHERENT CHANNELING
See Okorokov effect.
COHERENT CONDENSATE
See Bose condensate.
COHERENT POTENTIAL METHOD (P. Soven,
D. Taylor, 1967)

An analogue of the mean ﬁeld method used for
computing the electronic structure and electronic
properties of disordered alloys (see Disordered
solids) based on the formalism of multiple scattering theory. The applicability of this method is
not related to limitations on the magnitude of the
impurity scattering potential, or of the alloy component ratios. A scattering matrix (t -matrix) is
assigned to each individual atom in this approach.
Systems of atoms are described on the basis of
the scattering characteristics of individual atoms
using a Green’s function that depends upon the positions of the scattering atoms. It is assumed that
the energy spectrum of the ensemble as a whole
can be “macroscopically” described with the mean
Green’s function

 −1
G(z) = z − ε(k) −
(z)
,
k

where k (z) is a self-energy term (see Mass operator of quantum mechanics), and ε(k) is the
dispersion law for an electron in an unperturbed
translationally-invariant crystal. To complete the
Green’s function deﬁnition, the system is presumed to behave as if one and the same coherent
potential, σ (z), is assigned to each lattice site,
and an effective potential, w
n = wn − σ (E), is
introduced for every site to replace the random
potential energy of an electron wn (see Random
potential). The self-consistency condition is taken
as follows:


w
n
= 0.
tn  =
1−w
n n|G(z)|n

This implicit equation deﬁnes σ (E) ≡ k (E),
and permits the determination of the coherent
potential as a function of a spectral variable z.
This method is believed to provide one of the
best single-site approximations for obtaining the
spectral characteristics of disordered systems. The
small parameter of the method for the calculation
of the energy spectrum is the quantity (a/R0 )3 ,
where a is a lattice constant, and R0 is a characteristic damping or jump length of the hopping
integral. A similar small parameter appears when
computing corrections to the expression for the
electrical conductivity of a disordered binary alloy within the formalism of the coherent potential
method. The physical sense of this parameter can
be explained as follows: if a sphere of radius R0
encloses a large number of sites then one can neglect the ﬂuctuations of the number of atoms of
both types A and B inside this sphere.
COHERENT PRECIPITATES
New phases formed at phase boundaries which
display a structural coherence there. Coherent

precipitates arise as a result of the decomposition of supersaturated solid solutions (see Alloy
decomposition), or from other phase transitions:
a martensitic transformation, a eutectic (see Eutectic alloys), etc. Coherent precipitates may be
wholly or partially coherent, depending on the
type of structural coherence. They form during
the early stages of phase transformations; later on,
the structural coherence will be destroyed due to
structural dislocations which form at the phase
interface to make the precipitates non-coherent.
The appearance of coherent precipitates with an
appreciable mismatch of crystal lattice constants
δ = (a p − a m )/a m , where a p and a m are lattice
constants of the precipitate and matrix, respectively, gives rise to coherent elastic stresses, and to
an increase of the elastic energy of the system by
a magnitude εe ∝ δ 2 . That results in an increase
of the strength of an alloy, of its coercive force,
and of the magnetostatic energy (see Magnetostatics). In aging alloys (see Alloy aging), the elastic
interaction of coherent precipitates may produce
modulated structures. Coherence disruption, and
an appearance of non-coherent precipitates, will
usually result in deterioration of the alloy strength
characteristics.

COLD BRITTLENESS

COHERENT SCATTERING REGIONS
Largest regions of a crystal from which elastic
scattering of radiation (X-rays, neutrons, etc.) by
individual atoms or unit cells is coherent. The di-

mension D of a coherent scattering region can be
deﬁned as the distance at which the phase shift of
the waves scattered by atoms (cells) reaches π as
compared to an ideal crystal. The value of D depends on the reﬂection indices hkl of the planes.
In the case of an ideal mosaic crystal, D coincides with the size l of mosaic blocks. Provided
the disorientation of adjacent blocks is ψ
λ/ l
(λ is the radiation wavelength), the value of D
may be estimated from the width δθ of the X-ray
line at its half-height: D ≈ λ/( θ · sin θ B ), where
θ B is the Bragg angle. In the opposite case (when
ψ  λ/ l), the regions of coherent scattering may
cover several blocks (D ∝ λ/ϕ > l). The blocks of
the mosaics do not exclusively determine the range
of coherent scattering in a real crystal. Stacking
faults (leading to an effective reduction of the coherent scattering regions), small-angle boundaries,
degree of uniform bending of crystallites, and internal microstresses in crystallites also play roles.
To separate the effect of mosaics from that of microstresses, one may apply harmonic analysis to
calculate the normalized Fourier coefﬁcients An
in the reﬂection curve (the proﬁle of the X-ray
line), P (2θ). The values of An can be written
as the product An = An An , where An , An are
the contributions from regions of coherent scattering and of microstresses, respectively. In the
xyz coordinate system, with xy planes coinciding
with reﬂecting planes, one may deﬁne the dependence of An on the reﬂection index 00l and then,
extrapolating An (l) to l = 0, ﬁnd An = An (0).
The derivatives of An characterize the average
size D0 of the coherent scattering region, and the
distribution Pn of the regions of coherent scattering transverse and along the z axis direction:
−(dAn /dn)n=0 = c/D0 (c is the unit period along
the z axis), d2 An /dn2 = Pn .
COHESION (fr. Lat. cohaesus , stuck)

Linkage (binding) between two solid bodies
of similar chemical composition in contact with
each other. It results from a balance between longrange repulsive and short-range attractive forces.
The cohesion energy is an important characteristic associated with chemical bonds. It is deﬁned as
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the work required to move far apart the units of
a bound structure. It can be experimentally found
by evaporation or sublimation. The largest cohesion energy values are found in condensed phases
(liquids and solids) where the chemical bonds are
mainly ionic, covalent or metallic in character. The
cohesion energy in real gases is several orders of
magnitude smaller.
The cohesion strength depends on the mutual
orientations of the crystal lattices of the bodies in
contact, on their geometrical perfection, and on
the degree of their surface cleanliness. The cohesion strength is calculated from the expression
P = (α10 + α20 − α12 )/a where α10 and α20 are
the speciﬁc energies of the surfaces in contact, α12
is the speciﬁc energy of the grain boundary interface, and a is an interatomic distance. If the
contacting surfaces are aligned relative to the symmetry elements then α10 = α20 = α, α12 = 0, and
Pmax = 2α/a. The actual strength is smaller than
Pmax due to the lack of smoothness of an actual
contact. Showing up in the cohesion linkage zone
are stresses arising from mismatches in the crystal
geometry of the surfaces in contact.
COINCIDENT-SITE LATTICE
An auxiliary lattice considered in the description of particular grain boundaries. A coincident-

site lattice is that sublattice of the complete superposition lattice whose sites are occupied by atoms
of both lattices of a bicrystal, i.e. the sites coincide in each of the crystals that are separated by
the boundary. The reciprocal relative fraction of
coincident sites is designated by Σ . The symmetry of the coincident-site lattice is determined by
the symmetry of the pair of conjugated crystals,
by the axis of their relative orientation, and by
the value of the corresponding rotation angle. See
Grain boundary, Grain boundary lattice.
COLD BRITTLENESS

The change of the failure mechanism from
tough failure to brittle failure (or quasi-brittle failure), which occurs with a decrease of temperature
within a comparatively narrow temperature range.
This change of failure mechanism involves abrupt
reduction of plasticity-related characteristics and
strength. According to the Ioffe theory, cold brittleness is the consequence of an abrupt increase of
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the yield limit σs with decreasing temperature, the
temperature dependence of the breaking stress σf
being comparatively weak. Cold brittleness occurs below the temperature at which the curves of
σs (T ) and σf (T ) versus T intersect. Modern microscopic dislocation theories attribute the sharp
temperature dependence of the yield point to the
presence of a covalent component in the interatomic bond (see Covalent bond), and to the high
value of the Peierls–Nabarro stress (see Peierls–
Nabarro model) at the plastic deformation of covalent crystals. Hence the cold brittleness arises
due to the abrupt decrease of the mobility of dislocations with decreased temperature, and to the
decrease of the rate of stress relaxation at the
apexes of cracks and at other stress concentrators
(see Stress concentration).
The reciprocal of cold brittleness is given the
name cold reluctance. This term is descriptive of
the ability of materials to retain plasticity and failure toughness with decreasing temperature.
The susceptibility of a material to cold brittleness is determined by the cold brittleness temperature (or cold brittleness threshold) Tc . Upper
u and T l )
and the lower cold brittleness points (Tcb
cb
l
are commonly distinguished. The lower point Tcb
is the minimal deformation temperature at which
plastic deformation precedes the failure, and the
failure is totally tough in its nature. The value of
u depends heavily on the deformation rate ε̇,
Tcb
increasing with its increase. Various methods of
hardening of materials (raising the dislocation density): solid-solution hardening, dispersion hardening (see Precipitation-hardened materials), etc.
l . Only a
result in an increase of the value of Tcb
reduction of the crystal grain size or the formation
of a disoriented dislocation cellular structure can
lead to the reduction of Tcb and the improvement
of strength properties. As the failure mechanism
changes from transcrystalline failure to intercrystalline failure, the cold brittleness temperature may
abruptly increase.

ﬁlms, semiconductor ﬁlms, p–n junctions biased
in the gate direction (see Semiconductor junction), transistor structures, M–I–S structures (see
Metal–insulator–semiconductor structures), M–S
structures (M is metal, I is insulator, S is semiconductor), semiconductor structures with a negative
electron af nity, etc.
COLD ELECTRONS

An electron gas in the conduction band of
semiconductors (holes in the valence band) with
an average energy ε appreciably less than the
thermodynamic equilibrium value ε0 . This phenomenon of electron cooling is due to various
mechanisms related to the motion of the current
carriers in an electric ﬁeld, or to optical transitions of the charge carriers. For instance, electron cooling will occur if the overall current in
a semiconductor is directed opposite to the internal electric ﬁeld in a space charge region, or
because of another inhomogeneity of the semiconductor. In electric ﬁelds, where the current is
directed along the ﬁeld, a cooling of the carriers
is possible when the dominant scattering of the
electron energy occurs by optical phonons, and
the momentum scattering is by ionized impurities
under conditions when the electron–electron interaction is negligible. While acted on by an electric
ﬁeld an electron is able to emit an optical phonon,
and thereby diminish its energy (i.e. cool), and the
scattering by ionized impurities promotes the accumulation of such electrons. Hence it is possible
to cool carriers by light through the agency of direct band-to-band transitions. For this purpose it is
necessary (when the energy of scattering via interelectron collisions is negligible compared to such
scattering of photocarriers by optical phonons) to
excite the photoelectrons with a ﬁxed initial energy εi greater than ε0 by utilizing light of such
a wavelength that, after the emission of n optical
phonons, the photocarriers should have a ﬁnal energy εf < εi .
COLD WORKING

COLD CATHODE

Unheated cathode emitting electrons by means
of eld emission of electrons. These are e ldemission cathodes, and there are also various
types of cathodes emitting nonequilibrium electrons excited by an internal ﬁeld: dispersed metal

Industrial term no longer used much. It means
hardening of a metal under the action of cold plastic deformation, but not strain hardening (see also
Work hardening). Cold working in optimal mode
increases hardness and yield limit, resistance to fatigue deformations, and a decrease of plasticity and

COLLECTIVE EXCITATIONS IN SUPERCONDUCTORS

impact strength. It is used in technology for surface hardening of work pieces with the help of

steel- or cast iron-shot blasting impact treatment,
rolling, etc.
COLLAPSE OF ELECTRON ORBITS

A sharp decrease of the average radius of an
electron orbit in an excited atom occurring for a
small change of the nuclear charge (atomic number), Z. The collapse of electron orbits takes place
when the screened electrostatic potential −U (r),
acting on the electrons and the orbital or “centrifugal” potential 2 l(l + 1)/(2mr 2 ) (where r is the
distance from the electron to the nucleus, l is the
orbital quantum number, and m is the electronic
mass) approximately compensate for each other.
Then the effective potential
U eff = −U (r) +

2 l(l + 1)
2mr 2

can exhibit two valleys or minima, one near the
atom nucleus (at r ≈ a B , where a B is the Bohr radius), and the other at the atom periphery (at r ≈
10a B ), separated by a positive potential barrier.
The deepening of the internal well with increasing Z at a given l results, at a certain critical value
of Z = Z c (which depends on l, and also on the
electron conﬁguration and on the level), in the
redistribution of electric charge density from the
outer valley into the inner one, which is interpreted
as an electron collapse. This collapse of electron
orbits is possible for electrons with l  2. In the
isoelectronic sequence of argon-like ions, the collapse of 3d-electrons in the 2p5 3d conﬁguration
takes place at Z c = 19, viz., at the transformation from Ar to K+ , while in the isoelectronic
sequence of xenon-like atoms the collapse of the
4f -electron in the 3d 9 4f conﬁguration takes
place at Z c = 55, i.e. at the transformation from
Xe to Cs+ . If the atom or ion is present in a solid
then the orbits that did not collapse strongly overlap with neighboring atomic coordination spheres,
and the corresponding electrons often become delocalized. Photoabsorption spectra reﬂect the participation of such states, and provide information
on the electronic structure of such a solid (see Fine
structure of X-ray absorption spectra).
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COLLECTIVE EXCITATIONS

Motions in a system with a large number of interacting particles associated with the excitation of
some collective degrees of freedom, and manifesting themselves in a cooperative dynamics of all the
particles (see Phonons). The collective excitations
are not necessarily associated with mechanical
displacements of the particles: they may be, e.g.,
electronic excitations in atoms (see Excitons) or
excitations of magnetic (spin) degrees of freedom
(see Magnons). The collective excitations in condensed media propagate as an ensemble of waves,
each of them representing a certain kind of motion characterized by a velocity and an energy. In
quantum theory collective excitations are regarded
as quasi-particles, their dynamics being described
by the corresponding equations of motion. The
collective excitations for weak interactions in a
system, when the harmonic approximation is valid,
obey the superposition principle and play the part
of elementary excitations. Introducing the concept
of collective excitations facilitates the treatment of
a number of physical properties of weakly excited
condensed media. Explaining some of these properties requires taking into account the interactions
of the collective excitations, which is equivalent
to introducing an anharmonicity into their description. In macroscopic systems with a high degree of
excitation the collective excitations become transformed, and they can appear as solitary waves
(solitons) or shock waves.
COLLECTIVE EXCITATIONS IN
SUPERCONDUCTORS

Mutually coupled oscillations of the order parameter and of an electric ﬁeld. At a temperature
near the critical (transition) temperature, the existence of weakly damped oscillations of this type
with an acoustic spectrum is possible. Such oscillations (experimentally discovered by P.L. Carlson
and A.M. Goldman in 1975) show up at frequencies which exceed both the reciprocal energy
relaxation time, and the reciprocal lag time for
the establishment of an equilibrium distribution
of quasi-particles over the branches of the energy spectrum. This collective mode represents
oscillations of the population differences between
the branches of the energy spectrum. Simultaneously, a longitudinal electric ﬁeld appears in the
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superconductor, along with currents of normal excitations and of the superconducting condensate
directed opposite to one another, so that there is
no net current. The phase velocity of such excitations equals: c = [2ΔDχ(2πT τ )]1/2 , where
D = v F l/3 is the electron diffusivity (diffusion
coefﬁcient), Δ is the energy gap in the superconductor, τ is a characteristic time of scattering from
impurities, T is the temperature, χ is the Gorkov
function introduced in the theory of superconducting alloys, v F is the Fermi velocity, and l is the
electron mean free path.
Another type of oscillation existing in superconductors is an oscillation of the order parameter amplitude which has a resonance character
(Schmid mode, A. Schmid, 1975). This is associated with the possibility of a virtual decay
of Cooper pairs, which requires an energy input
of 2Δ. This process involves violation of the energy conservation law and, in accordance with the
quantum-mechanical uncertainty principle relating energy and time, must proceed for times of
the order of /(2Δ). The amplitude of the order
parameter perturbation oscillates with a frequency
ω = 2Δ/, and tends toward its steady-state value
with a power law dependence on the time. Inelastic scattering mechanisms can bring about an
exponential decay of such oscillations.
In a hypothetical superconductor treated as a
superﬂuid Fermi liquid there are weakly damped
oscillations of the phase of the order parameter which have an acoustic spectrum (Anderson–
Bogolyubov mode). However, an excitation of the
electron density accompanies these oscillations,
hence, their frequency is increased up toward the
plasma frequency in real superconductors because
of Coulomb interactions.
COLLECTIVE VARIABLES METHOD

A method of statistical physics that introduces long-range interactions into the thermodynamic and structural properties of multiparticle
systems. The description of interacting particles
(e.g., atoms, ions or molecules) using collective
variables is based on an extended phase space
consisting of individual particle coordinates and
collective variables associated with the waves of
density ﬂuctuations of a certain system parameter
(see Fluctuations of atomic positions). Depending
on the speciﬁc problem, the latter may be the den-

sity of the number of particles, density of electric
charge, spin density, etc. In the simplest case of a
single-component system, the collective variables
will be deﬁned by means of the Fourier components of the operator of the number density of
particles:
N
1 
exp(ik·r j ),
ρ
k = √
N j =1

k = 0,

(1)

where r j are the coordinates of the j th particle,
and N is their total number. The condition
k = 0
√
excludes the constant term ρ
k=0 = N δk,0 . The
transition to an expanded phase space that includes
individual coordinates, {r} = (r 1 , . . . , r N ), and
collective variables, {ρk }, is effected via a transfer function which is a product of corresponding
δ-functions. Hence, e.g., the system conﬁguration
integral can be represented as follows:



(2)
QN = Q0N (dρ)J (ρ) exp −βθ(ρ) ,
where Q0N is the conﬁguration integral of the subsystem with short-range interactions, the function



1
(dr) exp −βU0 (ρ)
J (ρ) =
V N Q0N

δ(ρk − ρ
k ),
(3)
×
k=0

is the Jacobian of the transition to collective coordinates, the differential factors have the form
(dr) =

N

j =1

dr j ,

(dρ) =



dρk ,

k=0

where β = 1/(k B T ) is the reciprocal temperature
of the system, U0 (r) is the potential energy of
the short-range interactions, and the function θ(ρ),
given by
θ(ρ) =

N
N2
ν(k)(ρk ρ−k − 1) +
ν(k = 0),
V
2V

k=0

(4)
is the representation in collective variables of the
potential energy of long-range
pair inter-particle

interactions, ν(k) = dr e−irk Φ(r) is a Fourier
component of the long-range potential Φ(r), and
V is the system volume.

COLOR CENTERS

A similar transformation to collective variables
also can be brought about by means of an integral
transform of the Gaussian factor exp[−βθ(ρ)].
The method of collective variables is used to
describe the properties of a variety of real systems.
Thus, an ion-molecular approach in the theory of
electrolytic solutions, based on an equivalent account of the interactions of all the particles in solution, has been developed within the framework of
collective variables. This method, supplemented
by the density matrix shift transformation, has
been successfully employed in the theory of quantum Bose- and Fermi-systems, in particular for
constructing a theory of liquid 4 He and describing the electron gas in metals (see Bose–Einstein
statistics and Fermi–Dirac statistics).
Variables associated with the order parameter
of the system have been introduced into the set
of collective variables in the theory of secondorder phase transitions, and the explicit form of
the transfer Jacobian, J (ρ), is of a non-Gaussian
character for three-dimensional systems. In another approach, the collective motions of systems
of interacting particles are treated by the canonical transformation method, whereby a transition is
made to collective coordinates and momenta that
correspond to collective oscillations, or to the elemental excitations associated with them. Since the
collective coordinates and momenta are not conventional variables, a transition to them involves
additional conditions that conserve the total number of degrees of freedom in the system.
COLLISION CASCADE

The avalanche-like process of dislodging (displacement of) atoms (ions) from the sites of a
crystal lattice (or of an amorphous solid). The collision cascade arises after energy transfer to the
target atom by an external particle as a result of
sequential collisions of atoms in the vicinity of the
initially displaced one.
If the energy of the initially displaced atom
is ε, the collision cascade occupies the spatial domain of size l(ε), where l(ε) is the mean free
path as a function of its energy. The cascade
time is 10−14 –10−13 s; where the cascade over
a domain of enhanced concentration of radiative
defects arises with its central part enriched with
vacancies, and the peripheral one enriched with
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interstitial atoms. The primary relaxation of a cas-

cade takes ∼10−13 –10−11 s, with some interstitial atoms returning to their initial sites. Then the
secondary stage of relaxation occurs, controlled
by thermally activated processes (primarily by diffusion). On irradiation with dense beams or with
radioactive decay, spatially uniform collision cascades can arise, their only common quantitative
characteristic being the cascade function or the radioactive damage function ν(ε). It equals the total
number of atoms (ions) displaced from the sites
of the solid body lattice by the initial atom with
energy ε.
Low-energy cascade: ε < εc , where εc is the
critical energy, with negligible retardation of the
moving atom by electrons below it. All the energy
of the atom goes to displace atoms from lattice
sites, so that
αε
(ε < εc ),
ν(ε) =
εd
where εd is the energy for creating a stable
vacancy–interstitial atom pair, and α is a factor
on the order of unity. As commonly assumed,
εd ∼ 25–80 eV, α ∼ 0.4–1. Theoretical values
of εc are 0.1 MeV for Fe and 3 MeV for U .
For a high-energy cascade: ε > ε c . The retardation of atoms down to energy εc occurs mainly
due to electrons of the medium, i.e. without dislodgment of new atoms. Therefore,
ν(ε) =

α  εc
εd

(ε > εc ),

where α  is a factor on the order of unity (it can
differ somewhat from α). See also Seeger zone.
COLLISION IONIZATION
See Impact ionization.
COLLISION RADIATION
See Bremsstrahlung.
COLOR CENTERS, F -centers
Point defects with optical absorption in the
transparent region of a defect-free crystal. Color

centers are related to either impurities (impurity
color centers), or intrinsic structural defects in
crystals (intrinsic color centers). The main methods to stimulate the formation of color centers are
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vacancies). Color centers are also found in glasses
(see Vitreous state of matter), e.g., a non-bridging
oxygen atom in vitreous quartz (band with a
maximum at 4.75 eV). The main applications of
color centers in practice are lasers, photopigments,
dosimetry, and diagnostics of minerals.
COLORED SYMMETRY

Color centers.

doping, deviation from stoichiometric composition,
and irradiation by ionizing radiation. Electronic
transitions that determine the color center absorption are shown schematically in the ﬁgure.
Transitions 2 and 3 produce, as a rule, wide absorption bands; transitions 1 give either narrow
or broad bands, depending on the magnitude of
the electron–phonon interaction. Transitions 4 are
observed only under high-power pulse excitation
with the aid of time-resolved spectroscopy. Reverse transitions may proceed with photon emission; in this case a color center is simultaneously
a luminescent center. Many color centers involve
a point defect that has trapped an electron (electron color centers) or a hole (hole color centers).
The association of elementary defects (vacancies,
interstitial atoms, impurity atoms, or impurity ions)
results in the formation of aggregate color centers.
An increase in temperature and illumination in the
absorption bands of color centers may lead to the
release of trapped electrons or holes, i.e. to the destruction (discoloration) of color centers. The most
widely studied color centers are in ionic crystals,
in particular, in alkali-halide crystals. For example,
F -centers (anionic vacancy with a trapped electron, named from the German word “Farbe” for
“color”) produce an intense absorption band in
the visible region, which corresponds to a transition similar to the 1s–2p transition in a hydrogen
atom (F -band), and weaker K-, L-bands refer to
transitions to higher F -center excited states. Also
H -centers (interstitial atoms of halide X0 ), and
Vk -centers (self-localized holes X−
2 ), produce
broad bands in the ultraviolet region. In covalent
crystals, the absorption of color centers typically
occurs as narrow lines, e.g., GR1 and ND1 centers in diamond (neutral and negatively charged

A theory of generalized symmetry of material
objects (media and structures), which combines
the global symmetry of the system as a whole
with the local symmetry of its structural elements.
Depending on the method of combination of the
groups of global (external) G- and local (internal)
P -symmetries, the following colored symmetry
groups are distinguished: (1) P -symmetry groups,
which are subgroups G(p) ⊆ P × G of the direct products of groups P and G; (2) Q-symmetry
groups, which are subgroups G(q) ⊆ P λG of the
semidirect products of P and G; (3) Wp -symmetry groups G(Wp ) ⊆ Pwr G = P G × G, which
are subgroups of the wreath product (for groups
G(Wq ) – of twisted wreath product) of P and G,
where P G is the direct product of groups P , taken
nG times, n = |G| is the order (or power) of the
group G: P G = P g1 × P g2 × · · · × P gn , and the
elements gi ∈ G indicate the position of each individual group P in the n-fold direct product. These
groups differ in the manner of their effect on a
mass point, and in the multiplication law of their
elements.
In terms of physical interpretation, the lowest groups G(p) and G(q) , isomorphic to the
groups G, describe the magnetic exchange symmetry of the structures of magnetically ordered
crystals. Groups G(Wp ) and G(Wq ) ↔ G, involving the effect of translation on a mass point (depending on its coordinate), describe the symmetry
of real crystals, including quasi-crystals (icosahedral phases), and polysystem molecular crystals
with so-called “super-Fedorov” symmetry.
COLORED SYMMETRY GROUP

In the general case the subgroups of the direct products (P × G) and the semidirect products
(P λG) of groups of external (global) G and internal (local) P symmetries, as well as subgroups
of the wreath product Pwr G = P G λG, which operate over subspaces of geometrical coordinates

COMMENSURATE STRUCTURE
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r ∈ R(3), and of their nongeometrical (“colored”)
◦

counterparts S ∈ S(d). According to the laws of
multiplication and to the action of combined elements (p, g) or . . . p(r k ) . . . |g, p ∈ P , p(r k ) ∈
P qk r 1 = P rk ⊂ P r1 × · · · × P rk × · · · = P G of
◦
the material point (S , r), groups of four types are
singled out; of global action:
◦   ◦
 ◦

P : (p, g) S , r = pS , gr = S  , r  ,
(pi , gj )(pk , gl ) = (pi pk , gi gl ) ∈ G(p) ⊂ P × G,
 ◦

◦   ◦
Q: (p, g) S , r = pg S , gr = S  , r  ,
 


(pi , gj )(pk , gl ) = pl gj pk gj−1 , gj gl
∈ G(q) ⊂ P λG
and of local action – depending on the coordinate
◦

r k = gk r 1 of the point (S , r k ):
◦
 
◦

Wp : . . . p(r k ) . . . |g S , r k = p(r k )g S , gr k ,
. . . pj (r k ) . . . |gj . . . pl (r k ) . . . |gl 
= . . . pj (r k )pl (r k ) . . . |gl gl ,
◦
 
◦

Wq : . . . p(r k ) . . . |g S , r k = p(r k )g S , gr k ,
. . . pj (r k ) . . . |gj . . . pl (r k ) . . . |gl 




= . . . pj (r k ) gj pl (r k )gj−1 . . . gj gl .
The colored symmetry groups are closely connected with the theory of so-called ﬁber
SR-spaces (SR ⊂ S(d) × R(3), or SR ⊂ S R (d) ×
R(3)), and n = (d +3)-dimensional groups, which
are their generalized projections onto the threedimensional space. The colored symmetry groups
are used to describe magnetically ordered crystals
(see Magnetic symmetry group). See also Colored
symmetry.
COLOR GROUP
See Shubnikov groups.

Curves of hardness versus layer depth for different combined heat treatment techniques: nitration or nitrocementation chemical heat treatment (N), and electrocontact
(E), induction (I), and laser (L) high-speed hardening.

out, and values of the technological parameters being used.
Multiple combined heat treatment techniques
allow the variation of properties corresponding to
different requirements for surface layers and internal bulk (core) material. Schematic curves of
hardness as a function of layer depth are presented
in Fig. as an example, where the lower solid curve
is a thermo-chemical treatment employing nitration or nitrocementation (N), and the remaining
curves represent high-speed hardening via electrocontact (E), induction (I), and laser (L) processes.
It is possible to improve hardness and other
mechanical properties in near-surface regions, and
depending on the methods of heating, at different distances from the surface, taking into account
structure and microstructure variations. It is also
possible to obtain gradients of particular properties needed for speciﬁc loading conditions. As
examples of how metals can undergo combined
heat treatments we refer to prior quenching with
tempering before thermo-chemical treatment at
low temperatures; cementation; nitrocementation
with hardening, etc.
COMMENSURABLE STRUCTURE
See Commensurate structure.

COMBINED HEAT TREATMENT

COMMENSURATE STRUCTURE,
commensurable structure

The heat treatment of materials including combinations of heat with chemical and mechanical modes. The choice of combined techniques
takes into account the loading conditions, detailed
geometry, sequence of operations being carried

A long-period structure, which arises from periodic distortions of an initial lattice due to displacements of atoms from equilibrium positions.
The commensurate structure is generally formed
during lowering of the temperature at a phase
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COMPACTION

transition. In a number of cases the system undergoes a sequence of phase transitions to various
commensurate states (with sequential variations of
the superlattice constant), until reaching the ﬁnal
commensurate phase which has a period a  that
is a multiple of the initial lattice constant a, i.e
a  = na, where n is an integer (so-called “devil’s
staircase”).
The transition from the initial structure to a
commensurate one proceeds in certain materials
through an intermediate temperature incommensurate structure, with a superstructure constant
incommensurate with the lattice constant of the
initial phase (see incommensurate–commensurate
phase transition). The commensurate structure
may be represented as modulated by shear waves,
e.g., charge density waves (spin density waves),
in one, two or three directions; with the modulation period determining the displacements of
atoms from their initial equilibrium positions. The
periodicity of the new structure is fully commensurate with that of the initial structure: Q = nq,
where Q and q are wave vectors of the commensurate and the original structures, respectively,
and n is an integer. The translational symmetry is
not violated in the generation of the commensurate structure. The commensurate structure can be
detected by diffraction methods, e.g., through an
electron diffraction observation of extra reﬂections
corresponding to basic structure reﬂections for
multiple distances, and by changes of other physical characteristics: electrical resistance, magnetic
susceptibility, Young’s modulus, etc. The commensurate structure occurs in dichalcogenides of transition elements MX2 (M = Ta, Nb; X = Se, Te,
S), in crystals of the A15 and cubic Cu2 Mg types,
in the premartensitic region of temperatures in a
number of compounds based on equiatomic TiNi,
in Cr, etc.
COMPACTION

See Pressing.
COMPENSATION

See Conductivity self-compensation, Ionic conductivity compensation, Magnetic compensation.

COMPENSATION RULE, Meyer–Neldel rule
(W. Meyer, H. Neldel)
A relationship between the activation energy

E and the preexponential factor σ0 in the temperature dependence of the electrical conductivity
σ of semiconductor:


E
.
(1)
σ (T ) = σ0 exp −
2kB T
The analysis of many experimental data obtained
for semiconductors possessing current carriers
with small mobilities has shown that
lg σ0 = α E + β.

(2)

Here α and β are parameters characteristic of the
material. Eq. (2) represents the compensation rule
which has been widely investigated for polymeric
semiconductors. This is explained with the help of
the charge transport tunnel model (see Tunnel effect).
COMPLEX ELASTIC MODULI
Tensor factors in Hooke’s law written for harmonically time-varying stresses and strains in disω =
sipative media (see Dissipative structures): σik
ω , where σ ω and ε ω are Fourier comciklm (ω)εlm
ponents of stresses and strains, respectively. The
imaginary part of the complex elastic modulus,
called the loss modulus, is responsible for the
damping of elastic waves in a medium.

COMPLEXY

A thermodynamic equilibrium defect in a solid
solution consisting of an impurity atom complex
located at a group of lattice sites whose number differs from the number of complexy atoms.
The concept of complexy was introduced by
M.A. Krivoglaz (1970). It can be energetically advantageous to form a complexy from atoms with
strongly differentiated atomic radii if this results in
a partial removal of stresses and a decrease of the
overall elastic energy. A complexy is less advantageous from the entropy standpoint than isolated
impurity atoms, and the complexy concentration
in a solid solution decreases with temperature in
contrast to the behaviour of point defects. Complexy formation radically affects the temperature
and concentration dependences of crystal lattice

COMPTON EFFECT

constants, diffusion coef cients, solubility of impurity atoms, diffuse scattering of X-rays, and other
solution characteristics. A noticeable change in
lattice parameters should be observed in alloys
containing complexies, and these parameters are
detected by dilatometric analysis and X-ray diffraction techniques. Complexies have been detected
experimentally in a lead–gold alloy.
COMPOSITE MATERIALS (fr. Lat. compositio,
combination)

Materials consisting of two or more components with a distinct boundary between them, and
possessing properties not found in the individual components taken separately. Anisotropic and
isotropic (quasi-isotropic) composite materials are
distinguished. Among the ﬁrst are reinforced composite materials including matrix and reinforcing
components in the forms of ﬁbrils, wires, threadlike crystals, strips, and grids oriented in it in a predeﬁned fashion. There are metallic, polymeric and
ceramic composite examples differentiated by the
matrix type. Among the second are precipitationhardened materials, pseudoalloys, and randomly
reinforced composites. The dispersion-hardened
varieties have a matrix structure consisting of a
basic material with ﬁne dispersed hardening inclusions; the pseudo-alloys can have the structure
of interpenetrating skeletons, a statistical powder
mixture, or a matrix structure depending on its
composition and formation process; randomly reinforced materials have a matrix structure with
no preferred orientation direction of ﬁbrils or
inclusions. Reinforcing ﬁbrils and inclusions endow composite materials with strength, hardness,
and the matrix with bonds between components,
load transmission on ﬁbrils, and corrosion resistance. Properties of composite materials depend
signiﬁcantly on phase boundary strength, hardening components, their size and quantity. One
of the main requirements imposed on composite materials used for construction is the lack of
signiﬁcant diffusion (see Diffusion) and chemical
interactions of the components during the preparation and high-temperature use. By varying the
structure and composition it is possible to modify the strength characteristics over a wide range,
fracture toughness, electrical conductivity, thermal
expansion factor, and other properties.
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COMPOSITE MATERIALS, STRENGTH
See Strength of composite materials.
COMPRESSIBILITY, volume compressibility
factor

Relative variation of the volume of a body
under the effect of total pressure. One can distinguish the isothermal volume compressibility,
κT = −(∂v/∂p)T /v = −((∂ ln(∂Φ/∂p)T )/∂p)T
(Φ is thermodynamic potential) and the adiabatic
volume compressibility, κS = −(∂v/∂p)S /v =
−(∂v/∂p)T /v − T vα 2 /cp (where cp is the speci c heat of the body under constant pressure, α is
the volume coefﬁcient of thermal expansion). The
isothermal compressibility exceeds the adiabatic
one for the majority of solids by not more than
several percent. The compressibility has the units
m2 /N = 1/Pa (typical value is ∼1/GPa).
COMPRESSIBILITY MODULUS
The same as Bulk modulus.
COMPRESSION, UNIFORM
See Uniform compression.
COMPTON EFFECT (A. Compton, 1922)
The scattering of an X-ray or gamma quantum off a free (or weakly bound) electron to
which the photon transfers a part of its energy

and momentum. The change of the photon wavelength λ at scattering is determined by the energy
and momentum conservation law and is equal to
λ = λ − λ0 (1 − cos θ), where λ is the wavelength of the scattered photon, λ0 = h/(mc) is
the Compton wavelength equal to 2.426·10−12 m,
θ is the angle between the directions of motion of the incident and scattered photons. The
scattering intensity evaluated by quantum theory
provides the angular distribution of scattered photons (mainly forward scattering) and the scattering
cross-section σ which depends on the photon energy ε, with σ (ε) decreasing with ε. In the limit
ε → 0 we have σ → σT = 8πr02 /3 (r0 is classical
electron radius, r0 = 2.8·10−15 m). The Thomson’s scattering cross-section σT was derived by
J. Thomson in the classical theory of electromagnetic wave scattering. The Compton effect can
occur for scattering off other charged particles as
well, but the effect is seen only for high-energy

196

COMPUTATIONAL MICROTOMOGRAPHY

photons scattering off particles with large masses.
If the electron involved in the Compton scattering has a high velocity then an increase in photon
energy is possible at scattering (inverse Compton
effect). The Compton effect gives a strong contribution to the generation of fast electrons in gamma
ray irradiated solids, and these generated electrons
create radiation defects through impacts with target atoms.
COMPUTATIONAL MICROTOMOGRAPHY

A method of scanning an object with a probe
of penetrating radiation and, with the aid of
a computer, subsequently reconstructing an image which contains details of the internal microstructure of the object in a series of thin layer
cross-sections. Ordinary transmission images, being two-dimensional shadow projections of the
actual three-dimensional object, do not give signiﬁcant information about its internal structure,
because they display information averaged according to the thickness. In contrast to this the
digitized images called tomograms (see Tomography) provide considerably sharper differentiation
of areas with differing absorption coef cients, and
better separation of the images of overlaying structures.
To apply computational microtomography the
object is transilluminated with a narrow beam of
the penetrating radiation (e.g., X-rays, electrons,
ultrasound, or IR) and the radiation that passes
through it is recorded by corresponding detectors. By sequentially scanning the beam and/or
turning the sample, a set of projection data necessary for reconstructing the tomogram is obtained.
The result is a sequence of two-dimensional halftone cross-section images, and the data from these
cross-sections can be used to reconstruct a threedimensional image which reﬂects the true microstructure of the object.
Microtomography has been successfully used
in transmission electron microscopy for the investigation of molecules, bacteriophages and membranes (with spacial resolutions of angstroms),
in scanning electron microscopy, and in optical
and X-ray microscopy for investigating the properties and structure of solids with dimensions of
about 1 mm and resolutions of micrometers. The
technique is also used in the non-destructive defectoscopy of components of solid-state quantum

electronics, providing visualization and identiﬁcation of the subsurface micro-structure and defects.
See also Tomography of micro e lds.
COMPUTER ALGEBRA

A process in applied mathematics and computer engineering, that uses computers for the
automation of symbolic derivations. Computer algebra is designed for the execution of cumbersome
(routine) analytic manipulations that cannot be
readily carried out manually: multiplication (division) of polynomials, cancellation of similar
terms, formation of an arbitrary algebraic expression with respect to a dependent variable, substitution of variables, integration, differentiation, etc.
This approach can facilitate and improve the accuracy of subsequent numerical calculations, provide
analytical relationships between various parameters, and overcome difﬁculties involved in the
subtraction of nearly equal large magnitude numbers.
COMPUTERS in solid state physics

Various methods for applying computers to
solve problems in the ﬁeld of solid state physics.
In experimental solid state physics a computer performs the following three functions: control of
apparatus (e.g., the control of devices designed
for molecular beam epitaxy when synthesizing
superlattices); data analysis (such as deciphering
various spectra); planning experiments. In an optimal situation, all these functions are coordinated,
so that the computer performs quite a complicated
range of research tasks. In analytical solid state
physics most of the important applied problems, as
well as an ever-growing share of the fundamental
problems, are solved using computers. Two approaches are dominant in this ﬁeld: the numerical
solution of equations, and the direct modeling of
observed solid state phenomena with the help of
computers (see also Computer simulation).
The ﬁrst approach of solving systems of equations is not speciﬁc for solid state physics, and its
efﬁciency is determined, to a great extent, by the
capabilities of the computer. For single-processor
computers the absolute or theoretical limit of their
productivity is about 109 operations/s, but in practice the limit is lower by one or two orders of magnitude. For a relatively simple problem, such as a
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study of the initial stages of monocrystal growth
from an atomic beam at a perfect monocrystal
face, it is necessary to analyze a Markovian chain
consisting of hundreds or (at low saturation in the
vicinity of the critical point) a few thousand nonlinear differential equations. The determination of
the distribution function of the atomic groupings
for any given set of initial conditions requires
the performance of about 108 operations/s. For a
reasonably complete analysis involving the entire
range of available growth conditions one needs to
perform 1010 or more operations/s. The problem
becomes too difﬁcult for multicomponent crystals,
and indeed insoluble for single-processor computers when the ﬁnal growth stages are included in
the calculation. Multiprocessor computers are also
inefﬁcient in the framework of the ﬁrst approach,
because extensive parallelism of the data processing is hardly achievable.
In contrast, the second approach of modeling observed phenomena is quite compatible with
the architecture of multiprocessor computers. The
real space of the crystal can be divided into a
network of conventional cells (hence the term
network models) and a step-by-step analysis of
changes in the states of cells and their interactions can be carried out. In the extreme case, a cell
is represented by an individual atom (e.g., Ising
model). The organization of this modeling system
can be either linear, two-dimensional, or threedimensional. A conformity between the computational process and the processes occurring in
solids is provided by means of both the programs
and the apparatus. The former are universal (because the program approach allows one to model
any physical process using any computer) but they
do increase the duration of each step of the modeling. The latter (i.e. the apparatus part) speciﬁes the
computer for each individual problem, and provides for its rapid solution. In the extreme case,
the relations between the processors of the modeling system are isomorphous to the relations in
the modeled solid; and the productivity increases
as the number of processors increases. There exist modeling systems (so-called distributed matrix
processors, “hypercube”) consisting of 105 (in order of magnitude) processors. Theoretically it is
possible to produce such systems containing up to
1012 modeling processor units with a clock period
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to 10−9 s, which permit the solution of a large part
of the problems of solid state physics in real time.
Further progress depends, in principle, on creating
new solid and molecular modeling systems that
implement the probability functions at the quantum level.
In terms of the complexity of the modeling, the
problems of solid state physics could be classiﬁed as follows: (i) crystallization and recrystallization in the absence of continuous defects; (ii) the
same processes with the participation of dislocations and other continuous imperfect defects;
(iii) electronic, thermal, and diffusion (see Diffusion) processes with changes in the location of internal boundaries (e.g., semiconductor junctions);
(iv) non-structural phase transitions; (v) ﬁrstorder structural phase transitions with alteration of
the lattice symmetry; (vi) second-order structural
phase transitions; (vii) modeling processes on a
“rigid” lattice with a quantum-mechanics analysis
of elementary events; (viii) subsequent quantummechanical analysis of processes in solids with
changes of lattice symmetry. At present, models
of the former four types are really quite welldeveloped, and the efﬁcacy of the latter four types
depends on future progress.
COMPUTER SIMULATION, computer modeling

Investigation of structures and phenomena by
their information simulation on computers. Direct simulation is achieved by an organization of
elements of the computer and the topology of
communications between them such that the properties of data-regulated processes are similar to
the corresponding characteristics of the object. In
this case, the maximum performance of the simulation process is achieved, but each structure and
each type of phenomena need a special machine
(or its complicated adjustment). Alternatively simulation is carried out by numerical treatment of
mathematical equations describing the object at
various boundary and initial conditions. The similarity to the object is achieved only by means of
software. The hardware of simulation is universal but its efﬁciency (even at the maximum speed
of the elements) is rather limited. Historically,
the ﬁrst simulation was performed by analog machines for physical processes formally described
by the same equations as the phenomena under
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study. Now there are analog machines based on
various physical phenomena (transients in electric
circuits, optical and acoustic waves, processes in
solids and on their surface, etc.). They allow one
to carry out a parallel multichannel simulation in
the real-time mode of a physical process achieving an effective capacity up to and even more
than 1010 –1011 operations per second. The physical structure and manufacturing techniques of
such devices are relatively simple, and the energy
consumption is minimal. However, besides the
specialization, their shortcoming is low accuracy
of calculations and instability of the simulation
process. Computer simulation by numerical solution of the equations describing a physical object
possesses quite opposite features. There are two
approaches to computer simulation combining the
advantages of digital and analog principles. The
ﬁrst is based on multiprocessor computers (see
Computers in solid state physics). In this case,
a similarity is reached between the organization
of ﬂows of the internal information exchange in
a computer and mass–energy ﬂows in a modeled
system. The performance of computer simulation
increases by several orders; under optimal conditions, proportional to the number of processors in
the system. Another approach is based on joining digital and analog processors in one device
(so-called hybrid devices) in which, at each stage
of simulation, the optimal distribution of data
ﬂuxes between digital and analog subsystems is
realized. The analog subsystem provides the maximum speed of analysis of special problems arising
during simulation, and the digital one provides stability and universality of simulation, and the accuracy of the calculated data. Both approaches (digital multiprocessing and digital–analog hybrid) are
based on the development of microelectronics and
an increased integration of computer elements.
In prospect, supermultiprocessor (up to 109 –1011
modeling cells) hybrid devices will unite the advantages of all the above-mentioned approaches to
computer simulation.
CONCENTRATION

The relative content of a component in a system (solution, mixture, melt). There are many
different ways of expressing this: mass, moles,
volume fraction, relation of individual mass or individual moles to the total. These concentrations

can be expressed as fractions, as mass or volume
percentages (%), or for high dilutions as, e.g., parts
per million (ppm) or parts per billion (ppb).
Other ways for expressing the amount of a
component and the amount of a total system are:
mass concentration – the relation of the component mass to the system volume (kg/m3 , more
often g/l); molar concentration (molarity) – the
relation of the component quantity in moles to the
system volume (mol/m3 , more often mol/l); molal concentration (molality) which is the relation
of the component quantity in moles to the solvent
mass (mol/kg); normal concentration (normality, n) – the number of gram-equivalents of the
substance in one liter of solution; titer – the number grams of the component dissolved in 1 ml of
the solution. The last two quantities are common
in analytical chemistry. Furthermore, in the literature concentration is sometimes expressed as mass
of the component being dissolved in 100 g of solvent, or as number of moles of the component
in 1000 moles of solvent. The SI system recommends using only mass and molar concentrations.
CONCENTRATION-DEPENDENT PHASE
TRANSITION
A phase transition characterized by the spon-

taneous onset of long-range order at T = 0 (see
Long-range and short-range order) at a change
in concentration of the repetative units forming

the crystal. Depending on the physical nature of
the associated order parameter that arises, such a
phase transition can be ferromagnetic, ferroelectric, structural, etc. Let us consider for deﬁniteness
the ferromagnetic concentration-dependent phase
transition in a system in which magnetic atoms replace nonmagnetic ones in a random fashion. Because the exchange interaction rapidly decreases
with distance it is possible to consider as a ﬁrst approximation that only nearest neighbor magnetic
atoms are interacting. At absolute zero temperature all magnetic moments coupled by exchange
are oriented parallel. If the concentration x of
magnetic atoms is small they form clusters isolated from each other with dimensions which do
not vary with an increase of the crystal volume
(ﬁnite clusters). The average magnetic moment
of the whole crystal is equal to zero in this case
since various clusters have oppositely directed

CONDENSED MATTER INTERFACE

199

cooling or compression. Condensation is a r storder phase transition. Vapor condensation is only

The dependence of the probability P (x) for the formation of an inﬁnite cluster on the concentration of
magnetic atoms x for a simple cubic lattice.

moments. With an increase in x the characteristic
size of terminal clusters increases, and at a certain
critical concentration xC a cluster forms whose
number of particles is proportional to the system
volume, the so-called inﬁnite cluster. The magnetic moment of a crystal M(x) for x > xc differs
from zero, being equal to M(x) = M(1)P (x),
where M(1) is the magnetic moment of the ordered crystal, and P (x) is the probability of the
formation of an inﬁnite cluster (one occupation per
lattice site). Thus, at x = xc and T = 0 a phase
transition from the paramagnetic state to the ferromagnetic state takes place, an effect closely related
to percolation (see Percolation theory).
Examples of these phase transitions in materials with interacting nearest neighbors are:
semimagnetic semiconductors Cd1−x Mnx Te,
Cd1−x Mnx Se, insulators SnTex Se1−x , etc. The
theoretical dependence of P (x) on the concentration x of magnetic ions for a simple cubic
lattice (xc = 0.31) is given in the ﬁgure. At a ﬁnite temperature T the phase transition persists,
and its transition temperature Tc (x) approximately
satisﬁes the condition Tc (x) = P (x)Tc (1), where
Tc (1) is the temperature of the usual phase transition in an ordered crystal.

possible at subcritical conditions. Condensation
to the liquid phase occurs if the temperature and
pressure are above their triple point values, and
it occurs directly into the solid phase if they are
lower than the triple point values. The quantity
of heat released at condensation is the same as
that which was supplied at evaporation or sublimation, processes which are the inverse of condensation. At constant temperature condensation
occurs until a vapor–condensed phase equilibrium
is established which is described by the Clausius–
Clapeyron equation. If the saturated vapor is a
mixture of gases then this equation holds for each
individual component.
For the determination of condensed phases that
are in equilibrium with a vapor of complex composition it is possible to make use of the complete
phase diagrams. During condensation metastable
phases are often formed in which the system
can persist for a long time before reverting back
to a more stable (at the given conditions) state
(steel hardening, amorphous metal formation on
cooling). Condensation throughout a volume containing vapor and on a surface are distinguished.
During condensation on a cooled surface the velocity of condensing molecules has an important
signiﬁcance which depends on several things: the
difference between the vapor and the surface temperatures, heat exchange processes, condensation
surface (solid or liquid, both continuous and dispersed), the presence of noncondensible gases, etc.
The mere presence of a supersaturated vapor is
not sufﬁcient for inducing condensation within
the vapor volume in the absence of condensed
phase particles; it is necessary to have condensation centers available (impurity particles, ions).
The formation of an equilibrium nucleus of a new
(condensed) phase can be unstable, and is describable by the Kelvin equation. The condensation
of a vapor into a crystalline phase occurs during
crystallization, epitaxy, or physical and chemical
precipitation from the vapor phase.
CONDENSED MATTER INTERFACE

CONDENSATION

A transition of a material from the gaseous
state to a condensed (liquid or solid) one due to

A layer which separates two materials of different chemical composition that are in contact.
One can distinguish geometrical and physical con-
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densed matter interfaces. The concept of a geometrical interface is used in describing the physical properties of two bodies in contact when the
layer thickness is very small compared to the bulk
dimensions of these bodies so it has a negligible inﬂuence on the bulk properties. A physical
condensed matter interface is a transition layer
of ﬁnite thickness between bulk materials whose
chemical composition differs from the chemical
composition of the media in contact, and hence it
can inﬂuence their properties. One can distinguish
sharp and smooth interfaces. A transition layer between contacting media with a thickness the order
of magnitude of an interatomic distance is called
sharp, and it can be obtained by the molecular epitaxy method. A transition layer much thicker than
the atomic scale is called smooth.
CONDENSED STATE OF MATTER

Solid and liquid states of matter. The condensed state is characterized by high matter density in comparison with a gas, and by a rather
low speed of motion of its component atoms.
The regular arrangement of atoms or molecules
on a three-dimensional lattice with long-range
order (see Long-range and short-range order) determines the crystal structure that corresponds to
an equilibrium state. There is only short-range ordering in the arrangement of atoms in a liquid. The
structure of amorphous solid bodies is equivalent
to that of a liquid; and from the thermodynamic
point of view the amorphous state represents a
supercooled liquid with a very long relaxation
time for transition to the equilibrium crystal state.
Macroscopic liquids and amorphous materials are
isotropic. Materials intermediate between crystal
and amorphous solids are polymers, liquid crystals, quasi-crystals, and the gaseous crystalline
state. Polymers consist of periodic linear chains
at sites where particular atom groupings are allocated. The chain molecules can be bound together
in different ways. The parallel arrangement of
polymeric chains deﬁnes the polymer anisotropy
(see Anisotropic medium). The properties of liquid
crystals are determined by the ordered orientational arrangement of their molecules which are
often elongated or disk like in shape, and this results in the anisotropy of liquid crystals. There is
only short-range order in the spatial arrangement
of the molecule centers.

CONDENSON (fr. Lat. condensatio , densi cation,
thickening)

A self-localized state of an electron in an elastically deformed medium, or a hypothetical quasiparticle in a covalent crystal in which all atomic
bonds are covalent. An electron induces dipoles
in neutral surrounding atoms of a medium, and
then by its electric ﬁeld attracts them. As a result of small atom displacements, an increased
density region is formed which represents a potential well for the electron (see Electrostriction)
where it is localized. A macroscopic consideration of a condenson which takes into account a
strain potential shows that if self-localized condenson states are at all possible in homopolar crystals,
they will have a small radius. A macroscopic
condenson can be realized in three-dimensional
homopolar crystals with a “loose” crystal lattice
due to weak medium anharmonicities. In onedimensional crystals a condenson can also exist in
an harmonic elastic medium. A similar situation
is realized, in particular, with the application of a
quantizing magnetic eld to a crystal. In crystals
with negative electron af nity energy (He, Ne) a
reciprocal type of electron self-localization is possible with the formation of a lattice disperse region
or even the appearance of a small cavity inside
which the electron cloud (|Ψ |2 ) is mainly localized.
CONDON APPROXIMATION
See Franck–Condon principle.
CONDUCTANCE, ELECTRICAL
See Electrical conductance.
CONDUCTANCE, HIGH-FREQUENCY
See High-frequency conductance.
CONDUCTION BAND
An energy band of a crystal comprising elec-

tronic states with energies higher than those of
ﬁlled valence bands. Weak external effects on the
conduction electrons can cause a change in their
average linear momentum, i.e. induce the appearance of current.
To create current carriers in the conduction
band of intrinsic semiconductors and insulators it
is necessary to overcome an energy barrier, with
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a minimum value called the fundamental gap (see
Semiconductors). The gap ranges from about 0.1
to several electronvolts in semiconductors, and can
reach about 10 eV in insulators. Typical physical
mechanisms of current carrier generation are optical and thermal excitation in semiconductors, and
ion collisions as well as electrical breakdown in
insulators.
The parameters that describe the conduction
band are the same as those for the valence band:
width, effective mass, presence of Van Hove singularities and their symmetry, and spin–orbital
splitting (see Spin–orbit interaction). Methods for
studying the conduction band include light absorption, cyclotron resonance, photoeffect, Hall effect
(see Galvanomagnetic effects), etc.
CONDUCTION ELECTRONS
Elementary excitations (quasi-particles) of the
electron Fermi liquid of metals which carry electric

charge in transport. Every quasi-particle has the
same charge and spin as a free electron (exceptions
are double charges (2e) in superconductors, and
fractional charges in the quantum Hall effect). In
the absence of external ﬁelds, the conduction electrons are characterized by the quasi-momentum p
and the energy band number s. Their energy εs (p)
is periodic (dispersion law) in respect to p with
a period 2πb where b is a reciprocal lattice
vector. A deviation of εs (p) from the quadratic
isotropic dispersion law of free electrons serves
as a source of numerous diverse effects which are
particularly pronounced in strong magnetic ﬁelds.
At a temperature T much less than the Fermi
temperature T F = εF /k B (here εF is the Fermi energy, and for a typical metal, T F ∼ 105 K), the
conduction electrons form a weakly-nonideal gas.
A speciﬁc contribution of the electron–electron interaction to the inverse lifetime of the conduction
electrons with ξ ≡| εs (p) − εF |  εF is of the
order of ν = (εF /)(ξ/ε F )2 . At ξ → 0, the ratio
ν(ξ )/ξ → 0 which means that conduction electrons at low levels of excitation ξ  εF behave as
long-lived quasi-particles. This is the basis for the
Landau theory of Fermi liquid describing the electronic properties of normal metals.
CONDUCTIVE CHANNEL, SURFACE
See Surface conductive channel.
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CONDUCTIVITY
See Electrical conductivity, Effective electrical
conductivity, Electronic conductivity. Fröhlich conductivity, Hopping conductivity, Intrinsic conductivity, Ionic conductivity, Surface electrical conductivity.
CONDUCTIVITY SELF-COMPENSATION
A process of electrical conductivity compensation in doped semiconductors when additional

compensating defects are formed as a result of
introducing free current carriers (conduction electrons, holes) into the semiconductor. The formation of the inherent compensating defect during
the self-compensation may be stimulated by the
introduction of impurity donor or acceptor atoms,
as well as by injection of carriers through the contact or by their formation under the effect of light
on an intrinsic semiconductor. Self-compensation
of conductivity is effective in the case when some
of the inherent defect types in semiconductors
have sufﬁciently deep acceptor levels (for n-type
semiconductors) or analogous donor levels (for
p-type semiconductors) that the energy outlay W
for thermal formation of the defects of the given
type is almost completely compensated by the energy gain E in the trapping of a free carrier to the
level of the forming defect. As the defect formation leads to the growth of crystal entropy S, at
a sufﬁciently high temperature T and small energy difference (W − E) the minimum free energy
of the crystal F = E − T S (E is the Helmholtz
energy of the system) may be attained at defect
concentrations ND comparable to the concentration of the carriers being introduced. Here, in the
state of thermodynamic equilibrium, the actual
concentration of current carriers may be signiﬁcantly lower than the concentration of impurities
of donor and acceptor types with shallow levels
(low ionization energies). It is not possible to obtain high conductivity over the entire series of
semiconductor materials (e.g., n-Cu2 O, p-CdS,
alkali-halide crystals, etc.). The kinetics of selfcompensation of conductivity is determined by the
probability of the elementary act of defect formation, stimulated by the trapping of the charge
carrier at a deep level during the course of defect generation. If conductivity self-compensation
occurs under conditions involving the exchange
of atoms between the crystal and its environment
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(high temperatures, pressures), then vacancies or
impurity interstitial atoms may be the compensating defects.
CONDUCTIVITY, THERMAL
See Thermal conductivity and Thermal conductivity coef cie nt.
CONDUCTIVITY, THERMALLY STIMULATED
See Thermally stimulated conductivity.
CONDUCTORS, electrical conductors

Materials with low speciﬁc electrical resistance
(resistivity, usually below 10−6 ·m). Conductors
include, for example, metals, metal alloys, semimetals (including graphite). The current carriers
(charge carriers) in solid conductors are ordinarily
conduction electrons. Typical for a conductor in
its normal (not superconducting) state is the linear
dependence of the current density on the strength
of the applied electric ﬁeld (Ohm’s law). Identifying conductors as a separate class of materials
can be somewhat subjective since conductivity depends on many factors, including temperature. For
example, many (poor) conductors transform to a
superconducting state at extremely low temperatures.
CONFIGURATION INTERACTION

Interaction of multiparticle states (conﬁgurations) described by wave functions constructed

from single-particle states (see Slater determinant). The matrix elements of this interaction operator were found by J.C. Slater (1929) for orthogonal, and by P.O. Löwdin (1955) for nonorthogonal single-electron functions. The conﬁguration
interaction decreases the total energy of a fermion
system by the so-called correlation energy. It is
necessary to take the conﬁguration interaction into
account for systems with uncompensated electronic spin (atoms, ions, radicals, impurities with
partially ﬁlled d- and f -shells in crystals, etc.),
that is systems with unﬁlled shells. From considering a set of multiparticle conﬁgurations as the
basis for solving the multielectronic Schrödinger
equation, and utilizing its linearity, one arrives at
the method of second quantization which is a more
convenient one for treating a large number of particles. Applying the conﬁguration interaction in
solids results in the narrowing of the electronic
bands obtained from solutions of the Hartree–
Fock equations (see Hartree–Fock method).
CONFOCAL DOMAIN, focal conic domain
A domain defect in a structural liquid crystal (smectic liquid crystals A, C, cholesteric liquid
crystals) which has the form of a cone of rev-

olution. Because of the different orientations of
molecules on the liquid crystal boundary the layers
inside the confocal domain are curved with their
shapes determined by the condition of maintaining an invariable width of each layer. The layers
with Dupin cyclides fulﬁll this condition, as shown
in Figs. 1 and 2. This results in the appearance in

Fig. 1. Conﬁguration of smectic layers in a confocal domain of a general form (left) and of a toroidal form (right).
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tial spaces free of confocal domains are ﬁlled with
layers of a ﬂat or spherical shape. The only discontinuities in the layer wrapping for this ﬁlling
are confocal pairs.
Confocal domain formation plays an important
role in phase transitions and relaxation of mechanical stresses. Polarizing microscopic analysis of confocal domain structure in smectic textures has formed the basis for clarifying the onedimensional stratiﬁed structure of these media.
CONFORMATIONS (fr. Lat. conformatio, shape,
arrangement)

Fig. 2. Micrograph of an isolated domain in a type A
smectic liquid crystal.

the confocal domain of a pair of defect lines on
which the layer wrapping undergoes a discontinuity. More often one observes a confocal domain
with a pair of confocal ellipses and hyperbolae
situated in mutually perpendicular planes. The ellipse is located on the perimeter of the confocal
domain base, and the hyperbola passes through
the confocal domain vertex. In a domain with a
torus conﬁguration of layers the ellipse degenerates into a circumference and the hyperbola into a
line. Confocal domains with defects of a parabolic
type are known as well.
The confocal domain is the main element for
extensively ﬁlling the layers in a liquid crystal;
in particular they form confocal textures which
are most commonly observed in smectics and
cholesterics. At the ﬁlling, a system of adjacent
confocal domains in contact with each other and
of sequentially decreasing sizes is formed; the
smaller domains being inserted into the gaps between the larger ones. The minimal confocal domain size is determined by the conditions of molecular orientation near the liquid crystal surface
(see Boundary effects in liquid crystals). Intersti-

Different spatial conﬁgurations of a polyatomic
molecule which can transform between each other
without breaking valence bonds, by executing rotational displacements around single bonds, or by
changing bond angles. For example, the ethane
molecule C2 H6 which has a C3 symmetry axis
joining the carbon atoms, changes its energy by
twisting one CH3 group relative to the other in
an approximately sinusoidal manner with energy
maxima corresponding to D3h point group symmetry when the C–H bonds of the two CH3 groups
are aligned, and energy minima corresponding to
D3d symmetry when they are staggered. An example of conformations involving crystals is twinning
of crystals in calcite CaCO3 wherein it is the possible to transform the unit cell from the form of a
skewed prism into a direct prism, and then into a
plane-reﬂected one, via a shear strain. The conformation concept is used also in a quasi-molecular
deﬁnition of impurity-defect complexes and clusters, which are models of localized regions of
a solid. Conformation analysis has been widely
applied to cluster models for the determination
of macrostructures of random semiconductor (see
Disordered solids) surfaces and boundary layers.
The local minima on a molecular potential energy surface correspond to stable conformations.
The transition between local minima is carried out
along a curve designated by K. Fukui (1970) as
the path of minimum energy. Regions of multidimensional potential energy surfaces, so-called
conformation maps, are useful in practice. In conformation analysis the conformer concept is introduced. It represents a set of conformations which
form in the space of independent geometrical variables a continuous region including coordinates of
the minimum adiabatic potential, with the region
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under consideration laying below the lowest adjacent ﬁrst-order saddle point.
CONICAL REFRACTION OF ACOUSTIC WAVES
A special type of acoustic wave refraction on
a ﬂat crystal face oriented normally to an acoustic

axis, i.e. in a direction along which a great number
of quasi-transverse waves with identical velocity
can propagate. An exception is the acoustic axis
being coincident with a 4th or 6th order symmetry axis. Conical refraction was observed for the
ﬁrst time during the propagation of acoustic waves
in nickel crystals (J. de Klerk, M.J.P. Musgrave,
1955) and in dihydroammonium phosphate crystals (K.S. Aleksandrov et al., 1963).
Interior and exterior conical refraction are distinguished. For the interior conical refraction the
whole cone of acoustic beams corresponds to
one wave normal, while for the external conical refraction the whole cone of wave normals
corresponds to one beam direction. The angular opening is determined by the crystal elastic
moduli and can reach tens of degrees as distinct
from conical refraction of light waves. For example, it is 61◦ 30 for a calcite crystal. The special
case of conical refraction in the direction of an
acoustic axis located in the plane of elastic symmetry of a hexagonal crystal, when the refracted
beams are distributed in a fan with a ﬂat section,
was predicted by A.G. Khatkevich (1962). Under
the conditions of conical refraction several effects
have been observed: the reﬂection of a linearly
polarized acoustic wave from a free crystal face
parallel to the wave vector of an incident wave
accompanied by a 90◦ rotation of its polarization plane, acoustic wave refraction on the internal
surface of a twinned crystal (see Twinning of crystals), in quartz, and in a number of other ways.
At ultrahigh frequencies the observation of conical refraction is complicated by acoustical activity
phenomena (see Rotation of acoustic wave polarization plane).
CONICAL REFRACTION OF LIGHT WAVES
A special type refraction of light in optically biaxial crystals observed during propagation in the
direction of any binormal optical axis (see Crystal optics). In conical refraction the thin polarized

light beam which is incident on a face of the planeparallel lamina makes up the beam in the form of

a full cone whose vertex is located at the point
of the beam incidence on the face. Thus linearly
polarized waves with continuously varying (in the
range of 180◦ ) polarization azimuth propagate in
directions of cone generators. Conical refraction
was predicted by W. Hamilton (1832) and observed by H. Lloyd (1833). Internal and external
conical refraction can be distinguished. Internal
conical refraction occurs in light beam transmission in the binormal direction, in this case the
vertex is located on the forward lamina face; on
emerging from the lamina the beam makes up a
hollow cylinder. External conical refraction occurs for light transmission in the biradial direction,
in this case the cone vertex is located on the output lamina face. If the light beam direction does
not coincide with the optical axis direction then
ordinary birefringence occurs.
CONOSCOPY (fr. Gr. κωνoς , a cone, and
σ κoπεω, am looking, am observing)

A method of investigating optical properties of
oriented anisotropic media (birefringent crystals)
with the help of interference ﬁgures (so-called
conoscopy ﬁgures) observed in convergent polarized light beams. In conoscopy polarized microscopes, conoscopes, and gas lasers with polarized
devices are used.
A conoscopy ﬁgure is obtained for light beams
convergent on a birefringent crystal (uniaxial crystal or biaxial crystal) using a crossed polarizer and
analyzer. The type of the ﬁgure depends on the
number of optical axes of a crystal, the angles between them, the presence or absence of optical
activity (see Rotation of light polarization plane),
crystal lamina orientation or their combination,

Conoscopy ﬁgures obtained with light beams converging
on a single crystal with crossed polarizer and analyzer:
(a) for linearly polarized light, and (b) for circularly polarized light.

CONSERVATION LAWS

and polarization of light. For linearly polarized
light, conoscopy ﬁgures consist of isochromates
and isogyres as shown in Fig. (a). The isochromates form a family of concentric interference
rings or bands, each of which corresponds to a
particlar phase difference of the interfering waves;
in white light the bands have a rainbow coloring.
The isogyres are mutually perpendicular brushlike dark bands corresponding to directions of
light transmission through the crystal in which the
linear polarization is not affected. With circularly
polarized light the isogyres are absent, as shown
in Fig. (b).
CONSERVATION LAWS of quasiparticles

Regularities whereby the values of some physical parameters of materials do not change in time.
Most conservation laws existing in physics (energy, momentum, angular momentum, etc.) are
applicable to solid state physics, provided the necessary conditions hold.
The states of elementary excitations (quasiparticles) in crystals are characterized by a vector, similar to the linear momentum, the quasimomentum k. It is deﬁned to within an arbitrary
vector of the reciprocal lattice (k and k  describe physically equivalent states, if k − k  =
2πb, where b is a vector of the reciprocal lattice).
In the interaction of elementary excitations (the
collision of quasi-particles), the law of conservation of quasi-momentum, similar to that of linear
momentum, holds:


k i −
k i = 2πb.
i

i

Here k i and k i are the quasi-momenta of quasiparticles before and after a collision. To avoid ambiguity, the quasi-momenta of all colliding quasiparticles (before and after a collision) should be
“located” in the same Brillouin zone. Therefore,
if the number of colliding quasi-particles is not
large, the vector of the reciprocal lattice, involved
in the conservation law of quasi-momentum, does
not exceed one or two elementary vectors of the
reciprocal lattice. Collisions with b = 0 are referred to as normal collisions (emphasizing the
satisfaction of the law of linear momentum con-
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Schematic diagram of an Umklapp process.

servation), while collisions with b = 0 are called
Umklapp processes (see Fig.). A periodic crystal lattice is a space where quasi-particles exist.
The law of conservation of quasi-momentum is
a corollary of the symmetry (periodicity) of this
space, just as the law of conservation of linear
momentum reﬂects the symmetry (uniformity) of
empty space. Related to the uniformity of time is
the law of conservation of quasi-particle energy in
a crystal


ε(ki ) =
ε(ki ),
i

i

where ε(ki ) and ε(ki ) are energies of quasi-

particles before and after a collision, respectively.
Related to the law of conservation of angular momentum is the symmetry of the stress tensor in
nonpolarized media.
The essential information on the interaction
of quasi-particles (as well as ordinary particles)
can be obtained on the basis of a conservation
law analysis of their kinematics. In particular,
this is how selection rules are established that
forbid processes where the conservation laws do
not hold. The complexity of the dispersion laws
of quasi-particles and the presence of Umklapp
processes make the kinematics of quasi-particle
collisions very complicated: mutual particle transformations, creation and annihilation, as well as
breakup and fusion of particles, are possible. Even
in the case of an elastic collision of quasi-particles
(e.g., electron scattering by an impurity atom in
a crystal), some unusual (for particles) situations
are possible, e.g., the transition from one energy
band (minimum) to another band (minimum), or
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Table 1. Criteria for materials of the ﬁrst wall of a tokamak
Criteria
I. Radiation damages and lifetime
(a) swelling
(b) blistering
(c) surface atomizing
II. Compatibility with cooler and tritium
(a) Li
(b) He
(c) water
(d) tritium
III. Mechanical and thermal properties
(a) yield point
(b) ultimate stress limit σT
(c) creep limit
(d) thermal stress parameter M
IV. Processibility and welding
V. Developed industry and data base
VI. Cost
VII. Induced radioactivity

scattering when the particles scattered in a given
direction have different quasi-momenta.
CONSTRUCTION MATERIALS

Materials for production of engine parts, building constructions, etc., for which shape maintenance under mechanical forces is necessary. Metals and their alloys such as steel, natural and
synthetic polymers, and ceramics are used as construction materials. Composite construction materials play a special role, and for usage in aviation
and astronautics a reduction in weight without sacriﬁcing strength is important. The main quality
factors of these materials are strength, elastic modulus, hardness, impact strength, and temperature
dependence of physico-mechanical properties.
CONSTRUCTION MATERIALS FOR
THERMONUCLEAR REACTORS

Materials of thermonuclear reactor (TR) elements in contact with the plasma: ﬁrst wall,
aperture, and divertor. The other parts of the reactor construction are exposed mainly to neutron
irradiation so the choice of materials for them
is less complicated. In the advanced TR design
called the tokamak the main factors which affect
the ﬁrst wall are: (1) neutron ﬂux with energy up

Materials
Ti, V, Mo, stainless steel
C, Nb, V, Ti, stainless steel
V, Ti, Al, C
Ti, V, Nb, Mo, stainless steel
Stainless steel, Ti, Mo, Al, C
Stainless steel, Al, Ti
Mo, Al, stainless steel
Mo, Nb, V, Ti, stainless steel
Stainless steel, Ti, Al
Mo, V, Ti, stainless steel
Mo, Al, Nb, V
Stainless steel, Al, Ti
Stainless steel, Al, Ti, C
C, Al, stainless steel, Ti
V, C, Ti, Al

to 14 MeV and power up to 2.5 MW/m2 , (2) heat
ﬂux with power up to 0.25 MW/m2 , (3) ﬂux of
neutral atoms of hydrogen isotopes D and T generated at the ion recharge, j ∼ 1020 –1021 m−2 ·s−1 .
The main factors which affect the aperture and
divertor receiving plates are (1) ﬂow of D+ and
T+ ions and heavy impurities with energies up to
20–50 eV, j ∼ 1023 m−2 ·s−1 , (2) heat ﬂux equal
to 10–20 MW/m2 .
In addition in a contingency the ﬁrst wall,
aperture, and divertor should be able to sustain a
discharge disruption and release of all the energy
accumulated in the plasma (1–2 MJ/m2 ) during a
time of 20 ms. For uncontrollable modes of TR operation the aperture and divertor can erode because
of the development of unipolar arcs, i.e. electrical discharges between the plasma and plasma trap
chamber.
For design and economy reasons the ﬁrst wall
cannot be changed, and should operate in an industrial reactor for ∼30 years. Aperture and divertor
receiving plates are changeable. Table 1 cites main
criteria for choice of materials for the ﬁrst wall of
a tokamak listed according to their priority. The
thermal stress parameter M
M=

2σT k(1 − ν)
,
αE

CONTACT ANGLE

where k is the thermal conductivity, α is the thermal expansion, E is Young’s modulus, and ν is
the Poisson ratio, characterizes the thermal stress
from the temperature gradient: the greater the M
value the greater is the allowable wall thickness.
The tokamak operates in the pulsed mode, and
the international reactor INTOR pulse lasts 200 s
with a 20 s pause between. Thermal load cycling
promotes the aging of materials. The most important features for the material choice for the
aperture and divertor receiving plates are thermal
and chemical properties, and surface erosion. For a
hybrid reactor combining a thermonuclear and ﬁssion reactor which uses thermonuclear neutrons,
construction materials will have less plasma applied loads because the high power of thermonuclear energy is not required, but the materials are
subjected to radiation exposures typical of those
from atomic ﬁssion reactors.
CONSTRUCTION MATERIAL STRENGTH

The strength of construction materials or their
models having design shapes and geometrical
sizes typical of actual construction elements. In
contrast to the material strength which is evaluated
experimentally by testing relatively small material
samples on devices of simpliﬁed shape, the constructional strength is evaluated by testing material
samples with geometrical shapes and sizes that are
typical of the majority of actual parts of engines
or other devices. Values of constructional strength
are much lower than those of material strength
which is generally obtained for simpliﬁed laboratory samples. This difference arises mainly from
the design shapes which often involve sharp transitions from one section size to another, the presence
of holes which induce some stress concentration,
and other factors. In addition, the surface quality
of actual samples can differ considerably from the
surface of laboratory ones because the handling
technology of actual device production, as a rule,
differs from the technology used for preparing
simpliﬁed laboratory samples. The strength indices of actual samples are strongly inﬂuenced by
their production technology, especially by welding
which causes inhomogeneities in the material, and
also the tangent stress due to so-called welding
stresses.
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Constructional strength is appreciably degraded by the decline of performance factors arising from exposure to repeatedly changing loads.
There are always a number of factors under actual
working conditions which cause the concentration
of stress to be the main origin of the appearance of
fatigue cracks on exposure to repeatedly changing
stresses.
CONSTRUCTION PLASTICS

Plastics (see Polymeric materials) designed for
the production of parts and components capable of keeping their shape during exposure to
mechanical loads. Polyoleﬁnes, polyformaldehydes, polyamides, ﬂuoroplasts, polyarylates, etc.
are used in various industries as constructional
plastics. The main processing methods for converting these plastics into components are pressure
die casting, hydroextrusion, and pressing. In most
cases constructional plastics are multicomponent
systems: antioxidants, lighting stabilizing agents,
plasticizing agents, oilers, bulking agents, etc.,
which are loaded as additional binders that impart
speciﬁc properties (e.g., ber glass, carbon, boron
nitride, ﬁre-retardant additives, etc.).
CONTACT ANGLE

Angle between surfaces of a ﬂuid and a solid
body (or another ﬂuid) in contact. The contact
angle θ is counted from the ﬂuid. The equilibrium contact angle is referred to as the edge angle
and is denoted by θ0 . During contact formation
the angle varies from θ = π up to θ ≈ θ0 during
0.02–0.03 s. On rough solid surfaces the contact
angle usually decreases, so that for θ < π/2, cos
θ = γ cos θ0 , where γ is the surface roughness coefﬁcient. The contact angles for ﬂuid inﬂow on a
substrate θin , and for outﬂow θex , differ from θ0 .
This is caused by the roughness and heterogeneity
of the actual surface. For substrate backings with
a high surface energy the property of “autophobia” is possible in contact with polar ﬂuids: the
ﬂuids on the substrate generate adsorption ﬁlms
on which they form a contact angle θ > 0. It is
known that θin > θ0 > θex , and this effect is referred to as wetting hysteresis. With increasing
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temperature θin → θ0 and θex → θ0 , so the hysteresis decreases (see Wetting).
CONTACT CORROSION, galvanic corrosion
A type of electrochemical local corrosion re-

sulting from the contact of two or more metallic
materials with different initial corrosion potentials,
situated in a conductive corrosion environment.
The contact corrosion intensity is determined by
a polarization cathode and anode resistance, the
ratio of their dimensions, and decreases with increased distance from the contact point. The metal
quantity being dissolved because of contact corrosion is equivalent to the current. Methods for
protecting against contact corrosion consist of
sensible equipment designing, eliminating or isolating contacts of metals having much different
corrosion potentials, using protectors, etc.
CONTACT POTENTIAL DIFFERENCE

Difference of electric potentials between surfaces of conductors brought into contact at thermodynamic equilibrium. It is deﬁned by the difference in the work functions of the media in contact
divided by the electron charge. The contact potential difference arises from the requirement of
electrochemical potential equality for media in
contact; it is established because of electron exchange between the conductors. Thus the surfaces
of both media become charged: negative for the
conductor with the greater work function, and positive for the other. The width of the boundary
(contact) layer in which the electric ﬁeld differs
from zero is deﬁned by the shielding distance
in the conductor, with values 10−10 –10−9 m for
metals and up to 10−6 m for semiconductors.
The potential difference can reach several volts,
and depends on the physico-chemical condition of
the boundary region. In multiple layer heterophase
structures representing a chain of conductor contacts the overall potential difference does not depend on the intermediate links, but equals the
potential difference of the extreme outer conductors. This potential difference is important for the
formation of electrovacuum devices and solid contact structures: semiconductor junctions, heterogeneous structures, metal–semiconductor junctions,
etc.

CONTACT PROBLEM OF ELASTICITY THEORY
Determination of the strain and stress distrib-

ution in a system of solid bodies having a general
contact surface. For the case of two elastic bodies
in three-dimensional space this problem was set up
and solved ﬁrst by H. Hertz (1882) by considering
that the contact area consists of small, strain-free
surfaces around the contact point referred to as
second-order surfaces. With the help of an electrostatic analogy he determined the pressure function
at the contact point, and derived explicit formulae
relating the magnitude of the impression h, the impressing force F , and the main radii of curvature
of strain-free surfaces at the contact point, from
which a relationship of the type h = const · F 2/3
followed. Among contact problems of the theory
of elasticity are stamp problems in which one of
contacting bodies is an elastic halfplane, and the
other is an perfectly rigid body impressed into the
halfplane by ﬁxed forces. In the simplest case of a
ﬂat die uniformly pressed onto the boundary of a
half-plane on the segment (−a, a) of the Ox axis
the contact pressure distribution P (x) is determined by the formula P (x) = F /[π(a 2 − x 2 )1/2 ]
where F is the pressing force. One approach to
solving such a problem involves reducing it to a
boundary value problem of the theory of analytical functions.
CONTACT STRESSES, mechanical

Stresses which appear at mechanically interacting solid deformable bodies, or around them
(e.g., at the compression of bodies in contact).
Knowledge of contact stresses is important for the
strength calculation of bearings, gear and worm
transmissions, ball and cylinder compactors, colliding bodies, etc. The contact surface size is often
small in comparison with the body dimensions,
with the contact stresses rapidly decreasing with
distance from the initial contact point. The stress
distribution at the contact area and in its neighborhood is nonuniform, and the peak shearing
stresses which characterize the strength of compressed bodies can appear at a particular distance
from the contact point. In Fig., the upper part
shows two spheres in contact, subject to the compression force P , with A indicating the point of
peak stress. The lower part shows how the stress p
in the interface decreases with the radial distance r

CONTINUUM MECHANICS
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a Euclidean space, however, any part of such a
sphere is homomorphic to a certain region of Rn .
Lie groups are among the most important
transformation groups used in physics. For example, various conservation laws are related to
such groups. The Lie groups most often found in
physics are the orthogonal groups O(n) and the
unitary groups U (n) of real- and complex-valued
n × n matrices, which preserve their scalar product in the real, Rn , and complex, Cn , Euclidean
spaces, respectively. Their subgroups consisting of
matrices with a unit determinant (det = +1) are
called special orthogonal groups and special unitary groups, denoted by SO(n) and SU(n), respectively. Spherical harmonics transform by SO(n),
and spinors (S = 1/2) by SU(2).
CONTINUUM INTEGRAL
See Path integral.
CONTINUUM MECHANICS, mechanics of
continua

Upper part: two spheres in contact subject to the compression force P , with the point of peak stress designated
by A. The region of contact has the radius a. Lower part:
the stress p variation with the radial distance r from its
peak value p0 in the center.

from its peak value p0 in the center of the contact
area. See also Contact problem of elasticity theory.
CONTINUOUS SYMMETRY
TRANSFORMATION GROUPS, Lie groups
(S. Lie)

Transformation groups with continuous symmetry. Inﬁnite groups in which a ﬁnite number
of parameters, n, corresponds to each element of
the group. Here, the group operations (i.e. mappings (g, h) → gh and g → g −1 for elements g
and h of a group G) must be continuous and inﬁnitely differentiable functions in the parameter
space. A number n is called the group dimensionality. In general, the n-dimensional Lie group is
a topological space (differentiable manifold), the
neighborhood of each of its points being homomorphic to a certain region in Euclidean space Rn .
For example, an n-dimensional sphere Sn is not

Branch of mechanics devoted to describing
the properties and movements of matter (solids,
liquids, gases, plasma, etc.) in the continuum approximation. This approximation involves long
wave length vibrations (λ lattice constant) with
small propagation constants k = 2π/λ. The mechanics of continua may be divided into the mechanics of deformable solids (including elasticity
theory, plasticity theory, theory of failure, etc.), hydrodynamics, gas dynamics, etc. The continuum
approximation applies to any dynamic system that
consists of a large number of particles that may
be considered as a homogeneous medium. This
description is predicated on introducing physically inﬁnitesimal volumes, whose size (l mic )
far exceeds characteristic distances between particles (l part ). Averaging microscopic mechanical
characteristics of the system (forces, coordinates,
momenta of particles, energy, etc.) yields macroscopic quantities (density, velocity ﬁeld) that have
a continuous distribution in space. The equations
of motion of particles undergo a similar averaging; to obtain closed form equations for the above
macroscopic quantities. To accomplish this it is
necessary, as a rule, to perform a certain “uncoupling” of cross-terms of dynamic equations.
The latter procedure imposes a limitation on l mic ,
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i.e. l mic  l mac , where l mac is the characteristic length of variations of averaged macroscopic
quantities. One can obtain in this manner, e.g.,
hydrodynamic equations from quantum equations
of motion of the density matrix, or equations of
elasticity theory from classical equations of motion of crystal ions. Thus the validity criterion for
the present description of a dynamical system of
a large number of particles is of a self-consistent
nature, and is stated in the form of an inequality
l part  l mic  l mac . This criterion corresponds
to sufﬁciently homogeneous systems (gases, liquids). In the case of inhomogeneous systems that
contain many (macroscopic) structural elements
this description may prove to be too detailed, and
it may be necessary to perform a second averaging
of macroscopic equations of motion over volumes
of a larger characteristic size l  that satisﬁes the
 . Here, l
inequality l str  l   lm
str is the characteristic size of structural elements or the mean
 is the characteristic
distance between them, and lm
length of variations of doubly averaged quantities.
Typical examples are the averaged description of
the motion of multiphase media with a heavy mixing of phases (i.e., attenuation of sound in solids
with many pores, or the elastic properties of a
composite material), plastic ﬂow of solids under
conditions of a high density of dislocations and
dispersed particles, and the possible propagation
of a main crack in a material with a number of microcracks and cavities in the zone of failure.
Two equivalent methods are used for describing the motion of macroscopic particles of continuous media. The Lagrange method involves
tracking the location of a particle r = r(a, t) at
every instant of time t ; vector a speciﬁes the particle, and is usually taken to be the particle location
at the initial instant of time t0 . The Euler method
involves tracking the velocities, accelerations, etc.
of various particles that pass through a certain
point r of the space. Ordinarily the Eulerian description is used when the mechanical state of
the medium is characterized by ﬁelds of various
types: displacement ﬁeld u(r, t), velocity ﬁeld
v(r, t), density ﬁeld ρ(r, t), etc. The ﬁelds usually satisfy second-order partial differential equations (Navier–Stokes equations of hydrodynamics,
equations of elasticity theory, etc.). Along with u
and v, these equations involve the force characteristics of the medium, described most often by

the ﬁeld of the stress tensor σik (r, t). Evaluating the system of equations of the mechanics of
continua requires specifying the constitutive relations (rheological equations) that establish a link
between σik and u, v. In the case of a solid under smooth and rather small strain, this link may
be considered linear and local (i.e. σik (r, t) depending on the values of u, v, taken at the same
point r and at the same instant of time t ). More
complicated relationships between σik and u, v
are also possible (linear, nonlocal, with allowance
for the history of deformation of the medium), represented by complicated functions σik = fik (u, v)
or by functionals σik = &{u(r, t), v(r, t)}. For instance, we have for a linear nonlocal medium

 
 
 
Alm
σik (r, t) =
ik (r, t; r , t )ulm (r , t ) dr dt .
Equations of continuum mechanics in the linear local approximation often proceed from general considerations (law of conservation of particle
number, symmetry conditions, etc.). They contain
a number of unknown coefﬁcients (elastic moduli, coefﬁcient of viscosity, etc.) that should be
determined experimentally or calculated from a
microscopic theory.
The above procedure for obtaining macroscopic equations from microscopic ones involves
not only purely spatial averaging, but also statistical averaging (for quantum dynamic systems
both kinds of averaging are performed simultaneously through the density matrix). Statistical
averaging may fail to produce closed mechanical equations, since the continuum equations may
contain thermodynamic and chemical quantities
(temperature, concentration, chemical potentials,
etc.) along with parameters characterizing internal
degrees of freedom of microparticles or other subsystems of the body (electric, magnetic, and others). In this case, the mechanical problem should
be solved together with the thermal, chemical,
etc. ones by adding equations of thermal conductivity, diffusion, etc. to continuum mechanics
equations. Typical examples are diffusive-viscous
creep of polycrystals (see Diffusion mechanism of
crystal creep), dynamics of ferroelectrics and ferromagnets, and propagation of shock waves in
crystals. Besides that, empirical or calculated relationships may be available, which describe the
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dependence of mechanical parameters (e.g., elastic constants) on temperature, concentration, magnetization, etc. The most consistent description of
related mechanical, thermal, electrical, and magnetic processes can be made within the framework
of the thermodynamics of irreversible processes,
which includes much of continuum mechanics as
a special case. In certain situations, however, one
can conﬁne oneself to the solution of a purely mechanical problem. For instance, in a static state
during a very slow deformation of a solid, the
temperature has time to equilibrate and the deformation process is described by equations of
elasticity theory with isothermal elasticity moduli.
Also, under very rapid deformation (e.g., propagation of high frequency sound), heat transport
between neighboring parts of a body does not take
place, and the process is described by the same
equations, but with adiabatic elastic moduli.
CONTINUUM THEORY OF DEFECTS
Theory of defects in a broad sense based on

the continuum approximation in analysis. From
a more specialized viewpoint the continuum approach to defects is founded on the assumption
that they ﬁll the physical space of the crystal. The
subjects of this analysis are usually dislocations,
disclinations, dispyrations, and planar defects, although the methodology can be extended to other
problems which are not closely related to the
presence of defects: e.g., this theory is used for
the calculating thermal stresses, electrostrictive
or magnetostrictive mechanical effects (see Electrostriction, Magnetostriction), elasto-plastic ﬁelds
generated by phase transitions or twinning of crystals, etc. This continuum theory is constructed on
rather general physico-mechanical principles.
It includes the determination of the tensor of
densities of defects, the balance conditions for
these densities, and the continuity condition (existence of solutions). In this theory the connection
between defect motion and the plastic ﬁelds generated by this motion (see Plastic deformation) is analyzed. The forces acting in this process and other
factors are evaluated. The system of equations in
the continuum theory involves a fundamental relation that connects the mobility of defects and the
forces acting on them. This fundamental equation
is considered to be known because it cannot be
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derived, apparently, within the framework of the
continuum approximation.
CONTRACTION, TRANSVERSE

See Transverse contraction.
CONVOLUTION OF LINE SHAPE

See Line shape convolution.
COOLING AGENT, refrigerant

A material (working medium) used to cool
a substance (cooling agent) or maintain it at a
low temperature (cryo-reservoir). The most widely
used refrigerants are liquids and gases with low
condensation and crystallization temperatures
(3 He, 4 He, H2 , Ne, N2 , CO2 /acetone, etc.), paramagnetic salts (magnesium cerium nitrate
Ce3 Mg3 (NO3 )12 ·24H2 O, ferric chromium alum
and ferric aluminum alum), van Vleck paramagnets (PrNi5 , PrPt5 , PrTl5 , PtCu6 , etc.), metals
with paramagnetic nuclei (Cu, Ag, In, etc.).
COOLING DUCT

A heat exchanging device to provide the thermal connection of an object being cooled with
a cooling agent (refrigerant), or with a cryostat
(low-temperature reservoir). In the simplest case a
cooling duct is a rod (tube, stripe, etc.) of a material with good thermal conductivity, which provides
a reliable thermal connection with the parts of an
installation containing the object being cooled, as
well as the cooling agent, or the low temperature
reservoir. Often (especially at low temperatures)
the cooling duct is in the form of a large number
of thin wires (usually made of copper) which improves the heat transfer efﬁciency by increasing
the contact area. To arrange for the adjustment of
the temperature the cooling duct can be provided
with a heater, and when it is necessary to rapidly
change the thermal connection then heat switches
are used. The associated properties of a thermal
switch and a cooling duct are combined in a thermosiphon, which is an hermetically sealed tube
ﬁlled with a gas under pressure, providing for its
liquefaction in the desired temperature range.
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COOPERATIVE LUMINESCENCE

Cooperative luminescence.

COOPERATIVE LUMINESCENCE
Luminescence caused by radiative transitions

from excited states in crystals that result from
the delocalization of energy from individual excited states (e.g., photoexcited states of impurity
centers); it is a special case of anti-Stokes luminescence. Cooperative luminescence violates the
Stokes’ rule and Vavilov law. The phenomenon was
discovered by C.A. Parker (1962) and F. Muel
(1962) in dye solutions. In the solid state it was
observed by P.P. Feoﬁlov, V.V. Ovsyankin (1966)
and separately by F. Auzele (1966) in crystals
activated with rare-earth ions, and in broad-band
semiconductors with an adsorbed dye. An example of the mechanism of cooperative luminescence
is the absorption of light by local crystal centers (transitions 1 → 2 and 1 → 2 ), the addition
of photoexcitation energy to induce the transition from one of these excited states to the 3
level, followed by the subsequent radiative transition 3 → 1 (Fig. (a)). This luminescence process
can also occur through excitation energy transport
from two local centers (2 and 2 levels) to a third
(level 2 ), with the subsequent radiative deexcitation of the latter (2 → 1 ) (Fig. (b)).
COOPER EFFECT (L. Cooper, 1956)

Instability of the ground state of a fermion
system with respect to the spontaneous formation of bound pairs of fermions with antiparallel
momenta and spins (see Cooper pairs), provided
that an arbitrarily weak attraction V0 < 0 exists
between these particles in a narrow energy band
near the Fermi surface. The binding energy of a
selected pair of fermions (lowering of its energy
with respect to the Fermi level, EF ) is equal to

E = ω0 e−2/g , where g = N(EF )V0 is the dimensionless coupling constant, N(EF ) is the density of states at the Fermi surface, and ω0  EF .
In momentum space the Cooper effect is similar
to the quantum-mechanical formation of a bound
state that develops when a particle of mass m
moves in a two-dimensional rectangular potential
well of depth U0 and width a. Within the limit of
weak coupling (shallow and narrow well) the energy of the lowest level depends exponentially on
the interaction constant: E0 ∝ U0 e−1/g0 , where
g0 ∝ U0 a 2 m/2 .
While treating the problem initially and selecting an isolated pair of fermions (i.e. electrons) from the Fermi sea, L. Cooper ignored
the principle of particle identity, but took into
account the Pauli principle. A more systematic
self-consistent treatment of the problem was provided by J. Bardeen, L. Cooper and J. Schrieffer
(1957) (see Bardeen–Cooper–Schrieffer theory).
COOPER PAIR, KINETIC DECOUPLING
See Kinetic decoupling of Cooper pairs.
COOPER PAIRS

Correlated bound states of fermion pairs (electrons, sometimes holes) with opposite quasi-momenta and antiparallel (singlet) or parallel (triplet)
spins, that form due to an attractive interaction
(see Cooper effect). Such an attraction in metals
(semimetals, doped semiconductors etc.) between
conduction electrons (holes) near the Fermi surface at low temperatures can be produced by
the exchange of virtual phonons. For a strong
enough electron–phonon interaction the attraction
may override the screened Coulomb repulsion.
The Cooper pairs formed by this attraction have
the binding energy 2Δ  EF (Δ is the energy
gap, EF is the Fermi level), and are characterized by a correlation radius larger than the average
electron-to-electron distance r = 10−9 m. This is
the so-called coherence length ξ = 10−8 m, so
that the wave functions of Cooper pairs strongly
overlap. As a result a coherent condensate of
Cooper pairs forms within the volume of the crystal (see Bose condensate) that is described by
a complex wave function ψ = |ψ|eiθ (the order
parameter) with a phase θ that is, generally, coordinate dependent. Since the spin of a Cooper pair
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is an integer (0 or 1) it is a Boson particle, and a
Bose–Einstein condensation called a Cooper pair
condensate can form in which all of the pairs are in
the same quantum-mechanical ground state. However, Cooper pairs have been called “bad” bosons
+ +
a−p,−σ and annihisince their creation Bp+ = apσ
lation Bp = a−p,−σ apσ operators are more com+
plicated than the usual creation apσ
(annihilation
apσ ) operators of a fermion with momentum p
and spin s = ±1/2 (see Second quantization).
Cooper pairs have the more complex commmutator relations
Bp Bp+ − Bp+ Bp = (1 − npσ − n−p,−σ )δpp ,
instead of the usual Bose operator commutation
rules. Here δpp is the Kronecker symbol and
+
apσ is the number operator, which
npσ = apσ
is 1 for an occupied state and 0 for an unoccupied one. The Cooper pair condensate state is
separated by a gap of 2Δ from excited states
(excitations above and below the Fermi surface),
the latter having a continuous spectrum εp =
±(Δ2 + vF2 (pF − p)2 )1/2 that satisﬁes the Landau
super uidity criterion (vF and pF are the Fermi velocity and Fermi momentum, respectively). Thus,
the formation of Cooper pairs in a charged electron Fermi liquid (or Fermi gas) in metals results in
superconductivity, while in a neutral Fermi system
(3 He, neutron matter) a process involving rotons
results in the related phenomenon of super uidity
(see Super uid phases of 3 He).
COORDINATION COMPOUNDS

These are compounds of complex composition
in which a central atom or ion (complexing agent)
has molecules and ions called ligands bound to
it by donor–acceptor bonds (see Donor–acceptor
pairs). The central metal atom or ion is generally
a transition metal with electron-acceptor properties. Ligands representing electron donors can
be neutral molecules (H2 O, NH3 , CO, etc.) or
−
anions (C2 O2−
4 , CN , etc.). The central atom together with its ligands form the “complex” or inner
coordination sphere of complex compounds, and
examples are [Fe(CN)6 ]3− , [Co(NH3 )6 ]3+ and
[Pt(NH3 )2 Cl2 ]. The inner sphere is usually enclosed in square brackets. The complex can be
neutral or charged, in the latter case it is a cation
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(+) or anion (−), and counterions (monatomic or
complex) comprise the outer coordination sphere.
To separate the complex ion from its component
+
ions such as SO2−
4 or NH4 one can assume that
the reaction of complex formation from the central atom (ion) and ligands can occur under normal
chemical conditions, and that the central ion is capable of existing independently in solution in a
solvated form. This limitation is of a conditional
character since there is no essential difference be−
tween such ions and, for example, PF−
6 and VF6
in their chemical bond nature, and the majority of
their physico-chemical characteristics.
Each ligand is attached to the central atom
through one, two, or several atoms occupying, respectively, one (monodentate ligand), two (bidentate ligand) or several (polydentate ligand) coordination sites. The total number of coordination sites
in a complex is its coordination number, and it is
determined by the central atom oxidation state and
by the nature of the ligand. Complexes with coordination number six and octahedral symmetry are
the most widespread ([PtCl6 ]2− , [Ru(NH3 )6 ]2+ );
others are commonly four-fold coordinated
with square planar ([PtCl4 ]2− ) or tetrahedral
([CoCl4 ]2− ) symmetry. Coordination polyhedra
can be distorted through ligand inequivalence,
electronic effects (see Jahn–Teller effect) or crystal
lattice inﬂuences.
COORDINATION SPHERE

A sphere centered at a particular atomic site
with surrounding atoms of the crystal located on
its surface. Coordination spheres are numbered in
the ascending order of their radii: the ﬁrst (closest), then the second, and so on. The ﬁrst sphere
contains the z nearest neighbors of the given atom,
where the coordination number z is is a measure of the packing density of the atoms; the most
loosely packed semiconductor structure is the diamond type (Si, Ge) with z = 4, in NaCl type ionic
crystals z = 6, in BCC metals and those with the
ﬂuorite structure (ceramics) z = 8, in FCC and
HCP metals z = 12. In ideal crystals the coordination sphere radii coincide with peak positions
of the radial distribution function (RDF), with the
number of atoms in the nth sphere proportional to
4πrn2 Sn , where Sn is the space under the nth RDF
surface. Using this correspondence, the coordination sphere concept can be extended to liquids and
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amorphous solids (see Amorphous state), understanding as the nth coordination sphere the spherical layer with atom positions within the range rn
of radius values rn corresponding to the magnitude of nth RDF peak, and considering the number
of atoms in the nth sphere as 4πrn2 Sn ρ, where ρ is
the average atom density. For an amorphous solid,
with increasing r the RDF peaks rapidly broaden
and become ﬂattened, so the coordination sphere
concept is used only for small n (usually n = 1–3).
Thus, in virtue of the statistical nature of the RDF
the number of atoms in the sphere (the coordination number) can be nonintegral. The coordination
sphere concept is useful in the analysis of structures with short-range order (see Long-range and
short-range order), for self-ordered alloys, for the
approximate construction of a crystal potential for
band structure calculations, and so on.
COPPER (Lat. cuprum ), Cu

Chemical element of Group IB of the periodic table with atomic number 29 and atomic
weight 63.546. Stable isotopes 63 Cu (69.1%) and
65 Cu (30.9%). Nine radioactive isotopes are
known. Outer shell electronic conﬁguration
3d 10 4s 1 . Successive ionization energies (eV):
7.72, 20.29, 36.83. Atomic radius is 0.127 nm.
Ionic radii are (nm): Cu+ 0.096, Cu2+ 0.072. Covalent radius 0.117 nm. Oxidation states +1, +2,
more rarely +3. Electronegativity is 1.75.
Copper is a red-tinted metal of face-centered
cubic structure, space group F m3̄m (Oh5 ); a =
0.361479 nm. Density is 8.932 g/cm3 ; Tmelting =
1356 K, Tboiling = 2843 K, heat of melting
13.0 kJ/mole, heat of sublimation 340 kJ/mole,
heat of evaporation 307 kJ/mole (under standard
conditions). Speciﬁc heat is 390 J·kg−1 ·K−1 at
298 K. Debye temperature is 339 K; linear thermal
expansion coefﬁcient 16.8·10−8 K−1 . Coefﬁcient
of thermal conductivity is 385–402 W·m−1 ·K−1
(at 273 K) and 5 W·m−1 ·K−1 (at 20 K). Adiabatic elastic moduli of crystal: c11 = 168.8, c12 =
121.8, c44 = 75.5 GPa at 298 K. Young’s modulus is 110–145 GPa, shear modulus is 42–55 GPa,
Poisson ratio is ≈0.33. Rupture strength is
≈230 MPa, relative elongation 60%. Brinell hardness is 35 HB (at 293 K). Coefﬁcient of selfdiffusion is 9.1·10−14 m2 /s (at 1233 K). Lowtemperature linear electronic heat capacity coefﬁcient 0.687–0.695 mJ·mole−1 ·K−2 . Electric

resistivity is 15.5 n·m. Electric resistance temperature coefﬁcient is 440·10−5 K−1 (at 273–
373 K). Hall constant is −5.2·10−11 m3 /C. Absolute thermal electromotive force coefﬁcient
+1.7·10−6 V/K. Reﬂection factor for 5 μm optical wave is 98.9%. Work function of a copper
polycrystal is 4.4 eV. Copper is diamagnetic with
magnetic susceptibility (5.4–10)·10−6 CGS units.
Ion plasma frequency is 7.655 THz. About 50% of
copper produced is used in the electrical power industry, and over 30% is used for copper alloys. It
is widely used for chemical equipment.
COPPER ALLOYS
Copper forms the following systems with other
elements: (a) inﬁnite solubility in solid and liquid

states: with Ni, Rh, Pt, Pd, Mn, Au; (b) inﬁnite solubility in liquid and limited solubility in
solid state: with Li, B, Ag and Bi; (c) peritectic type of interaction (see Peritectic alloys): with
Ir, Nb, Co, Fe; (d) limited solubility in liquid
and solid phases: with Pb, Tl, Cr, V); (e) intermediate compounds with many elements (for
dissimilar electrochemical properties Cu forms
chemical compounds; for the same properties, an
electron compound is formed). Cu dissolves up
to 31.9 Zn, 20 Li, 16.6 Be, 16.4 Ga, 15.8 Al,
12 Ge, 11.15 Si, 10 In, 8 Ir, 8 Ti, 8 Sb, 7.7
Sn, 7 Mg, 6.85 As, 4.5 Fe, 3.4 P, 2.1 Cd (molar content, %). Some copper alloys have special
names: bronzes (with Al, Sn and some others),
brasses (with Zn), German silver (with Ni). On
addition of Zn, Sn or Al to Cu, α-solid solutions
appear ﬁrst; then, as the concentration increases,
β-, γ -, δ-phases appear, and so on. All industrial brasses and bronzes are of two types differing
in structure and properties: single-phase α-alloys
(plastic, easily deformable, strength and hardness
slightly exceeding those of copper) and two-phase
alloys (α-solid solution + another phase). The latter exhibit higher strength and hardness but lower
plasticity. Of practical use are brasses that contain
up to 43% Zn, tin bronzes with up to 22% Sn,
aluminum bronzes that contain up to 11% Al. Tin
bronzes exhibit enhanced strength, hardness, corrosion resistance (α-bronzes that contain up to 7–
8% Sn). Aluminum bronzes are stronger and more
plastic, corrosion- and wear-resistant; two-phase
alloys are commonly used (≈ 10% Al). Quenching and tempering (because of phase transitions
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in the solid state) may change their properties
essentially. Silicon bronzes exhibit less speciﬁc
weight and high mechanical properties. If silicon
content is 2–5%, they are mostly single phase
and often used with Mn, Fe, Zn additions. Beryllium bronze (2–3% Be) exhibits high elasticity,
corrosion resistance. In cadmium bronze Cd improves the strength of Cu. Lead bronze separates
into layers already in the liquid phase; at Pb content of 20–30%, it is used as a bearing alloy. Cu
forms the following compounds with Ni: copper–
nickel (32% Ni), constantan (40–45% Ni) that
exhibits high electrical resistance, bullet German
silver (20% Ni). Single phase alloys with Mn
possess enhanced electrical resistance: manganin
(12% Mn + (2–4)% Ni) and double manganin
(20% Mn + 5% Al) with electrical resistance
twice that of manganin.
CORBINO DISK (O.M. Corbino, 1911)

A metal or semiconductor disk with a hole in
the center, with a contact located on the inner
wall of the hole, and another at the periphery. It
is used for investigating galvanomagnetic effects.
The plane of the disk is normal to an external magnetic ﬁeld B. When electric current ﬂows between
the contacts, due to the sample axial symmetry the
electric ﬁeld has only a radial component and the
Hall ﬁeld is absent. As a result, there is no (partial)
compensation for the curvature of charge carrier
paths in the magnetic ﬁeld by the Hall ﬁeld, and
the relative resistance R/R in the magnetic ﬁeld
appears to be much greater than the magnetoresistance value ρ/ρ0 (ρ0 is the resistance with
the ﬁeld absent, and ρ is the change brought
about by the ﬁeld) measured in a long (thread-like)
sample. In n-InSb at 300 K in a ﬁeld B = 1 T,
R/R = 17.7, and ρ/ρ0 = 0.48. These values
are connected by the relationship
R
ρ
(μH B/c)2
=
+
R0
ρ0
1 + ( ρ/ρ0 )
(μH is the Hall mobility of charge carriers) from
which it follows that when B increases the ratio
R/R does not tend to saturation. Therefore, the
Corbino disk is utilized in devices for strong magnetic ﬁeld measurement (see Magnetometry).
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CORRELATION in alloys

The interconnections in the equilibrium distribution of alloy component atoms on crystal lattice
sites. They depend on the differences in the interaction energies of different atoms since each
atom tends to surround itself by atoms of another type in ordered alloys, or by the same atoms
in dissociating alloys (see Alloy ordering, Alloy
decomposition). Quantitative measures of this correlation are correlation parameters, or short-range
order parameters. The latter characterize mainly
the extent of the formation of pairs of dissimilar
atoms, or pairs of identical ones.
CORRELATION ENERGY

The difference between the ground state energy
of an interacting particle system and the minimum energy of the system determined by a selfconsistent eld method. The correlation energy
concept is most often used for the description of an
electron gas. For the self-consistent Hartree–Fock
method the correlation energy is the true energy
minus the kinetic, electrostatic and exchange energies. In this case the correlation energy is related to
the decrease in energy due to the vanishing of the
probability density for the presence of two electrons at the same point because of the singularity
of the Coulomb interaction. A rigorous calculation
of the correlation energy always represents a complicated problem, especially when dealing with a
crystal or a polyatomic molecule. In such cases the
wave function is represented by a superposition
of antisymmetrized products of one-particle states
(in Hartree–Fock theory only one such term is retained), see Con guration interaction, or the wave
function is formed on the basis of two-, three-,
and so on molecular orbitals (e.g., geminals). The
correlation energy of a homogeneous electron gas
is the best studied. Here the energy, according to
Hartree–Fock theory, corresponds to the ﬁrst order of the perturbation theory of the interelectronic
interaction, and the correlation energy is the sum
of the remaining terms of a series, each term of
which diverges. Several ways are known for summing these series that result in the expansion of
the one electron correlation energy
22
εcorr = 2(1 − ln 2) ln rs − 0.096 + Ars ln rs
me4
+ Brs + · · · ,
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where rs = [3n/(4π)]1/3 is the average distance
between electrons in Bohr radii [2 /(me2 )], and
n is the number of electrons per unit volume.
This expansion in powers of rs cannot be rigorously justiﬁed for real valence electron densities
for which 1.5 < rs < 6. Nevertheless, the known
results for the correlation energy are in good
agreement with those obtained with the aid of the
variational principle, that are not dependent on the
smallness of rs . The correlation energy of inhomogeneous systems is more often calculated within
the framework of density functional theory (see
Density functional theory) using the approximation
of local homogeneity. This gives



Ecorr = εcorr n(r) n(r) d3 r.
The exchange interaction energy is not always separated from the correlation energy, and then one
speaks about an exchange-correlation energy.
CORRELATION ENERGY OF A CENTER

The difference U between the energies E1 and
E2 in the sequential trapping of the ﬁrst (1) and
the second (2) electron on alternative levels of a
local electronic center (see Local electronic levels)
in a non-metallic crystal. Because of the mutual repulsion of electrons the relation U = E1 − E2 > 0
(positive correlation energy) is the usual one. The
energy level positions and the charge states of the
center for U > 0 are shown in Fig. (a, b) for a
doubly-charged and an amphoteric center, respectively. The deformation of the atomic environment
of the center caused by the strong interaction of
the electrons with the atomic subsystem can give
rise to a signiﬁcant increase of the potential well
and the binding energy of the second electron on
the center. In this case the relation U < 0 (negative correlation energy) becomes possible. Centers
with a negative correlation energy are ﬁlled pairwise by electrons under the condition of thermodynamic equilibrium. In particular, if an amphoteric
center concentration with U < 0 dominates, then
one half of the centers are ﬁlled with pairs of electrons and have a negative charge, and the other half
have a positive charge. The Fermi level EF thus is
located in the middle between the donor and acceptor levels (Fig. (c)), and does not vary with
a change in the concentration of the centers (socalled pinning). The amphoteric interstitial boron

Donor (D) and acceptor (A) energy levels between the
top of the valence band (Ev ) and the bottom of the conduction band (Ec ) for positive (U > 0) and negative
(U < 0) correlation energies, where EF is the Fermi energy.

atom in silicon is an example of a center with a
negative correlation energy, another example is the
Si V vacancy in silicon, where U < 0 for the trapping of the second electron on V − , and for the
trapping of the second hole on V + .
CORRELATION FUNCTION

The average of the product of several variables
or functions corresponding to different points in
space–time. Correlation functions describe the
correlation of dynamic variable values. A correlation function or correlator of nth order is the
quantity ξ1 (X1 )ξ2 (X2 ) . . . ξn (Xn ), where Xi =
(xi , yi , zi , ti ), x, y, z are the space coordinates,
t is the time; ξi is a dynamic variable or function, and   stands for a certain averaging. In
classical physics ξ(X) represents a random (often complex) ﬁeld, and the averaging is carried out over all possible ﬁelds under consideration. In the particular case when ξi depends
only on time ξi = ξi (t) represents a random
quantity, and the averaging is carried out over
time. In quantum physics the ξi (Xi ) represent
Heisenberg operators describing quantum ﬁelds,
and the averaging is carried out over some state
of the ﬁelds speciﬁed by the statistical operator (density matrix) ρ: ξ1 (X1 ) . . . ξn (Xn ) =
Tr{ρξ1 (X1 ) . . . ξn (Xn )}. The Heisenberg operators can depend only on time, thus ξ1 (t1 ) . . . ξn (tn )
= Tr{ρξ1 (t1 ) . . . ξn (tn )}. An important case arises
when the ξi represent operators for the creation
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or annihilation of ﬁeld quanta (see Second quantization), or of particles (quasi-particles), or the
quantum system as a whole in a certain state:
ξi = ai+ or ai . In solid state physics these are
creation and annihilation operators of electrons
(holes), excitons, phonons, magnons, photons, or
states of impurity centers (see Impurity atoms).
In solid state quantum theory pair correlations
ξ1 (t1 )ξ2 (t2 ), or second-order correlation functions ξ1 (X1 )ξ2 (X2 ), are the most widely used.
When considering the pair correlator it is convenient to use average and difference times: t =
(t1 + t2 )/2, τ = t1 − t2 , hence ξ1 (t1 )ξ2 (t2 ) =
f (τ, t). Of fundamental importance
is the spectral

representation f (ω, t) = eiωτ f (τ, t) dτ which
deﬁnes the system spectral characteristics. In the
stationary case the dependence on t is absent. The
pairwise temporal correlator f = a + (t1 )a(t2 ) in
its spectral representation describes, through the
frequency or the energy E = ω, the occupation of
the state to which the operators a + , a are related.
To evaluate the correlation function it is usually
more effective to use the related Green’s functions.
CORRELATION FUNCTION OF RANDOM FIELD

A statistical characteristic of a random ﬁeld
(see Random potential) in a disordered system deﬁned by the equality
ψn (r 1 , . . . , r n ) = V (r 1 ) . . . V (r n ),
where n  2 is the order of these functions.
Here 1 . . . n means averaging over the random
ﬁeld Vr , and the origin of the energy scale is
selected so that V  = 0. Most widely used is
the pair correlation function of a random ﬁeld
ψ2 in terms of which many experimentally measured quantities can be expressed, such as the
square of a random ﬁeld ﬂuctuation V 2 (r). In
the Gaussian random ﬁeld case all functions ψn
(n  3) are expressed in terms of ψ2 . In a macroscopically homogeneous disordered system the
functions ψn (r 1 , . . . , r n ) depend only on (n − 1)
differences r 1 − r n , r 2 − r n , . . .; and in particular,
ψ2 (r 1 , r 2 ) = ψ2 (r 1 − r 2 ).
An important property of random ﬁelds in real
systems is the attenuation of correlations in systems at inﬁnity. With the distancing of the points
r 1 and r 2 from each other the correlation of
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the quantities V (r 1 ) and V (r 2 ) decreases. This
provides an opportunity for the factorization of
the average of the types V (R 1 ) . . . V (R n )V (r 1 )
. . . V (r m ) = ψm (r 1 , . . . , r m )ψn (r 1 , . . . , r n ), if
R i = r i + α and |α| → ∞. In particular, ψ2 (r) →
0 as |r| → ∞. The distance |r 1 − r 2 | at which
the pair correlation function ψ2 (r 1 , r 2 ) becomes
and remains a negligible quantity is called the
correlation radius or correlation length. This radius is an important characteristic length scale of
a random ﬁeld, which determines the behavior of
macroscopic quantities that depend on the ﬁeld.
See Correlation length.
CORRELATION LENGTH, correlation radius

The characteristic dimension of the region
within which correlation between physical variables is appreciable. At distances exceeding the
correlation radius these variables become statistically independent of each other, and their correlation function becomes equal to the product of
their averages. Consider, e.g., a ferromagnet that
is far from its critical point (transition temperature). The correlation radius is of the order of an
interatomic distance. Thermal motions and quantum uctuations destroy the correlation of spin
orientations at distances noticeably larger than this
radius. As the critical point Tc is approached from
above, the correlation radius grows, accompanied
by the stronger and stronger cooperative effects
that eventually result in the formation of a new
ordered phase at T = Tc , and the material is ferromagnetic below Tc .
CORRELATION TIME

Time interval τ during the course of which the
value of the second-order correlation function decreases by the factor of e = 2.718. The stationary
random quantity u(t1 ) (e.g., thermal displacement
of the crystal atom) correlates with its value u(t2 )
at a later time t2 if the ensemble average value
of the product c(t1 , t2 ) = u(t1 )u(t2 ) = 0. The
quantity c(t1 , t2 ) is called the second-order correlation function. For stationary processes, e.g.,
lattice vibrations, c(t1 , t2 ) depends only on the
time difference τ = t1 − t2 , and the dependence
c(τ ) is such that |c(τ )|  |c(0)|. For some classes
of random quantities c(τ ) has an exponential dependence on τ : c(τ ) = c(0) exp(−τ/τc ), where
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τ c is the correlation time, or the time constant
associated with the relaxation decay of correlations. The quantity c(τ ) does not always have an
exponential dependence on τ . For example, the
single-phonon correlation function ui (t1 )uj (t2 )
is not exponential in the low-temperature region
where the anharmonicity of vibrations is negligible (see Anharmonic vibrations), and its correlation time corresponds to the reciprocal width at
half-maximum
of the Fourier transform c(ω) =
∞
c(τ
)
exp(iωτ
) dτ .
−∞
CORROSION (fr. Lat. corrodo, gnaw away)
Physicochemical interaction of a solid and a

medium (liquid, gas) resulting in the degradation of the material operating properties. During
corrosion the oxidation of source material or its individual components (anode process) occurs with
a simultaneous cathode process, i.e. the reduction
of medium components by the uptake of electrons
released at the anode reaction. Corrosion takes
place irregularly on the surface due to the chemical and structural inhomogeneity of an actual solid
body, and it is accompanied by product formation
(including compact non-conducting depositions)
from the elements present in the solid composition
and surrounding medium. The local corrosion rate
is limited by the rate of the slowest process, in accordance with the mixed electron potential on the
surface (corrosion potential) which is being generated for conditions during which the rates of anode
and cathode processes are equal. On the basis of
the type of external exposure on the solid, which
accelerates the breakdown process, we can distinguish electrochemical corrosion (during electric
current ﬂow), stress corrosion, and photocorrosion (during illumination). In the latter case, for
oxidation–reduction processes charge carriers are
excited in the solid, and corrosion products participate in generating a new phase on its surface.
There are external and internal photoeffects, such
as the photoactivation of anode dissolution of
n-type silicon, at a rate which is limited by the generation of holes at the Si surface layer.
The nature of the surrounding medium determines different corrosion types: electrochemical,
gas, atmospheric, soil, biological, sea, and so on.
During high-temperature gas corrosion solid oxidation products (scale) are usually formed. In such

conditions the oxidizing agent diffuses through the
scale to the solid surface, and solid components
diffuse in the reverse direction. If the transport of
components through the scale is impeded its primary layers show a protective, anticorrosion effect
at the subsequent contact with the medium. The
corrosion rate can be varied by introducing into
the corrosion active medium some chemical compounds, e.g., inhibitors which decrease the rate of
corrosion, or promoters which increase it. The protective mechanism of inhibitor molecules usually
consists in their ability to diminish the limiting
step rate of the corrosion process at adsorption
on a solid surface, or to promote the formation
of a protective coating which prevents corrosion (see corrosion protection). Volatile inhibitors
which protect engineering industry products from
atmospheric corrosion have gained wide-spread
acceptance: corrosion inhibitors are added to lubricants, oils, fuel, brake ﬂuids, and emulsions that
considerably decrease material losses from corrosion processes. The formation of anticorrosive
coatings can also be promoted by alloying materials (steels) with special additives (Cr, Al, Si).
CORROSION, CONTACT
See Contact corrosion.
CORROSION CRACKING
Brittle failure of a metal in a corrosive medium

with a static ﬁeld of tensile stresses present in
the lattice. The onset of corrosion cracking requires the presence in the medium of a component
which creates the conditions for sharp localization of the corrosion process on the metal surface,
and at structural defects. Corrosion cracking takes
place in solutions of electrolytes (sulﬁde, chloride
cracking, caustic embrittlement of steel, hydrogen
cracking of steel in acid, etc.); in gases (hydrogen, ammonia), and in molten metals (mercury).
A measure of a metal stability against corrosion
cracking is its limiting tension loading with a particular base test, or more precisely, the critical
coefﬁcient of stress intensity (cracking stability)
KSI in the corrosion crack vertex below which the
crack does not grow. The rate of crack growth is
determined by the anode (active) metal dissolving
rate in the crack vertex, the possible decrease of
adsorption strength, hydrogen saturation of the
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metal volume before the crack, and the value of
the stress intensity. The relative role of the corrosion factors differs for different metal–solution
systems. In a hydrogen atmosphere at high temperature with cathode hydrogen saturation the main
role is played by the hydrogen saturation of the
metal, i.e. hydrogen brittleness.
CORROSION FATIGUE

The degradation of a metallic crystal lattice in
a corrosive medium at exposure to a variable ﬁeld
of tension stresses. Corrosion fatigue is a measure
of the limit of permissible cyclic metal loads in a
given corrosive medium based on the number of
selected load cycles, or on the critical intensity coefﬁcient of cyclic tension stresses below which the
growth of cracks is not observed.
The corrosion fatigue limit is much lower than
that of metal fatigue in an inert medium. An increase of metal strength through a long-term base
test, as a rule, does not cause an increase in
corrosion fatigue in a given metal–medium system. Depending on the frequency and loading
level, we can distinguish low-cycle and high-cycle
corrosion fatigue. The types of loading are the
stretching from zero, expansion–contraction, arching (pure and cantilever), torsion with different
forms of loading cycles (sinusoidal, rectangular,
trapezoidal, symmetric, asymmetric). Taking into
account the presence of residual technology loading in real systems, the most general is asymmetric
loading, which is also the most dangerous for a
metal–medium system that is susceptible to corrosion cracking. Methods for limiting the increase in
corrosion fatigue are the creation of compression
stresses in the surface layers of a construction, surface alloying or use of protecting coatings, change
of corrosion medium composition, lowering of the
temperature, application of inhibitors, and electrochemical protection.
CORROSION, INTERCRYSTALLINE
See Intercrystalline corrosion.
CORROSION OF METALS
Metal destruction due to chemical or chemico-

physical interaction with a corrosive medium.
A common cause of the corrosion of a metal (M)
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is a chemical oxidizing reaction, e.g., by dry oxidizing gases in accordance with the following
reaction:
nM + mO2 = Mn O2m .

(1)

During the corrosion of metals in electrolytic media (electrolytic solutions, including those impregnated by porous bodies (e.g., soils), electrolytic
melts) Mz+ cations transfer into the medium to
form compounds with different solubilities. There
are corresponding characteristic reactions in acidic
and neutral aqueous solutions:
M + zH3 O+ = Mz+ + 0.5zH2 + zH2 O,

(2)

M + 0.25zO2 + 0.5zH2 O = Mz+ + zOH− . (3)
A metal–medium system, as a rule, is thermodynamically unstable, and hence it is an environment
for the spread of corrosion. Despite successes
in the development of materials with increased
corrosion resistance, anticorrosive coatings, and
other corrosion protection methods, the problem
of metal corrosion persists because of the deﬁciencies of materials, the greater severity of the
conditions imposed on metal usages, and other
reasons. Economic losses from the corrosion of
metals result from the decreased machinery and
communications productivity, direct metal losses,
and so on. In the case of the formation of thin
(<5 nm) surface lm s Mn O2m reaction (1) is
associated with the tunneling of metal electrons
through the boundary ﬁlm–gas, and is limited by
the tunneling itself or by cation Mz+ migration
arising from the appearance of an electric ﬁeld in
the ﬁlm. In the case of a thick ﬁlm (scale), because of its density the reaction rate is more often
determined by cation Mz+ diffusion to the boundary ﬁlm–gas, the diffusion of O2− ions to the
metal–ﬁlm boundary, or their cross-diffusion. Reactions (2) and (3) usually go like an electrochemical process, i.e. without any direct contact between
the metal atom being ionized and the ion or oxidizer molecule being adsorbed at another surface
location, with the electron transfer from metal to
oxidizer taking place at the metal conduction band.
Such a process includes two reactions associated
with the condition of system electroneutrality, but
which are kinetically independent, namely anode
metal ionization (e.g., M = M2+ + 2e) and cathode reduction of oxidizer particles on the surface
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(e.g., 2H3 O+ + 2e− = H2 + 2H2 O). To inhibit
the corrosion of metals it is sufﬁcient to inhibit either of these two reactions. The sharp inhibition
of the anode corrosion reaction of metals when
forming protective (usually oxide) ﬁlms (surface
passivation) made possible the use of many thermodynamically unstable metals (stainless steel,
titanium, aluminum, and so on). Other speciﬁc
types of corrosion can result from the simultaneous inﬂuence of effects on the metal from the
medium, and from mechanical factors (see Local
corrosion, Corrosion cracking, Corrosion fatigue,
Corrosion under stress).
CORROSION PROTECTION

Procedures for protecting metals against corrosive breakdown (see Corrosion). The following
principles underlie it: provision for chemical stability of a construction material; reduction of corrosive medium antagonism; preclusion of contact
with a hostile medium by application of coatings
(see Anticorrosive coatings); regulation of the potential of a metallic structure surface. The chemical stability of a metal under particular conditions
is assured by the selection of a metal possessing the necessary properties. Iron and iron alloys
are the most available and economically effective.
In highly hostile media steels alloyed with nickel
and chromium are used. Titanium and titanium alloys, aluminum and aluminum alloys, copper and
copper alloys, as well as tantalum and tantalum
alloys are also used. Chemical stability can be enhanced by alloying, by increasing the purity of the
main additions, or by the creation of the necessary structural state of the material. Reduction of
the corrosive medium hostility is achieved by removing dissolved oxygen or other gaseous and
corrosion-active substances from it, or by introducing some inhibitors, or additives for passivation of the metal surface (see Surface passivation).
Protection methods based on inorganic or organic
coatings are also widely used. In view of the dependence of the rate of corrosion on the potential,
the potential of the surface is chosen to ensure
that the material either will not be destroyed by
cathode polarization (cathode protection), or that
it will be passivated by anode polarization (anode
protection).

CORROSION RESISTANCE

The measure of material stability under particular corrosion conditions expressed using a ten
point scale in terms of coefﬁcients of corrosion
rate dependence on depth (mm/year), and on rate
losses of mass (g·m−2 ·hour−1 ). Corrosion resistance is not an absolute property, but rather depends on the composition and parameters of the
corrosive medium (temperature, pressure, rate, external loads, and so on), thermodynamic properties
of the material, possible kinetic decelerations in
the system material–corrosion medium (surface
passivation), external polarization, and also on the
design features of the product. An improvement in
corrosion resistance can be brought about by alloying, increasing the metal purity by eliminating
non-metallic inclusions, application of a special
surface treatment, use of protective or conservation coatings, change of parameters, composition,
or adjusting the oxidation–reduction characteristics of the corrosion medium, electrochemical
protection, application of corrosion inhibitors.
CORROSION UNDER STRESS

A physico-chemical interaction in a metal having a static or cyclicly varying stress ﬁeld with
corrosive medium components. During simultaneous exposure of the metal to mechanical stresses
and a corrosive medium, the rate of a general surface corrosion changes slightly in comparison with
the possibly more rapid corrosion localization at
the most highly stressed points: at rising defects
of surface layers near grain boundaries, at nonmetal inclusions, at the end points of dislocations,
at glide plane steps. These factors result in the loss
of strength or density of compactness of structure
because of corrosion cracks. A measure of a materials stability against corrosion under stress is the
corrosion-mechanical strength, which is the limit
of a prolonged static or cyclic strength in a given
corrosive medium expressed in terms of exposure
by time or by number of loading cycles.
COSTA-RIBEIRO EFFECT
See Thermodielectric effect.
COTTON–MOUTON EFFECT
See Voigt effect.

COULOMB EXPLOSION

COTTON–MOUTON EFFECT, ACOUSTIC
ANALOG
See Acoustic analog of Cotton–Mouton effect.
COTTRELL ATMOSPHERE (A.H. Cottrell)
Nonuniform distribution of point defects

around a dislocation line caused by a hydrostatic
component of the elastic dislocation stress ﬁeld. At
thermal equilibrium the defect (dilatation center)
concentration in a Cottrell atmosphere or Cottrell
medium, taking into account that one lattice site
should be occupied by no more than one defect, is
described by an expression similar to the Fermi–
Dirac distribution (see Fermi–Dirac statistics):



W (r, θ) − G0 −1
c(r, θ) = 1 + exp
,
kB T
where kB T is the temperature expressed in energy units, G0 = kB T ln[c0 /(1 − c0 )], and c0 is
the concentration far from the dislocation. The
elastic interaction energy W (r, θ) in the simplest
case equals the work required to replace an atom
of the matrix at the point (r, θ) (see Fig.) by a
dilatation center (impurity atom) with an excess
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volume V . For an edge dislocation in an elastically isotropic medium (see Isotropy of elasticity)
the elastic interaction energy is
W (r, θ) =

Gb 1 + ν sin θ
3π 1 − ν r

V,

where b is the Burgers vector, G is the shear
modulus, and ν is the Poisson ratio, respectively.
Above the Cottrell medium condensation temperature, Tc , deﬁned by the relation


W0 − G0
exp
∼ 1,
kB Tc
where W (r, θ) is a maximum at r = b, θ = π/2
W0 ≈

1+ν G V
,
1 − ν 3π

the Cottrell medium becomes diluted:


W (r, θ) − G0
 1,
c(r, θ) ≈ c0 exp
kB T

T > Tc .

The formation of a Cottrell medium causes dislocations to become pinned. To separate dislocations
from the impurity medium the stress σc ≈ W0 /b3
is needed, and σ0 ≈ 1 GPa for typical values
W0 ≈ 0.1 eV.
COULOMB EXPLOSION in a solid
Expulsion of positive ions driven by Coulomb

Equipotential lines W (r, θ ) = const for an edge dislocation. Each circle is for a particular W0 value. The
array of lines for c(r, θ ) = const is similar.

repulsion when several nearby atoms are simultaneously ionized. The Coulomb explosion may
be caused by the simultaneous ionization of two
atoms. The formation of an electron vacancy in
an internal electron shell of an atom affected by
ionizing radiation, or the appearance of a slow
multicharge ion inside the solid or at its surface,
can result in cascades of Auger transitions (see
Auger effect). These may be both “vertical” in a
single atom, and “horizontal” (when the growing
positive charge is distributed among neighboring
atoms, and ultimately results in a Coulomb explosion as well). A Coulomb explosion in a solid produces point defects, defect clusters can also form,
and the surface of the solid may suffer sputtering.
Coulomb explosions contribute to the degradation
along the trajectories of heavy accelerated ions
or fragments of nuclear ﬁssion. The Coulomb explosion in metals is not effective because of the
rapid “dispersal” of microscopic positive charge in
a metallic conductor. The rates at which charges
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COULOMB GAP

are neutralized in insulators and semiconductors
with their low concentration of current carriers are
much slower, and the inﬂuence of the Coulomb explosion on the formation of defects may be much
more effective.
COULOMB GAP
A gap in the density of states g(E) of electron
excitations around the Fermi level μ in a disor-

dered system with localized electrons, e.g., the
gap in weakly doped compensated or amorphous
semiconductors that results from the long range
Coulomb interaction. An important characteristic
of the Coulomb gap is its energy Δ. Provided that
the Coulomb interaction energy between two localized current carriers separated from each other
by an average distance (averaged over all localized carriers) remains small in comparison with
the characteristic spread of the energy levels, the
1/2
value of Δ is of the order of e3 g0 /ε3/2 in a
three-dimensional system. Here ε is the dielectric constant, and g0 is the density of states at the
Fermi level in the absence of the electron–electron
Coulomb interaction (see Fig.). Such a situation
is found in a crystalline semiconductor for both
strong and weak compensation, and also in amorphous semiconductors. In the case of medium
compensation in a weakly doped semiconductor Δ
is comparable to the overall width of the impurity
band, and the Coulomb gap is more strongly expressed. The density of states at the Fermi level
vanishes only for zero temperature. With increasing temperature the Coulomb gap “closes” and
totally vanishes as soon as the thermal energy kB T
reaches several tenths of the value of Δ. This gap
manifests itself in experiments that measure the

Density of states g(E) of an amorphous semiconductor
near the Fermi level μ.

hopping conductivity versus hopping distance in

regimes where that the principal contribution to
the electrical conductivity arises from states in the
energy band that are within the energy range Δ
from the Fermi level. A technique to observe the
Coulomb gap directly is tunneling spectroscopy.
COULOMB PSEUDOPOTENTIAL
See Morel–Anderson Coulomb pseudopotential.
COVALENT BOND, homopolar bond

A particular type of chemical bond formed between similar atoms or atoms whose properties
differ very little from each other, when the pairing (overlap) of the electron shells of neighboring
atoms takes place without any appreciable exchange of the electric charges of the two atoms.
A typical example of a covalent bond is the bond
in a hydrogen molecule. The two-electron wave
function of such a molecule can be written down in
the simplest Heitler–London approximation as follows:
ψ(r1 τ1 , r2 τ2 ) = ψa (r1 )ψb (r2 ) + ψa (r2 )ψb (r1 )
× χa (τ1 τ2 ),

(1)

where ψa and ψb are the 1s-type one-electron
wave functions centered on the a and b atoms,
respectively, and χa is the antisymmetric wave
function of the spins. The difference between the
eigenenergy obtained from solving the Hamiltonian of the molecule constructed using the wave
functions (1) and twice the electron energy in an
isolated atom corresponds to the covalent bond energy. A similar construction is used for the wave
function of two electrons of a σ -bond between
nearest neighbor atoms in homopolar crystals (diamond, gray tin, germanium, silicon) as well as
in the AIII BV and AII BVI compounds (ψa and
ψb are distinguishable in this case, appearing as
sp3 hybrid functions of the valence electrons of
the atoms involved). If the crystal is formed from
atoms belonging to different groups of the periodic
system then there can be a greater or lesser admixture of ionic bond character in the bond, and this
will be termed an ionic-covalent bond.

CRACK

COVALENT CRYSTALS
Crystals held together by covalent interatomic

chemical bonds. Covalent crystals are most often formed by elements of Group IV and adjacent
groups of the periodic system, and are characterized by a tetrahedral (sp3 ) hybridization of orbitals,
with the chemical bonds formed by singlet pairs
of electrons localized in the space between nearest neighbor atoms (see Covalent bond). Because
these bonds display distinct direction and strength,
covalent crystals posses a high hardness and elasticity, some of them being brittle. Covalent crystals usually exhibit a high thermal conductivity.
The most typical covalent crystal is diamond (C);
others are silicon (Si), germanium (Ge), gray tin
(α-Sn), and a range of compounds formed from elements alongside group IV of the periodic system.
These are: the AIII BV compounds, e.g., borazon
(BN), GaAs, GaSb, InAs and AlP; AII BVI compounds, such as beryllium oxide (BeO), zinkite
(ZnO), sphalerite (ZnS), CdTe, etc. All these
compounds are semiconductors, with their energy
band gap varying between 0.2 to 2–4 eV. As
the elements move apart horizontally in the periodic system, like in the AI BVII compounds: CuCl,
CuBr and AgI, the covalent nature of the bond
weakens and it becomes partially ionic in character. Moving vertically down the periodic table
some metallic features appear: for instance, crystals of white tin (β-Sn) are virtually metallic.
Covalent crystals of triple and more complex compounds which likewise possess tetrahedral atomic coordination also exhibit some degree of metallic behavior; examples are chalcopyrite (CuFeS2 ), stannite (Cu2 FeSnS4 ), CdSnAs2 ,
etc. Covalent crystals with octahedral coordination are exempliﬁed by PbS, PbSe, SnTe, Bi2 Fe3 ,
Bi2 TeS2 , etc. Many crystals are heterodesmic
(see Heterodesmic structures), i.e. the atoms in
their crystalline structure have bonds of different types. Thus, graphite crystals are covalently
bonded within the hexagonal layers, while the
bonds between the layers are of the van der Waals
type. The structure of elements close to Group IV,
such as P, S, Se or Te, may be described in a similar way: the atoms form covalently bonded groups,
but the groups themselves are bonded together by
van der Waals forces. Many covalent crystals are
widely used in technology: native and synthetic
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diamonds as abrasives and silicon crystals of the
highest purity serve as the basis of semiconductor
electronics together with the covalent crystals Ge,
GaAs, InSb, etc.
COVALENT CRYSTALS, PLASTIC
DEFORMATION
See Plastic deformation of covalent crystals.
COVALENT RADIUS

A parameter of the size of an atom in covalent
compounds (see Covalent crystals). The covalent
radius is deﬁned as half the distance between two
identical atoms held together by a covalent chemical bond. The length of a single chemical bond
between differing atoms can be evaluated as a sum
of the covalent radii of the corresponding atoms.
A commonly employed system is the set of Pauling covalent radii which are deﬁned for atoms in
tetrahedral crystals such as diamond (C) and sphalerite (ZnS) (see Atomic radius).
COVARIANCE

The quality of physical quantities found in
reference frames of a certain theory being transformed to other frames according to representations of the invariance group of this theory. For
instance, in special relativity Lorentz covariance
presumes using physical quantities that transform
as relativistic vectors (e.g., 4-vectors), tensors,
spinors, etc. via Lorentz transformations. Gauge
covariance is referred to in the case of a gauge
transformation (see Gauge invariance). Covariance also implies the conservation of the form
of an equation with respect to the transformations of the invariance group. For instance, the
covariance of the form of the equations of general relativity implies that the equation appears
the same in any four-dimensional reference frame,
even though the speciﬁc equation coefﬁcients can
(covariantly) change with a space–time transformation.
CRACK

A disturbance of continuity of a solid which
is localized along a certain surface; a plane defect with broken molecular bonds along its edges.
There is a singularity at the crack tip which under
mechanical loading leads to stress concentration
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CRACKING

√
proportional to 1/ r where r is the distance from
the crack tip. Depending on the shape of the displacement between the edges, cracks are classiﬁed
as rupture cracks, and longitudinal and transverse
shear cracks. In respect to stability, cracks are
divided into equilibrium (i.e. subcritical which
do not grow spontaneously) and nonequilibrium
(i.e. overcritical which can propagate under action of the elastic potential accumulated by the
system). In respect to the involvement of plastic
deformation, cracks are divided into brittle (i.e. not
connected with material yield) and tough (see Brittle failure, Tough failure) with a certain portion of
plasticity. There are microscopic and macroscopic
cracks. Classed among the former are sizes of
cracks from the atomic scale to the subgrain scale.
Referred to the latter are cracks whose dimensions
are greater, by at least an order of magnitude, compared to the structural elements of the solid such as
subgrains, crystallites, etc.
The ﬁrst stage of failure is microcrack nucleation. There are two kinds of microcracks differing
in the shape: elastic (force) cracks and dislocation
cracks. The former are like an incision along an
atomic plane with broken molecular bonds from
one tip to another, and the surfaces are opened
by the applied stresses. A particular feature of
such a crack is its instability. It can spontaneously
collapse after the stress release, so that it cannot
exist in an unloaded body. A dislocation microcrack is an empty nucleus of a superdislocation
with a large Burgers vector. It is mechanically
stable, and can occur in an unloaded body. The
nucleation of this type of crack is determined by
collective dislocation processes. There is a series of crack nucleation mechanisms: dislocation
junction, braked shear, opening of bent slip band,
interaction of dislocations at crossing slip planes
and at broken walls of subgrains, generation according to the scheme of opposite clusters and
interacting twin layers, and so on.
The second stage of microcrack development
(subcritical growth) is also fully determined and
controlled by dislocation phenomena. Its essence
is the “falling” of dislocations in the crack that
induces the growth of its Burgers vector. There
are several mechanisms for this process: the crack
is initiated by the slip band approaching a tip;
two slip bundles adjoin the crack; an accumulation

in the crack of dislocations from the slip bands
stopped by boundaries. At this stage of failure
a substantial role is played by rotation processes
when individual grains and their groups are able
to rotate freely about the crack tip (see Plastic
twisting deformation). Subcritical growth of the
macroscopic crack proceeds via the same mechanisms with the added feature that the plastic
deformation involving a large volume leads to the
appearance of a system of secondary microcracks
and pores prior to the main crack formation. The
failure proper is then effected through a merging
of the crack system into a common one by the
tough rupture of bridges.
The third stage of crack development, involving overcritical growth, proceeds with completely
or almost completely suppressed plasticity at the
vertex. Here, the spreading of the crack exhibits a
distinctly elastic and overstructural character, with
the limiting velocities of growth determined by the
elastic constants of the medium, and by the sample geometry. The maximum possible velocities
of failure, according to different evaluations, vary
from 0.53 of the transverse elastic wave velocity
to 0.38 of the longitudinal wave velocity. The limiting velocity of the crack, equal to the velocity
of surface Rayleigh waves (see Surface acoustic
waves) is considered to be the preferable index.
In the case when additional feeding of the crack
vertex by elastic energy is not mediated by the
elastic waves that spread through the destructible
material, but is performed directly, e.g., by plasma
expansion at the vertex of crack under the effect of
a laser beam, the velocities of crack propagation
may be considerably higher, and may even exceed
the sound velocity.
See also Brittle crack, Nucleating crack, Submicrocracks, Tough crack, Wedge-shaped crack.
CRACKING

The process of extraction of products with
lower molecular mass from hydrocarbons, mainly
of petroleum origin. The ﬁrst and foremost high
tonnage industrial application of the process is extraction of motor fuels. Many processes of cracking are run in the presence of solid catalysts
(catalytic cracking). The catalysts most often used
are highly porous synthetic aluminosilicates containing Al2 O3 and SiO2 in various proportions.

CREEP

Complex sets of reactions involved in catalytic
cracking always include the formation of new
solid phases which poison the catalysts. These are
cokes, and their mass can reach several per cent
of the catalyst mass. To remove cokes the silicaaluminas are oxidized with air, or an air–vapor
mixture (process of catalyst regeneration).
CRACKING CORROSION
See Corrosion cracking.
CRACK RESISTANCE
The same as Fracture toughness.
CRAIG EFFECT (D. Craig, 1955)

Changes in the spectra of electronic and vibrational excitations of a molecule located in a
crystal matrix. The inﬂuence of the local crystal
e ld and intermolecular interactions results in a
partial splitting of degenerate states, and changes
of selection rules, thereby producing a larger number of observable bands in the optical spectra, and
also changes their relative intensities and polarization properties. These phenomena were initially
encountered during applied studies of molecular
crystals.
CREEP

Property of a solid to increase strain or to deform during the course of time under the action of
a constant external stress or load, usually at an elevated temperature. The relationship between strain
and time is given by the creep curve, which is arbitrarily divided into characteristic regions. At the
moment of applying stress an instantaneous strain
is induced; then comes the stage of initial creep or
transient creep. The rate of deformation decays at
this stage. At the second stage (secondary creep)
the rate of deformation is constant. The third stage
is characterized by an increase of the creep rate,
then the process ends with failure. The shape of
a creep curve depends on the temperature, stress,
initial structure, and stability of the initial structure. Depending on these factors, there are four
kinds of creep with different deformation mechanisms.
(1) The ﬁrst kind of creep is observed if the applied stress is lower than the critical shear stress.
This type of creep is called elastic creep or reversible creep. It is adequately described by the
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equation ε = εl + ε0 [1 − exp(−t/τ )], where εl
is a purely elastic strain (see Elasticity), t is the
time after loading, ε0 and τ are constants. The
second term of this equation stands for inelastic
strain, which tends to ε0 . After load release the
strain completely regains its value due to inelastic
creep. One of the mechanisms, which provides an
explanation for inelastic creep, proposes the diffusive transfer of impurity interstitial atoms into
crystal lattice interstices, which are stretched under the action of the applied stress (see Diffusion).
The strain ε0 is proportional to the applied stress,
and to the concentration of impurity interstitial
atoms. After release of stress interstitial atoms
tend to become uniformly arranged at interstices,
and the strain is restored. Inelastic creep may also
be caused by short-distance transfer of dislocations, which does not involve abstraction from
pinnings.
(2) At stresses that are higher than the critical
shear stress, the second kind of creep is observed
in the low-temperature region, called logarithmic
creep or low-temperature creep, and described by
the equation: ε = α ln(1 + νt), where α  0 and
ν  1 are constants. This relation is valid up to
very slight strains (ε  0.2%). So far it is unknown whether logarithmic creep is followed by
secondary creep, because tests to conﬁrm this are
very time consuming to carry out.
(3) As the temperature exceeds T G (for metals T G ≈ 0.5T melting and decreases with increased load) the third kind of creep is observed:
high-temperature creep. The mechanism of hightemperature creep is related to the creeping of
dislocations, and is controlled by processes that
are determined by the rate of self-diffusion (motion of thresholds at screw dislocations, rate of
creeping of dislocations around obstacles, etc.).
High-temperature creep is described by the relation: ε = ε0 + βt m + Kt , where ε0 is the instantaneous strain, β and m are time-independent
constants, 1/4 < m < 2/3 (according to Andrade
(1910) m = 1/3), K and Kt are, respectively, the
rate and strain at the ﬁrst stage. At this stage hardening dominates over dehardening, the density of
dislocations increases, and the size of subgrains
decreases; during the steady state the size of subgrains remains constant, whereas disorientation of
subgrains increases in proportion to the increase
of strain.
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CREEP RESISTANCE

At the second stage of creep the duration and
rate of deformation depend on the stress and temperature. The equation K = A exp[H /(k B T )] ×
sinh(Bσ )n , where T is temperature, σ is stress,
A, B, n are constants, describes the temperature
dependence and stress dependence of K. The activation energy H monotonically increases with the
increase in temperature; for T > T G it is a constant equal to the self-diffusion activation energy.
This means that at low temperatures diffusionrelated mechanisms of plastic deformation are activated. It has been found that slippage along the
grain boundaries contributes signiﬁcantly to the
creep at the second stage. The dependence of ε̇
is ∝ d 2 at low temperatures and ∝ 1/d at high
temperatures, while at intermediate temperatures
it takes the form k/d + Kd 2 , where k and K are
constants, and d is the grain size. The inﬂuence of
grain boundaries at elevated temperatures may be
explained by localization of plastic deformation in
border zones.
The third stage of creep is prepared by structural changes, which take place at preceding
stages. It is thought that acceleration of creep occurs because of an increase of stress that is related
to the generation of a neck, the decrease of the
actual cross-sectional area caused by accumulation of microcracks (see Cracks) and pores, or
processes of recovery and recrystallization.
(4) The fourth kind of creep, which is called
diffusive creep, is observed at low temperatures
and low stresses, and does not involve the transfer of dislocations, but is a result of directional
diffusive mass transport. The rate of such creep,
due to the self-diffusion or ﬂux of vacancies between external surfaces of the sample, has been
calculated in works of F.R.N. Nabarro, C. Herring
(1950) and R.L. Coble (1963). Taking into account
the increase of creep rate caused by grain boundary diffusion, we obtain the equation:


πδDg
5D σ Ω
1+
,
ε̇ ≈ 2
Dd
d kBT
where D and Dg are the coefﬁcients of bulk and
grain boundary self-diffusion, respectively, δ is the
effective thickness of a grain boundary, and Ω is
the atomic volume.
Creep resistance of materials is characterized
by the creep limit, i.e. the stress at which a certain

strain is achieved in a given time. Creep resistance depends on the type of interatomic bond,
type of crystal lattice, stacking fault energy, grain
structure, and other characteristics of the material.
High creep resistance is the main factor determining the high-temperature strength of materials. See
also Athermic creep, Diffusion mechanism of crystal creep, Radiation-induced creep.
CREEP RESISTANCE
See Creep.
CRITERION OF LOCALIZATION
See Anderson localization.
CRITICAL CURRENTS in superconductors

The minimum value of the current Ic or current density jc at which the superconducting state
is destroyed. Several types of critical currents are
identiﬁed. In type I superconductors the value of
Ic depends on the shape (geometry) of the sample. In particular, for a long enough cylindrical
superconductor it is obtained from the condition
that the azimuthal component of the magnetic
ﬁeld of the longitudinal current, Bf = I /(2πa),
reaches the value of the thermodynamic critical
magnetic eld Bc (T ) at the surface of a sample
of radius a. When I > Ic = 2πaBc (T ) the superconductor transforms to the intermediate state
with a ﬁnite resistance. In type II superconductors the critical current density is determined by
the pinning strength of the Abrikosov vortices, or
by the ﬂuidity limit of the vortex lattice (see Vortex pinning). There is also a decoupling critical
current at which the Cooper pairs are broken and
the supercurrent ﬂow is terminated. The current
velocity v = j/(eN0 ) (here j is the current density, N0 is the concentration of electrons in the
metal) exceeds the critical velocity vc = Δ/pF ,
where Δ is the superconductor energy gap, and
pF is the Fermi momentum (see Kinetic decoupling
of Cooper pairs). Such currents may be reached
in very thin superconducting ﬁlms and ﬁlaments,
the magnetic ﬁeld of the current at their surface
being lower than Bc (T ) in type I superconductors, or such that their thickness is smaller than
the London penetration depth of the magnetic eld
of a type II superconductor. However, recalling the
presence of inhomogeneities, it becomes clear that

CRITICAL EXPONENTS

the destruction of the superconducting state, and
the recovery of the resistive state in thin ﬁlms and
ﬁlaments are usually controlled by vortex pinning
at these inhomogeneities. Finding ways to increase
critical currents is one of the most important tasks
of applied superconductivity.
CRITICAL DISORIENTATION OF DISLOCATION
SUBBOUNDARY

The threshold value of the disorientation angle in a cellular structure at which, similar to
grain boundaries, cell boundaries start to resist
the movement of dislocations. The concept of critical disorientation of dislocation subboundaries
resulted from comparing the mechanical properties of metals during the formation of the sublattice dislocation structure (either cellular or fragmented) that develops in the process of plastic
deformation (see Fragmentation). While the overall density of dislocations remains unchanged with
growing plastic deformation, they undergo redistribution in the process. The number of dislocations in the body of the subgrain diminishes, their
density at subboundaries increases and the angle of disorientation of the adjacent cells grows,
so that dislocation slip to large distances becomes
more difﬁcult. The critical value of the angle of
disorientation, θcr , usually remains within several
degrees, and may be estimated from the expression


Ky 2 (1 − ν)2 2πn
θcr =
,
G
0.45b
where G is the shear modulus, ν is the Poisson
ratio, Ky is a constant value from the Hall–Petch
equation (see Petch relation), b is the Burgers vector, n is the ratio of the effective slip length L to
cell size l. Following the growing plastic deformation the number of subboundaries in the already
formed dislocation cells increases, such that their
disorientation angle is either equal to or already
exceeds the value of θcr . This results in a signiﬁcant strengthening of the material, while the
temperature of cold brittleness simultaneously decreases, which means that the formation of a disordered cellular dislocaton structure signiﬁcantly
improves the overall mechanical properties of the
material. For such a structure to form certain conditions have to be met, and the strain should take
place within the temperature range of warm deformations.
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CRITICAL EMBRYO, critical bubble

Seed or embryo of a stable thermodynamic
phase in unstable equilibrium with its surrounding metastable phase (see Metastable state). The

radius of a spherical critical embryo is given by
rE =

2γ v
2γ Tc (vM − v)
=
.
μM (P ) − μ(P )
q(T − Tc )

Here γ is the coefﬁcient of surface tension; v,
v M are the atomic volumes; μ and μM are the
chemical potentials (see Thermodynamic potentials) for the embryo and the metastable phase,
respectively; P is the external pressure, Tc is
the phase equilibrium temperature; q is the latent
heat of the phase transition from the metastable
phase to the embryo phase. Only embryos above
the critical size continue to grow. The process of
growth, stable with respect to ﬂuctuations, sets in
at r > r E + [k B T /(4πγ )]1/2 . For a supercritical
embryo (r > r E ) to form it has to penetrate the
thermodynamic potential barrier 4πrE2 γ /3. See
also Nucleation at phase transitions, Crystallization.
CRITICAL EXPONENTS, critical indices

Power law indices or exponents deﬁning the
dependency of dynamic and thermodynamic parameters such as the external ﬁeld h, etc., on the
reduced temperature, τ = T /Tc − 1, etc. around a
second-order phase transition point (Tc ). Critical
exponents only characterize the principal, leading
asymptotes of these quantities. When τ, h change
the system may pass through several regimes or
phases, each of them described by its speciﬁc
set of critical exponents. For example, when approaching the triple critical point the system passes
through a transition region in which its behavior
changes from that typical of a second-order phase
transitions to a tricritical (around that point) behaviour.
Critical exponents used to describe thermodynamic (statistical) properties of the system deﬁne
the temperature dependences of the speci c heat
cp ∝ |τ |−α , the order parameter M ∝ (−τ )β ,
the susceptibility χ ∝ |τ |−γ , and the correlation
length rc ∝ |r|−ν , where the exponents β, γ ,
ν > 0. The critical exponents of anomalous dimensions for ﬂuctuations of the order parameter
characterize the law by which the correlation func-
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tion decreases with distance r for r  rc , G(r) ∝
r −(d−2+η) , where d is the dimensionality. For
T = Tc the critical exponents describe the behavior of the system in the external ﬁeld h: cp ∝ h−ε ,
M ∝ h1/δ , rc ∝ h−μ (δ, μ > 0). Critical exponents are related to each other via certain algebraic
expressions called scaling relations: α + 2β + γ =
2, βδ = β + γ , ε(β + γ ) = α, μ(β + γ ) = ν,
ν(2 − η) = γ , γ d = 2 − α (see Scaling invariance
hypothesis). Critical exponents also describe the
kinetic (dynamic) properties of the system around
Tc . For example, the relaxation time t (k, T ) of
ﬂuctuations of the order parameter with wave vector k has the form t (0, T ) ∝ |τ |−y and t (k, Tc ) ∝
k −z in the critical region. Scaling relates these exponents to each other: y = zν. Critical exponents
are universal values, i.e. they do not depend on
the nature of the particular phase transition, or
on the speciﬁcs of the physical system. They depend, instead, only on the number of components
of the order parameter, and on the dimensionality
d of the space. Critical uctuations become insigniﬁcant for d > dc , where dc is the so-called
upper critical dimension, so that the critical exponents coincide with those provided by the Landau theory of second-order phase transitions. At
d = dc ﬂuctuations generate multiplicative logarithmic corrections to the results from the Landau
theory. If d < dc the corresponding critical exponents differ from those prescribed by the phenomenological theory of phase transitions. Their values may be (approximately) calculated using the
techniques of high temperature expansions within
the renormalization group method, in particular
through expansions in powers of ε = dc − d (epsilon expansion), in terms of the spherical model,
employing the 1/n expansion approach, and by
other techniques.
CRITICAL FLUCTUATIONS

Particularly strong thermodynamic ﬂuctuations
of the order parameter and other physical variables
observed near second-order phase transitions. The
correlation length of these ﬂuctuations and their respective relaxation times grow without limit when
approaching the transition point, thus reﬂecting
destabilization of the corresponding phase, and
the stronger role of the cooperative effects in
forming the dynamics and thermodynamics of

the crystal. Much effort has been expended toward explaining the strong nonlinear interactions
of critical ﬂuctuations (see Renormalization group
method, Epsilon expansion). Experimental studies
of critical ﬂuctuations by neutron diffraction, optical, radiospectroscopic, and other techniques yield
rich data on the behavior of materials in the critical
region.
CRITICAL MAGNETIC FIELDS in
superconductors

Values of applied magnetic ﬁeld strength (that
depend on superconductor shape) above which
the character of the penetration of the magnetic
ﬁeld into the superconducting material changes,
or the sample reverts to the normal (nonsuperconducting) state. One distinguishes between the
thermodynamic critical magnetic eld Bc in type I
superconductors (see Meissner effect), and the
lower critical eld, Bc1 , the upper critical eld, Bc2 ,
and the third critical eld Bc3 in type II superconductors. See also Mixed states.
CRITICAL PHENOMENA

Speciﬁc effects observed in the neighborhood
of second-order phase transition points. One distinguishes between static and dynamic critical
phenomena. Among the ﬁrst are the anomalies of
the thermodynamics of crystals, and features in the
behavior of static kinetic coef cients. Examples of
static critical phenomena are: sharp increase in
the magnetic permeability of ferromagnets as the
phase transition point Tc is approached; anomalous temperature dependence of the speci c heat,
elastic moduli, etc.; increase in the electrical conductivity of normal metals near superconducting
phase transitions; and temperature anomalies in
the speciﬁc heat of ferroelectrics. Dynamic critical phenomena involve the dynamic susceptibility,
a sharp increase in relaxation times as Tc is approached (critical slowing down), anomalies in
Raman scattering of light, in inelastic neutron scattering, in X-ray scattering, and in Mössbauer spectra (see Mössbauer effect).
Sometimes critical phenomena are understood
in a narrower sense, as effects produced speciﬁcally by critical uctuations of the order parameter.
The susceptibility χ , the order parameter M, and
the speciﬁc heat C, all behave as power law functions of the reduced temperature τ = (T − Tc )/Tc

CRITICAL STATE

around the critical point Tc : χ ∝ |τ |−γ , M ∝
|t|β , c ∝ |t|−α . Second-order phenomenological
theory of phase transitions predicts the values
α = 0, β = 1/2, γ = 1 for these power law indices
called critical exponents, but it does not take ﬂuctuations into account. Experiments usually yield
the ranges −0.1 < α < 0.1, 0.3 < β < 0.4, and
1.2 < γ < 1.4 for three-dimensional (non-layered,
non-quasi-one-dimensional) systems. Speciﬁc values of the critical indices depend on the number of
components of the order parameter.
CRITICAL POINT

A point associated with a second-order phase
transition. When the transition occurs during a
temperature change the critical point corresponds
to a critical temperature. Examples are the Curie
point of a ferromagnet, and the Néel point of an
antiferromagnet. The critical point can also be the
value of an electric or magnetic ﬁeld which induces a change in phase, such as the upper and
lower critical magnetic ﬁelds of type II superconductors.
CRITICAL POINT, TRIPLE
See Triple critical point.
CRITICAL PORE SIZE
Size of a pore in unstable equilibrium with

its surrounding environment. Smaller pores shrink
and heal (see Healing of defects), while larger
sizes grow. The critical radius of a spherical pore
r cr depends on the coefﬁcient of surface tension
γ , the density of point defects, their mobility,
the nature of their elastic interaction with the
pore (see Elastic interaction of defects), the gas
pressure inside the pore and outside the sample,
and other factors. For example, we have r cr =
2γ /[P + k B T N0 ln(1 + c/c0 )] in the presence of
extra vacancies (vacancy concentration c, equilibrium concentration c0 ). Here P is the difference between the pressures inside the pore and
outside the sample, k B is the Boltzmann constant, N0 is the number of atoms per unit volume of material. In polarized substances (with
electric or magnetic moments) the pore tends to
stretch along the moment direction. The equilibrium ratio of pore axes is determined by competition between the growing surface energy and
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the diminishing ﬁeld energy as the lines of force
ﬂatten, so that ratio grows for larger pore volumes. As the pore enlarges it sucks in more
and more energy from the ﬁeld, and it eventually reaches the critical size V = V cr , where
1/3
Vcr = 0.476γ (ln(0.309/N 7/6 ))1/6 /(M 2 N 7/6 ).
The principal axes of the demagnetization factor
tensors of the sample and pore (see Demagnetization) are assumed to coincide. Here M is the
moment per unit volume, and N is the principal
value of the sample demagnetization tensor along
the pore axis. As a rule, the segregation of impurities in the pore surface layer lowers the surface
tension and results in a lower r cr .
CRITICAL REGION, critical temperature range

A ﬂuctuational range in the neighborhood of
a phase transition, located in the phase diagram
adjacent to the second-order phase transition line,
or to the critical point, where the thermodynamics
and dynamics of the system are strongly affected
by critical uctuations of the order parameter. The
size of the critical region is characterized by the
Ginzburg number, and depends on the type of
interatomic (electron, spin) interaction potential
associated with the phase. The behavior of the
system in the critical region may differ both quantitatively and qualitatively from that predicted by
the Landau theory of second-order phase transitions.
CRITICAL STATE

The limiting equilibrium state of a two-phase
system at which the physical differences between
the two phases vanish. For example, the α- and
γ -phases of cerium with the same face-centered
cubic lattice become identical in the critical state.
The “liquid–vapor” case is quite well known. The
critical state on a phase diagram corresponds to
a critical point or critical line. When approaching that point critical uctuations of the density
of the substance become very much larger, while
the latent heat of a rst-order phase transition approaches zero. At the critical point itself the phase
transformation occurs simultaneously throughout
the entire system, similar to a second-order phase
transition. The values of the state parameters for
the critical state are called critical parameters,
e.g., critical temperature, critical pressure, critical
volume.
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CRITICAL STRAIN, critical degree of deformation
The extent of strain that results in a qualitative

change in the behavior of a material under a given
external action (e.g., deformation which produces
sample failure), or an irreversible change of the
sample shape (i.e. plastic deformation). Sometimes
one may speak about a critical deformation with
respect to certain physico-chemical characteristics
of a solid, in particular about a critical plastic deformation resulting in recrystallization, etc.
CRITICAL SUPERCOOLING FIELD
The value of the magnetic eld Bs at which

a sample in a normal (i.e. nonsuperconducting)
metastable state transforms into a superconducting state. A type I superconductor can be supercooled, meaning that it can remain in the normal
state when the temperature is below the superconducting transition temperature T c , and the applied
magnetic ﬁeld is also below the thermodynamic
critical magnetic eld B c . A further lowering of
the applied ﬁeld to the value B s brings about a
phase transition to the superconducting state. The
effect is only observed in pure (type I) superconductors, and its magnitude is characterized by the
ratio α = Bs /Bc < 1. In some superconductors
(Al, In, Sn, etc.) the extent of the overcooling may
be quite signiﬁcant, and indium has been supercooled down to α < 0.1.
CRITICAL TEMPERATURE

A temperature corresponding to a critical point,
i.e. a point on a phase diagram at which the equilibrium curve for two phases in contact comes to
an end. The concepts of critical temperature and
critical point were introduced by D.I. Mendeleev
(1860). The critical point is an isolated point of
a second-order phase transition, and more generally Tc is often understood as the temperature
of second-order phase transitions, including cases
when the phase diagram contains a line or even a
range of continuous phase transitions. The thermodynamic potentials of the system, which are
functions of thermodynamic variables (such as
temperature, volume, electric or magnetic polarization), feature singularities at T = Tc . While
approaching Tc their derivatives, such as susceptibility, speci c heat, etc., may grow without limit.
In the neighborhood of Tc the temperature dependences of thermodynamic variables are described

by power law functions (see Critical phenomena,
Scaling invariance hypothesis). Several examples
of critical temperatures are: transformation of a
metal to a superconducting phase, transitions to
magnetically ordered or ferroelectric states (Curie
point), and transformation of a liquid to a super-

ﬂuid state.
CRITICAL TEMPERATURE OF
SUPERCONDUCTORS

Transition temperature Tc from the normal
state of ﬁnite resistance R to the superconducting state of zero resistance, which is speciﬁc for
each superconductor (see Fig.). In the absence of
a magnetic ﬁeld the transformation corresponds to
a second-order phase transition. For the phonon
mechanism of superconductivity the value of Tc
depends on the magnitude of the electron–phonon
interaction constant λ. This interaction involves
the attraction between pairs of electrons in the
vicinity of the Fermi surface with the formation of Cooper pairs, despite repulsion from the
Coulomb interaction. The calculation of Tc from
ﬁrst principles is so complex that Tc is usually
estimated from its dependence on various parameters in terms of simpliﬁed models. The most useful
approach involves the Bardeen–Cooper–Schrieffer
theory (BCS) which yields the following expression for Tc :
Tc ≈ ΘD e−1/g .
Here Θ D is the Debye temperature, and g is a dimensionless positive coupling constant, with the
BCS model value given by g = N(EF )(Vph − Vc ),
where N(EF ) is the density of states of electrons at the Fermi level EF , Vph and Vc are the

Critical temperature of superconductors.

CROSS-RELAXATION

matrix elements of the electron–phonon interaction (second order in perturbation theory) and the
Coulomb repulsion, respectively. Note that g > 0
for Vph > Vc , corresponding to the BCS criterion for superconductivity. A more accurate accounting for the Coulomb repulsion in the energy
range near EF results in its signiﬁcant weakening
(the logarithm ln[EF /(ωD )] becomes large (see
Bogolyubov–Tolmachyov logarithm) and a softening of the superconductivity criterion
Vph > Vc∗ ≡

Vc
.
1 + N(EF )Vc ln[EF /(ωD )]

McMillan (1968) was the ﬁrst to make approximate calculations of Tc for the cases of intermediate and strong coupling in the limit λ  1. He used
the integral Eliashberg equations and obtained:


ΘD
1.04(1 + λ)
,
exp −
Tc =
1.45
1 − μ∗ (1 + 0.62λ)
where μ∗ = N(EF )Vc∗ is the Morel–Anderson
Coulomb pseudopotential.
CROSS-DEFORMATION INTERACTION,
electron–phonon interaction in one-dimensional
metals
Interaction between conduction electrons and
long-wave phonons in conductors exhibiting onedimensional electrical conductivity (one-dimen-

sional conductors). It is produced by modulation of a random static scattering ﬁeld of impurities or other defects by a sound wave. It
is non-diagonal in the electron momenta at the
Fermi surface of a one-dimensional metal, i.e. the
sign of the electron velocity can change due to
this interaction. It is similar to the common deformation interaction (A.I. Akhiezer, 1938) that
is described by introducing an additional term
Hd = λik uik into the Hamiltonian of an electron,
where the strain potential tensor λik is of the order of the Fermi energy, eF , and uik is the strain
tensor. The cross-deformation interaction results
in the appearance of a new term in the Hamiltonian, its structure schematically represented by
Hcd = Δik uik , where Δik is the complex crossdeformation potential tensor. In the case of the
weak scattering of electrons at impurities (defects), the cross-deformation interaction appears
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much weaker than deformation scattering, meaning | ik |/λik ∝ (eF τ )−1/2 for eF τ
1, where
τ −1 is the frequency of electron–impurity scattering. However, since the deformation potential
in one-dimensional metals does not depend on the
quasi-momentum of the electron at the Fermi surface, and the electron energy bands do not overlap, the Coulomb interaction between the electrons
almost completely screens the potential λik (to the
accuracy of terms in (qa)2 of the order of magnitude (qa)2  1, where q is the wave number
of sound, and a is the crystal lattice constant).
Therefore, alongside the inertial interaction resulting from the Stewart–Tolman effect, the crossdeformation interaction is the principal type of interaction of electrons with long-wavelength sound
waves in one-dimensional metals (see Electron–
phonon interaction).
CROSS-LINKING OF POLYMERS
See Polymer cross-linking.
CROSSOVER TRANSITIONS
See Direct transitions.
CROSS-RELAXATION
Relaxation processes in spin and other quan-

tum systems with non-equidistant energy levels
that control the reestablishment of equilibrium between these levels after excitation by a radiation
source. For example, consider a spin system with
two resonant frequencies ωa and ωb , so that the
difference between them does not exceed their
line widths. The process of cross-relaxation develops via mutual spin ﬂips, the so-called spin-ﬂip
process, resulting from the magnetic dipole interaction between the spins. It can also involve spin
exchange. The extra energy (ωb − ωa ) released
during cross-relaxation is compensated by the increase of the dipole–dipole interaction energy of
the spin system.
Cross-relaxation processes may involve two
qualitatively different types of spin systems: resonant frequencies ωa and ωb for different types
of spins (Fig. (a)); and frequencies ωa and ωb for
one and the same spin type (Fig. (b)). The latter
case can occur in a system with S > 1/2 under
the inﬂuence of a crystalline electric ﬁeld. The rate
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CROSS-SECTION

Examples of cross-relaxation processes.

of cross-relaxation depends strongly on the difference between the energies of the respective levels, and becomes negligible when this difference
exceeds the average dipole–dipole interaction energy. This phenomenon was initially observed
during nuclear magnetic resonance in LiF where
the rate of transfer of resonance saturation from
the Li7 nuclei to the F19 nuclei depends on the
value of the applied magnetic ﬁeld. The process of
cross-relaxation can decrease the spin–lattice relaxation rate of a slowly relaxing system of spins
by coupling them with another spin system that relaxes more rapidly via a much shorter spin–lattice
relaxation time. Cross-relaxation is thus a mechanism for thermal contact between the two spin
systems. For example, slowly relaxing nuclear
spins can transfer their energy to the lattice much
more rapidly if they undergo cross-relaxation with
rapidly relaxing electronic spins. Beside these
two-spin cases, cross-relaxation processes may involve larger numbers of spins, such as during
dynamic nuclear polarization.
CROSS-SECTION of a process, effective
cross-section

A factor characterizing the averaged rate of
change in the state of particles as a result of their
interaction (scattering, dispersion, chemical, nuclear and other reactions). Let the velocity of one
of two interacting particles relative to each other
be v. Consider a system of N (cm−3 ) ﬁxed and n
(cm−3 ) particles moving with relative velocity v
in some initial state, with their ﬂux characterized by the intensity Φ = nv particles·cm−2 ·s−1 .
The cross section σ of the process of transition
from the initial to the ﬁnal state caused by particle interactions is determined from the relation
dn/dt = σ ΦN = γ nN , where t is the time, and

γ = σ v is the probability of an elementary act of
the process. The cross-section σ at a given Nnv
deﬁnes the fraction of particles undergoing the
change: dn/n = σ Nv dt .
The change caused by scattering is usually
characterized by a scattering angle θ , by the
change of scattering energy of the particles, or by
the value of their orbital angular momentum l after scattering. In the case of nuclear or chemical
reactions, the system after the reaction is deﬁned
by the ﬁnal reaction products and their states.
If it is necessary to determine the rate of reaction product formation by characteristics from an
inﬁnitesimal interval of values, then differential
cross-sections are used. For example, scattering in
the interval of angles [θ, θ + dθ], and scattering
with power transmission from the incident particle
to the scatterer in the energy (temperature) interval
[T , T + dT ], are characterized by the differential cross-sections dσ/dθ , dσ/dT , etc. The corresponding total cross-sections are σ = (dσ/dθ) dθ
and σ = (dσ/dT ) dT , where the latter integration is from T = 0 to T = Tmax , representing the
maximal energy transferred in the interaction.
The cross-section is deﬁned by quantummechanical probabilities of transitions between
initial and ﬁnal states of the system under the inﬂuence of particle interactions, or by reasoning from
the classical mechanics equations of motion. Both
the scattering cross-section and cross-sections of
various reactions often differ appreciably from the
geometrical cross-sections of the interacting particles, or from dimensions deﬁned by the radius
of action of a short-range force, and they can
be much larger or much smaller than the geometrical dimensions. Thus, the elastic scattering
of particles on a ball of radius r is characterized in classical mechanics by the cross-section
σ = πr 2 corresponding to the maximal geometrical ball cross-section. Quantum theory takes into
account the wave properties of scattering particles, and provides the expression σ = 4πr 2 for
λ r (λ is the de Broglie wave length, λ = h/p,
p is the scattered particle linear momentum). For
λ  r the cross-section is σ = 2πr 2 , and the contribution to the total cross-section of the order πr 2
gives the small angle scattering. For resonant scattering the elastic scattering cross-section reaches
the value σl = 4πλ2 (2l + 1), and for slow particles with λ considerably exceeding the radius
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of action of the force it is much greater than the
geometrical dimensions of the system. This effect
has a quantum origin. The opposite situation with
the cross-section much smaller than geometrical
dimensions is realized in reactions where there
is an energy potential barrier between the interacting particles. Then, on the average, repeated
approaches of reacting particles are necessary to
overcome the barrier. A similar situation often occurs in quasi-chemical reactions involving point
defects in a solid.
CROSS SLIP

A transition of helical sections of dislocations
from one slip plane with the normal n, to another
one with normal m, if the line of the intersection
of these planes is parallel to the Burgers vector
of the dislocation b, i.e. [n × m]||b. A slip plane
is the closest packed plane of a crystal on which
dislocations glide. The cross slip appears, ﬁrst of
all, near the obstacles for the usual dislocation slip.
If such an obstacle is local, then after the motion
within the cross slip plane the dislocation may return to the initial plane, i.e. the process of double
cross slip takes place. It is experimentally established that in face-centered cubic single crystals
the beginning of the third stage of hardening is associated to the fact that as a result of the stress
concentration by single or multiple steps there appear areas of dislocation lines which may perform
cross slip. The process of cross slip determines the
creep of metals in the interval of moderate temperatures (e.g., for aluminum single crystals within
the temperature range 0 to 100 ◦ C).
CROWDION (fr. crowd)

A speciﬁc quasi-one-dimensional point defect
of the type of an interstitial atom such that adjacent atoms are preferentially displaced along one
of the directions of dense packing. The extra atom
in a crowdion in a fully packed row displaces 5
to 10 atoms along the line by individual minimal
distances (much shorter than the interatomic distance a, see Fig.). H. Paneth (1950) introduced the
concept of a crowdion to describe self-diffusion
in alkali metals with BCC lattices (with crowdion
direction 111). Experimental data are available
proving the existence of crowdions in FCC metals
(Cu, Ni) at low temperatures (along the 110 direction). A crowdion may form during radiation.

Crowdion.

A dynamic crowdion appears when a pulse sufﬁcient to displace a neighboring atom is transmitted
along a fully packed atomic row to one of the
atoms of the crystal. A relay displacement then
takes place, and the crowdion propagates along
the direction of the transferred pulse. A site vacancy remains at the site of the initially dislodged
atom. A dynamic crowdion is able to propagate
a distance of the order of 103 a from the position
of the initially dislodged atom. A static crowdion may remain stable in some crystals within
a certain range of temperature. It propagates as a
whole, and the process involves one-dimensional
diffusion along the atomic line. Although a crowdion can travel a long distance, the displacement
of an individual atom at each step in the displacement process is the same (equal to a). In its
quantum-mechanical description the crowdion is a
quasi-particle (a crowdion wave).
CRYOCRYSTALS

Solidiﬁed gases, i.e. crystals formed by atoms
or small molecules with weak intermolecular interaction forces, which therefore feature low crystallization temperatures. Their relative simplicity is
convenient for studies of the general properties of
the crystalline state of matter.
Atomic cryocrystals – solid Ne, Ar, Kr, Xe are
closest to theoretical models of crystals with central force interactions. They form face-centered
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cubic lattices containing identical atoms interacting via valence forces of attraction, and dispersion forces of repulsion. Their low-frequency
collective excitations are phonons, and their highfrequency ones are excitons.
Solid N2 , O2 , CO, CO2 , CD4 , etc., are molecular cryocrystals. Their molecules may be considered nondeformable since their intramolecular
forces are much stronger than the intermolecular
ones. Due to their rigidity these molecules rotate
as whole units. Non-central interaction forces (dispersion, exchange, and multipole) result in certain
orientations of these molecules in the crystal lattice. Phase transitions mainly arise from changes
in that orientational order. Their collective excitations are phonons (both acoustic and optical);
librons (which appear only when some long range
orientational order exists); bound intramolecular
vibrations; excitons, and their combinations. If
the central interaction dominates over the noncentral variety (e.g., in solid CD4 ), the breakdown
of long-range orientation order (orientation melting) occurs within the solid phase. Regions of
short-range orientational order may still persist in
orientationally disordered crystals. With increasing temperature these regions shrink, and librons
transform into weakly perturbed rotations. Of particular interest is solid oxygen, a molecular magnetic substance with particular structural features
and collective excitations (magnons, biexcitons)
that result from the uncompensated electron spin
of its paramagnetic O2 molecule.
Quantum crystals form a separate group of
cryocrystals (3 He, 4 He, H2 , HD, D2 and CH4 ).
The dynamics of the translational and rotational
motions of these molecules deﬁes a classical description, being controlled by the laws of quantum
mechanics instead.
The weak intermolecular interactions, small
size, and light mass of these molecules all combine
to produce properties typical of cryocrystals: low
crystallization temperature, strength and thermal
conductivity, and high plasticity, compressibility,
vapor pressure, and thermal expansion coefﬁcient.
CRYOGENIC TECHNOLOGY

Branch of technology involving the development, manufacture and use of instruments and
machines that produce and maintain low temperatures, and that can liquefy and separate various

gases. Industrial applications of cryogenic technology are numerous, since pure oxygen obtained
by liquefying air and separating its gases at low
temperature is widely used in metallurgy and other
industries. Liquid nitrogen, also obtained from liquid air, is more and more widely used for the longterm preservation of food products and biological
materials, to operate transport refrigerators, for
the needs of cryofracturing of various substances,
etc. Various options of hydrogen liqueﬁers (up to
104 l/h), helium liqueﬁers (100 l/h), and refrigerators which reach millikelvin temperatures using
3 He dissolved in superﬂuid 4 He are manufactured.
Cryogenic technology applies low-temperature
methods to other technical areas, such as superconductivity. Using the phenomenon of superconductivity one may develop economically efﬁcient
systems (e.g., large-scale magnetic devices with
superconducting magnets for nuclear magnetic
resonance imaging, accelerators, and thermonuclear installations). One may attain high speciﬁc
power output for electric motors and generators,
achieve very high sensitivities in measuring devices using the Josephson effect, etc. Projects
are in progress to build superconducting electric
power lines and transportation systems.
CRYOGENIC TEMPERATURES

Low temperatures, in the range from 120 K to
below 1 K (see Low-temperature physics).
There exist various methods of deep freezing, or reaching these temperatures: cooling a gas
when throttling (Joule–Thompson effect), isoentropic gas expansion in a gas expander, desorption
cooling, expansion liquefaction, vapor pumping
over a cooling agent, and so on. Combinations of
two or more methods are often used.
The liquefaction of nitrogen, hydrogen and
helium provides the principal refrigerants in technical and scientiﬁc research. Vapor pumping over
these liquids produces low temperatures in the
range of 120–0.25 K (N2 ∼ 120–63 K; H2 ∼
20–10 K; 4 He ∼ 4–0.7 K; 3 He ∼ 3–0.25 K).
These refrigerants are employed in practice for
cooling various electrical engineering devices (superconducting magnets, power transmission lines,
electric generators, electric motors, transformers,
etc.), electronic devices (radiation detectors, ﬁrst
stages of ampliﬁers, computer elements, etc.) and
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other units. Deep freezing is used for gas blend
separation, gas puriﬁcation, cooling of food, and
for other purposes in medicine, construction, engineering, and so on.
CRYOSORPTION (fr. Gr. κρυoς , cold, and Lat.
sorbeo , absorb)

The process of absorption of gas from the
environment by a strongly cooled solid or a cryogenic liquid called a cryosorbent. The removal
from the gas phase by the liquid cryosorbent is
called absorption. This process is explained by
the ﬁnite solubility of certain gases in cryogenic
liquids. A solubility coefﬁcient α (in m3 per ton
of cryosorbent at 0 ◦ C and 760 mm Hg) is introduced. The value of α is a function of the partial
pressure, P , and the amount of the absorbed gas is
given by the expression σ = αP . The coefﬁcient
α has a different dependence on the temperature
for different materials. It decreases with the temperature if gaseous H2 or He is absorbed by liquid
nitrogen; while for most gases absorbed by liquid
methanol it grows with the drop in temperature.
The absorption process is used in several separation cycles. During cryosorption of vapors by
porous solids capillary condensation may occur.
Cryosorption of vapors from certain multiphase
gas systems may proceed by way of freezing the
atoms of highly volatile fractions into a solid
layer of a weakly volatile fraction precipitated at
a cooled surface.
A special case of cryosorption is adsorption of
a material from the gas phase by a surface layer
of a cooled adsorbent. The amount of gas, V , adsorbed by a unit mass of adsorbent depends on the
nature of the adsorbent, and that of the adsorbed
substance, and it grows for lower temperatures and
higher gas pressures. The curve describing the dependence of V on P at T = const is called the
adsorption isotherm. The amount of adsorbed gas
is linear with pressure at low pressures, following
Henry’s law: V = kP .
As a rule, several processes proceed in parallel
during cryosorption. Cryosorption is widely used
in systems of vacuum cryogenic evacuation (see
Low-temperature pumping methods).
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CRYOSTAT (fr. Gr. κρυoς , cold, and σ τ ατ oς ,
standing, unmoving)

A device for cryostatting, i.e. for maintaining a constant cryogenic temperature between 0
and 120 K. Cryostats are used to study physical
properties of materials, the phenomenon of superconductivity, to cool photodetectors, and to pursue
other tasks at low temperatures. The simplest cryostat consists of two vacuum concentric bottles. The
inner bottle, where the specimen under study is
placed, is ﬁlled with a cryogenic liquid boiling at
low temperature, e.g., with liquid helium (4.2 K).
The outer bottle playing the role of thermal isolation is ﬁlled with a liquid boiling at a higher
temperature, e.g., liquid nitrogen (77 K). Cryostats
are often used to cool and store the specimen at
a speciﬁc temperature within a wide range (from
room to a very low value, e.g., 4.2 K). Such a device is not a cryostat in a strict sense, or is not
one at every temperature. However, if its minimum
attainable temperature falls within the cryogenic
range, it is commonly called a cryostat.
In most cryostats the sources of cold that absorb the heat removed from the specimen are
liqueﬁed gases. The most widely used are liquid nitrogen (N2 ), helium (3 He, 4 He), hydrogen
(H2 ) and, less commonly, oxygen (O2 ). Special
cryostats used to cool photosensors sometimes
contain solid noble gases. More recently compact
refrigerators have been developed that can continuously pump a liquid or gaseous cooling agent
into a cryostat. Together the two units form a joint
cryostatting system. To reach superlow temperatures (T < 1 K) complex multistage devices are
employed which achieve cryogenic temperatures
of a specimen using liquid gases (3 He–4 He solution refrigerators), or through adiabatic demagnetization (see Adiabatic demagnetization cooling).
Depending on the type of study, the cryostat
may include optical windows (optical cryostat), a
superconducting solenoid, a very high frequency
lead, or other devices to probe the specimen in various ways.
Many types of cryostats are available, varying
in purpose, cooling technique, temperature range
covered, permissible thermal load, accuracy, reliability, stability, character of probing, etc.
Two main approaches have been followed in
building cryostats:
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1. Complex design for highly speciﬁc tasks, e.g.,
achieving extra low temperatures, cooling superconducting devices, cooling radiation sensors, solving problems in material development, etc.
2. Simple and cheap universal design for scientiﬁc and technological applications, to cover
a wide temperature range, have short priming
time, quickly reach functional range, have low
maintenance cost, match well with peripheral
measurement devices, permit manipulation of
the cooled specimen, etc.
Choosing the technique of heat evacuation
from the specimen under study is of particular importance, especially for high heat inﬂux. Several
common techniques for heat removal are: thermal radiation exchange, direct mechanical contact
with the cooled surface, heat exchange through a
gas carrier, the Swenson effect, and forced freezing of a target with a cold gas jet. These are
all applicable over a wide temperature range, and
have already reached advanced stages of development.
The most widely applied cryostats make use
of a single cryogenic ﬂuid, and are of two types,
namely liquid immersion and stream ﬂow. To absorb thermal energy from the specimen liquid
cryostats ordinarily use the heat of evaporation of
a liquid coolant, but this only supports a temperature close to the boiling point of the coolant. Over
a wide temperature range heat can be absorbed and
removed via the speci c heat of a gaseous coolant.
The temperature of a ﬂowing gas is easily varied,
with the coolant brought directly to the specimen
in the amount needed to compensate for the heat
input from probing at a given temperature. Stream
cryostats are of a more general nature, and permit
using all the ﬁve known methods of heat evacuation immediately from the cooled specimen.
Stream cryostats have several important advantages over the liquid type: they can achieve any
temperature above the boiling point of the coolant;
the coolant is very efﬁciently utilized; the temperature can be changed rapidly; the cryostat may
be arbitrarily oriented in space; these cryostats are
easily made small, etc. This small size capability is
particularly important when matching cryostats to
standard experimental devices, such as spectral instruments, optical or electronic microscopes, etc.

CRYOTRON

A superconducting device used as a switch,
or a memory cell, in computers. Cryotrons employ the phenomenon of superconductivity turn-off
by a magnetic ﬁeld. The current in an input circuit magnetically controls the superconductingto-normal transition in one or more output circuits.
In practice a cryotron is a superconducting rod, or
more commonly, a thin lm which may be in either the normal (switched-off) or superconducting
(switched-on) state. A different superconductor
with a higher critical ﬁeld controls it. The cryotron
is switched from one state to another by varying
the current through a control circuit. Cryotrons
have the advantage that in their superconducting
state the dissipation of energy in them is zero.
An important characteristic is the switching time,
which in more advanced designs may be as short
as 10−10 s.
CRYSTAL BASAL PLANE
See Basal plane of crystals.
CRYSTAL CHEMISTRY
Branch of crystallography studying the locations of atoms and particles in crystals, and the
nature of their chemical bonds. Crystal chem-

istry brings together the results from experimental X-ray and other diffraction techniques used
to study the atomic structure of crystals (see
X-ray structure analysis, Electron diffraction analysis, Neutron diffractometry), and combines them
with both classical and quantum theories of chemical bonding to compute the energy of crystal
structures, taking into account the crystal symmetry. Crystal chemistry approaches make it possible
to explain, and in certain cases to predict, the positions of atoms and molecules in a crystal lattice,
and their nearest neighbor distances, starting from
the chemical composition of the material.
Chemical bonding between atoms in crystals
results from the interaction between their outer valence electrons. Depending on the nature of the
bonding, the equilibrium distance between atoms
is usually within 0.15–0.4 nm. When atoms are
brought closer together than this a strong repulsion develops. Therefore, to a ﬁrst approximation,
certain “sizes” or characteristic radii may be attributed to atoms for each type of bonding. Then

CRYSTAL CHEMISTRY

one may proceed from a physical model of a
crystal envisaged as an atomic electron-dominated
system, to a geometrical model that looks upon a
crystal as an ordered arrangement of incompressible balls.
A full crystal chemistry description includes
specifying the size of the unit cell, the space group
of the crystal, its individual atom coordinates, distances between them, and the types of chemical
bonds that are present. In addition, the near environment of separate atoms, the characteristic
atomic groupings, thermal vibrations of the atoms,
etc., have to be taken into account.
In terms of the type of their chemical bonding,
crystals may be divided into four major groups:
ionic crystals (e.g., NaCl), covalent crystals (e.g.,
diamond, silicon), metallic crystals (metals and
intermetallic compounds), and molecular crystals
(e.g., naphthalene).
A certain structure is typical for each of these
types of crystals. However, when thermodynamic
conditions change these may sometimes alter
(polymorphism). As a rule, the simpler the chemical formula of the compound, the more symmetric
its structure. Crystals with identical chemical formulae (in the ratios of constituent atoms) may
have identical crystal structures (identical structural types), despite possible differences in their
bonding type (isostructure). Alkali halides of the
NaCl type and certain oxides (e.g., MgO), as well
as several alloys (e.g., Ti–Ni), are isostructural.
Isostructural crystals with the same kind of bonding are called isomorphic (see Isomorphism). In
many cases a continuous sequence of solid solutions exists between isomorphic crystals.
The geometric model of crystals involves the
concept of effective radii of atoms, molecules and
ions (crystal chemical radii), so that their bonding
distance is equal to the sum of such radii (additivity of crystal chemical radii). Using experimental
data one can tabulate crystal chemical radii for all
the types of bonding (see Atomic radii, Ionic radius). The principal geometric concept in crystal
chemistry is the theory of dense packing that explains the positioning of atoms in certain metallic
and ionic structures graphically. For ionic structures one may talk about “holes” in the packing of
larger anions that are occupied by smaller cations
of similar ionic radii.
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The structural unit in molecular crystals is
a molecule. Crystal chemistry of organic compounds considers the rules of dense packing of
molecules, the relation between the symmetry of
molecules and the symmetry of the crystal, and
the types of organic structures involved. Speciﬁc
crystal patterns are identiﬁed in the structures of
polymers, liquid crystals, and biological crystals.
The coordination number K (see Coordination
sphere) and the type of coordination polyhedron
characterize the chemical bonding of a given atom,
as well as the structure of a given crystal as a
whole. For example, Be (with a few exceptions)
and Ge form a tetrahedral environment (K = 4),
Al and Cr have an octahedron (K = 6) for their
coordination polyhedron, and Pd and Pt are often
square planar coordinated (K = 4). Low coordination numbers point to a signiﬁcant role of directional covalent bonds, and large K values (e.g.,
6, 8, 12) indicate an appreciable role of ionic and
metallic bonding. Bonds of various types coexist
in many crystal structures (graphite, MoS2 , etc.).
Such structures are called heterodesmic structures
in contrast to homodesmic ones, the latter featuring uniform bonding (diamond, metals, NaCl,
crystals of inert elements), and the former mixed
bonding.
The laws of thermodynamics determine
whether or not a particular crystal structure will
form. The structure most stable at a given temperature T is the one that has the lowest Helmholtz
free energy F = U − T S, where U is the bonding energy of the crystal (energy needed to break
up the crystal into separate atoms or molecules)
at T = 0 K, and S is its entropy. The higher
the free energy the stronger the bonding in the
crystal. It is usually within 40–80 kJ/mol for crystals with covalent bonding, is somewhat lower
for the molecular crystals, and is lowest for van
der Waals bonding (4–15 kJ/mol). In practice,
theoretically calculating the free energy and predicting the structure of crystals is only possible for
comparatively simple cases. Such calculations can
be carried out within the framework of the band
theory of solids. In some cases semiempirical expressions for the potential energy of interaction of
atoms in crystals can yield fairly accurate results
for certain types of bonding (see Interatomic interaction potentials).
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Table 1. Meaning of the ﬁrst (I), second (II) and third (III) terms in the International Symbols of the 32 crystallographic
point groups of the seven crystal systems (see ﬁgure).
Crystal system

Position of each term in the symbol
I

II

III

–

–

–

–

Trigonal

Unit symbol corresponding
to any direction
Twofold axis and/or
reﬂection plane
Twofold axis (x) or
reﬂection plane
Threefold symmetry axis

Hexagonal

Sixfold symmetry axis

Tetragonal

Fourfold symmetry axis

Cubic (isometric)

A symmetry element

Triclinic
Monoclinic
Orthorhombic

CRYSTAL CLASSES

Crystallographic classes or symmetry classes
are categories of crystallographic point groups of
symmetry (introduced in 1830 by J. Hessel and,
independently, by A.V. Gadolin in 1867). To denote crystal classes symbols are used (see Crystal
symmetry) that are based on group theory theorems for the combination of symmetry operations.
According to these, the product of two symmetry
elements produces another element of the symmetry group. Table 1 presents notational rules for
crystal classes that are found in various crystallographic systems. For example, the point group
43m corresponding to the mirror plane class of the
cubic system, denoted by Td (dihedral-tetrahedral)
in the Schönﬂies system, has a fourfold inversion
axis (4), a threefold rotation axis (3) and a mirror plane (m). The axial monoclinic point group
(Schönﬂies C2 ) has only a twofold axis. The coordinate and diagonal elements of symmetry are
understood as planes and axes passing along the
coordinate planes (axes) and the bisectors of the
angles between them, respectively. The crystal
classes are separated into primitive (single symmetry axis), centric (symmetry axis plus center
of symmetry), planar (n symmetry planes along
the axis), axial (having n twofold axes normal to
the symmetry axis), etc. Elements of the crystal

Twofold axis (y) or
reﬂection plane
Possible twofold axis or
reﬂection plane
Possible twofold axis or
reﬂection plane
Possible twofold axis or
reﬂection plane
Diagonal threefold axis

Twofold axis (z) or
reﬂection plane
–
Possible twofold axis or
reﬂection plane
Possible twofold axis or
reﬂection plane
Possible twofold axis or
reﬂection plane

classes of the 32 crystallographic point groups are
presented in the ﬁgure.
CRYSTAL CLEAVAGE
The capacity of monocrystals to be split

(cleaved) along certain crystallographic planes
(crystal cleavage planes) on exposure to a mechanical force or impact. The cleavage is related
to the speciﬁc features of the crystal structure.
The crystal is split along directions or planes of
smallest crystallographic indices, which involves
the breakage of the weakest bonds. Thus, the
graphite structure is susceptible to actions counteracting van der Waals forces perpendicular to
(0001), which involves the separation of adjacent sheets of carbon atoms from one another.
Most cubic crystals cleave along cubic planes.
The crystal cleavage plane of BCC metals is often (100), whereas hexagonal crystals cleave along
the basal plane. The orientation of the cleavage
planes of certain crystalline materials (e.g., sphalerite) is determined by the charge of adjacent
separable atomic sheets. Cleavage along planes of
opposite charge requires more energy than splitting along planes containing ions of the same
sign. The following degrees of cleavage of crystals
are distinguished: highly perfect cleavage (cleaved
into thinnest layers), perfect cleavage (crystal split

CRYSTAL DETECTOR

into bars along cleavage plane), average degree
of cleavage (cleavage facets accompanied by randomly shaped facets), imperfect cleavage (fractography patterns exhibit mostly macroscopically
irrational fracture regions), completely imperfect
cleavage (practically no cleavage: fracture is conchoidal).
Cleavage is one of the characteristic properties of a crystalline material. It is helpful for the
determination of a crystal disorientation. Surfaces
of high perfection, exposed on splitting along the
crystal cleavage plane, are convenient for study.
The phenomenon of crystal cleavage is used in
jewelry trades to prepare a gem for its crystal
faceting.
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CRYSTAL DETECTOR, crystal counter

An instrument to record and analyze spectroscopic properties of nuclear particles and photons.
The crystal counter is an electric capacitor (usually
parallel plate type), ﬁlled with a single crystal insulator (e.g., diamond or CdS). A charged particle
entering the dielectric produces ionization along
its path, and free current carriers appear which
are driven to the capacitor electrodes by the external electric ﬁeld. A short electric pulse results,
its amplitude proportional to the energy released
by the particle in the crystal. After ampliﬁcation
it is recorded by a counting device or amplitude
analyzer.
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CRYSTAL DIFFRACTION SPECTROMETERS

Simplicity of design and maintenance, small
size (below 1 mm2 ) and the fact that certain crystals, e.g., diamond, can function at high temperatures, make crystal counters convenient nuclear
radiation detectors that are widely used in physics,
dosimetry, various industrial applications, etc.
CRYSTAL DIFFRACTION SPECTROMETERS

A class of X-ray spectral instruments for studying absorption and emission spectra of matter
and the structural features of monocrystals. Crystal diffraction spectrometers may be single-axis
(sample crystal), double-axis (collimator crystal
plus sample), and triple-axis (collimator, sample,
and analyzer crystals) types. As the number of
elements in the instrument grows, its spectral dispersion and angular divergence of the radiation
diminish, so that it becomes possible to better
expand the diffracted intensity over the angle.
Single-axis diffraction spectrometers are only capable of measuring the integrated intensity of the
diffraction. Double-axis instruments can record
X-ray spectra or rocking curves for monochromatic radiation (i.e. dependence of diffracted intensity on X-ray angle of incidence). They also
provide for antiparallel and parallel positioning of
the crystals so that the resulting dispersion is either
doubled after the beam passes through the sample crystal, or it reverts to zero. The ﬁrst position
is used for spectral studies, and the second (zero
dispersion) for structural studies during which the
width and intensity of the diffraction maximum
are measured. Triple-axis spectrometers permit the
separation of the coherent component of the integrated intensity from the diffuse one. See also
X-ray spectrometer.
CRYSTAL FACETING, crystal cut

Outward shape of crystals speciﬁc for a given
crystal class. Faceting conforms strictly to the

point group symmetry relationships of a crystal
(see Crystal symmetry), and only includes faces of
certain categories, the so-called simple forms (see
Crystal polyhedron). As a rule, the simple forms
that are possible within a given point group symmetry tend to display various combinations one
with another. The shapes of individual crystals are
closely related to their structure. Materials without

clearly preferred directions form, as a rule, uniformly developed isometric polyhedra. The acicular crystals are typical of materials with needlelike
or chain structures; plate-like crystals are typical
of materials with laminated structures, and so on.
In most cases, the only crystal faces that participate in the crystal faceting are those parallel to
crystal lattice planes of the structure. The latter
possesses high reticular density, i.e. their unit area
maximizes the number of particles (Bravais law).
In an ideal case the faces of each simple form must
have the same conﬁguration and dimensions. The
shape of a real individual crystal is determined by
the speciﬁc conditions of its growth: temperature,
pressure, concentration, impurity atoms content,
etc. When characterizing the crystal faceting, the
terms form and habit are commonly used. The former term concerns a general view of a polyhedron
(isometric, acicular, ﬁbriform, etc.), while the latter serves to describe the outward appearance of
the individual crystal with the help of dominant
simple forms (octahedral, prismatic, dipyramidal,
and so on).
CRYSTAL FIELD, internal crystal eld, crystalline
electric eld
The electric ﬁeld at a point within a crystal,

produced by its atoms or ions. This ﬁeld determines energy level splittings of atomic electronic
conﬁgurations, and the periodic potential of the
crystal ﬁeld determines the band structure of the
crystal for an ideal lattice corresponding to the
crystallographic space group. An impurity ion (or
local ionic center) has an energy spectrum determined by the local crystal ﬁeld symmetry. The
internal electric ﬁelds of defects bring about an
inhomogeneous broadening of the spectral lines
of resonant transitions. The line shape (proﬁle)
depends on the nature of the defects and their distribution within the crystal. To compute the shape
of the resonance lines one can use statistical theory
of line shape, or possibly the method of moments.
Crystal eld theory is applied in various
branches of physical science (optics, radiospectroscopy, etc.) to calculate the energy transitions
responsible for spectra. It considers various models of the ﬁeld, and basically accounts for the spatial motions of electrons and nuclei. Energy level
splittings produced by the crystal ﬁeld generally
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lie in the optical frequency range (1013 –1015 Hz).
Accounting for the spin variables along with the
spatial degrees of freedom results in an additional
splitting or shifting of the levels. The crystal ﬁeld
affects the spin through the spin–orbit interaction.
Spin level splittings may be treated using a framework similar to crystal ﬁeld theory called the spin
Hamiltonian technique. The energy level spacings
associated with electron spin interactions lie in the
frequency bands of electron paramagnetic resonance (108 –1011 Hz), while those resulting from
the nuclear spin are 2 to 3 orders of magnitude
smaller, the same as the frequency range of nuclear magnetic resonance.
CRYSTAL FIELD GRADIENT

A symmetric second-rank zero trace tensor
with components equal to the second derivatives
of the potential V (r) of the electric ﬁeld at
the site of an atom or ion in a crystal: Vαβ =
(∂ 2 V /∂xα ∂xβ )|r=0 . The crystal ﬁeld gradient deﬁnes the energy H of the quadrupole moment
Qαβ of a nucleus (see Quadrupole), located at the
site:
 (2)

Qαβ Vαβ =
Qm V−m ,
H=
αβ

m

(2)

where Qm are the components of the tensor operator of the nuclear quadrupole moment:
1
Vzz ,
2
 1/2
1
V±1 = ±
(Vxz ± iVyz ),
6
 1/2
1
V±2 =
(Vxx − Vyy ± 2iVxy ).
24
V0 =

The crystal ﬁeld gradient of the tensor Vαβ in a
system with two principal axes is characterized
by two independent parameters eq = Vzz and η =
(Vxx − Vyy )/Vzz , where |Vzz |  |Vyy |  |Vxx |,
the dimensionless asymmetry parameter η is limited to the range 0  η  1, and the Hamiltonian
of the quadrupole interaction assumes the form
−1

H = e2 qQ 4I (2I − 1)



× 3Iz2 − I (I + 1) + η Ix2 − Iy2 ,
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where q is the quadrupole moment of the nucleus with a spin I  1. The crystal ﬁeld gradient
for cubic symmetry is zero. When calculating a
crystal ﬁeld gradient one has to take into consideration the ﬁelds of point charges (lattice summation
carried out by the Ewald method), and the multipole moments of ions and conduction electrons.
To take into account the polarization of the full
electron shells of an ion in the crystal e ld, its
ﬁeld gradient at the nucleus is written in the form
(1 − γ )Vαβ , where γ is the antiscreening factor.
For most ions the value of γ is within the range
from −10 to −100.
CRYSTAL FIELD SPLITTING
See Bethe splitting.
CRYSTAL FIELD THEORY (H. Bethe, 1929)
Theory describing electronic states of ions with
unﬁlled d- and f -shells in crystals. The scope

involves such areas as optical spectroscopy, magnetic properties, and mechanisms of the electron–
phonon interaction, in crystals containing ions of
the three transition metal groups, the lanthanides,
and the actinides. Crystal ﬁeld theory treats the
splitting of electronic energy levels of localized dand f -electrons by an effective internal crystalline
ﬁeld. The Hamiltonian is solved using perturbation techniques for a single conﬁguration, with the
states of a single electron in the central ﬁeld of
a free ion taken as the zero-order approximation.
The perturbation operator deﬁned in the space of
the wave functions of the (nl)N -shell equals the
sum of the energies of the electrostatic interaction,
Hee , the spin–orbit interaction, H so , and the energy of the electron in the crystal ﬁeld, Hc . The
Hamiltonian, Hc is averaged over the radial distribution of electron density, and has the form:
Hc =

N 

i

(k)

(k)

Bqk Cq (i),

kq

where Cq (i) are spherical operators in the space
of angular variables of the ith nl-electron, and
Bqk are the crystal ﬁeld parameters, quantitative
characteristics of the potential of the electric ﬁeld
at the paramagnetic ion site in an equilibrium
conﬁguration. They have dimensions of energy,
are generally complex, and satisfy the relations
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k . The number of independent
Bqk ∗ = (−1)q B−q
parameters depends on the symmetry of the crystal
ﬁeld, while the structure of the operator Hc is determined by the choice of local coordinate system.
For example, a cubic crystal ﬁeld has the octahedral point group of symmetry Oh . In the system of
Cartesian coordinate axes coinciding with the C4
symmetry axes the Hamiltonian of the electron interaction with the cubic crystal ﬁeld is given by



5  (4)
(4)
(4) 
C + C−4
H = B4 C 0 +
14 4



7  (6)
(6)
(6) 
+ B6 C 0 +
C4 + C−4 .
2

The even component of the crystal ﬁeld potential
is the same in the case of tetrahedral (Th , Td ) coordination. Often the cubic symmetry component
dominates at a low-symmetry site. The parameter
10Dq = (10/21)B4 equals the difference between
the two d-electron energies in a crystal ﬁeld of cubic symmetry (doublet eg and triplet t2g states),
and provides a measure of the ﬁeld “strength” for
ions with partially ﬁlled d n -shells. The f n -shell
multiplet splittings in cubic symmetry are deﬁned
by the parameters B4 and B6 , and the structure
of the wave functions of the respective states depends on only a single parameter (x), proportional
to the ratio B4 /B6 . The effects produced by the
spatial correlation of electrons, and the change of
the electrostatic interaction parameters in the crystal ﬁeld, are described by a two-term operator:

 (k) (k k )k
(2)
C (k1 ) (i) × C (k2 ) (j ) Bq  Bq 1 2 ,
Hc
i>j

that has a complex tensor structure. The parame(k k )k
ters Bqk , Bq 1 2 can be evaluated from optical
or magnetic measurements, or computed within
various crystal ﬁeld models. Quantum-mechanical
calculations taking into account the electron structure of the nearest neighbors of a paramagnetic
ion are sometimes called ligand ﬁeld theory. When
calculating the energy spectrum of the (nl)N electron shell one should distinguish between strong
crystal ﬁelds (ions of 4d and 5d transition groups,
Hc > Hee > Hso ), intermediate ﬁelds (ions of
the 3d iron group, Hc ∼ Hee > Hso ), average
ﬁelds (Hee > Hc > Hso ), and weak ﬁelds (rareearth elements, Hee > Hso > Hc ). Various options

for constructing the matrix of the Hc operator
depend on the choice of the basis for the zeroth approximation (e.g., single electron wave functions,
functions of terms |γ LSML MS , or functions
of multiplets |γ LSJ MJ ). Piezospectroscopic or
electric ﬁeld effects in the spectra of paramagnetic crystals can result from changes in the crystal
ﬁeld during corresponding external actions on the
lattice. Modulation of the crystal ﬁeld by lattice vibrations is the principal mechanism of the
electron–phonon interaction.
Crystal ﬁeld models help with computational
techniques. The simplest and historically the ﬁrst
point charge model envisaged the crystal lattice as
a collection of point charges Qλ e located at lattice
sites (λ labels the site), with the charges themselves prescribed by the valences of the respective
ions. To determine the ﬁeld of point charges one
has to calculate the lattice sums:
1/2

 
4π
k
q
e2 r k
Bq = −(−1)
2k + 1
×

k (θ ϕ )
 Qλ Y−q
λ λ
λ

Rλk+1

,

where Yqk are spherical harmonics, rλ , θλ , ϕλ are
the spherical coordinates of site λ (the paramagnetic ion is at the coordinate origin), and r k 
are the moments of the electron radial density
in the unﬁlled shell. Discrepancies of an order
of magnitude often exist between calculated and
measured crystal ﬁeld parameters. To account
for this one may consider changes in the radial
density of the d- and f -electrons in the crystal
ﬁeld, ﬁelds of point multipole moments (dipoles,
quadrupoles), the distribution of charges of lattice
ions, screening of f -electrons by the outer ﬁlled
electron shells, etc. The electronic structure of selected complexes that include the paramagnetic
ion and its nearest neighbors (ligands) immersed
in the crystal is treated by cluster models (see
Cluster). Electron energies in the complex are
calculated using a one-electron Hamiltonian that
operates in the space of molecular orbitals (LCAO
method, see Molecular orbital), or in the space of
mixed conﬁgurations. Charge transfer from the
ligands to the paramagnetic ion is also taken into
account (the Heitler–London approximation). To
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simplify estimates of matrix elements of the oneelectron Hamiltonian (see Single-electron approximation) one uses either the Mulliken–Wolfsberg–
Helmholtz method (R.S. Mulliken, M. Wolfsberg,
G. Helmholtz, 1952) or the local exchange potential (Xα -technique). The dominant role in forming
the energy spectrum of the cluster and the corresponding potential of the effective crystal ﬁeld
involves effects produced by the overlapping of
the spatial distributions of charges of the ligands
and the paramagnetic ion. Among such effects are
the Kleiner correction to the Coulomb ﬁeld of the
ligands, the exchange interaction, the mutual nonorthogonality of wave functions of the ligands and
the metal ion, covalency, virtual excitations of the
cluster accompanied by charge transfer from the
ligands to the paramagnetic ion, followed by the
formation of holes in its ﬁlled electronic shells.
One may explicitly determine the interrelations between the composition and structure of the
crystal lattice, on the one hand, and the energy
spectrum of the paramagnetic ions on the other,
using semiphenomenological models that involve
a limited number of parameters determined from
experimental data. The energy of an nl-electron
in an axially symmetric ﬁeld of the ligand λ is
k
(k)
equal to Hc(λ) = k B 0 (Rλ )C0 (quantization
axis parallel to r λ ). Assuming that individual ligand ﬁelds may be summed, and using the power
k
−t
series approximation B 0 ∝ Rλ k , one may express the terms of the crystal ﬁeld through four
(k = 2, 4 for l = 2) or six (k = 2, 4, 6 for
l = 3) parameters of the “superposition model”
k
B 0 , tk . To parameterize the spectra of paramagnetic ions using the model of angular overlap and
the model of exchange charges it is sufﬁcient to
k
represent the functions B 0 (Rλ ) by linear combinations of squared overlap integrals of the wave
functions of the d- (or f -) electron with the ligand
wave functions. Satisfactory models are still lacking for rare-earth metals and actinide compounds.
The so-called odd components of the crystal ﬁeld
are treated separately since they mix together the
states of different parity that correspond to the
ground state ((nl)N , 1 = N < 2(2l + 1)), and

to the excited ((n l  )4l +1 (nl)N+1 , (nl)N−1 (n l  ))
electronic con gurations of the ions of rare-earth
and transition metals. The energy of a localized
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electron in an odd crystalline ﬁeld corresponds
2p+1 2p+1
to the Hamiltonian H =
Bk
Ck
, deﬁned in the subspaces of one-electron functions
2p+1
n l  ml |, |nlml  with their parameters Bk

(where 0  p  (l + l − 1)/2) different from zero
when the point group of symmetry of the ion does
not include inversion. The odd components control
the intensities of the dipole transitions between the
states of an unﬁlled (nl)N -shell (forbidden for free
atoms), as well as the linear electric eld effects
in optical spectra and the spectra of paramagnetic
crystals.
When perturbation theory is applicable one can
introduce an effective operator (H A + AH )/Δ instead of the odd single particle operator A in the
space of states of the basic electron conﬁguration.
Here Δ is the average energy difference between
the excited and ground state conﬁgurations. Additional terms in the effective operator of the dipole
moment proportional to the squared electron radius (r 2 ) are called pseudo-quadrupole moments.
Calculating the Stark structure of the spectrum of
the unﬁlled shell, the effective even ﬁeld H 2 /Δ
is allowed along with the even component of the
crystal ﬁeld. The odd components, induced by odd
vibrations, deﬁne the intensities of the electron–
vibrational transitions between the states of the
same parity for ions in the crystal lattice sites, the
latter also serving as the centers of symmetry.
CRYSTAL GRAINS
See Polycrystal.
CRYSTAL, IDEAL
See Ideal crystal, Perfect crystal.
CRYSTAL LATTICE

A geometrically ordered arrangement of atoms
(ions, molecules) typical of the crystalline state of
matter (see also Lattice). The geometry of an ideal
crystal involves a spatial periodicity (translational
symmetry, see Crystal symmetry) characterized by
three noncoplanar basis vectors a j (j = 1, 2, 3)
such that the displacement of the lattice by a vector n1 a 1 + n2 a 2 + n3 a 3 (n1 , n2 , n3 are integers)
brings it into itself. If every a j is selected to be
the shortest possible displacement in its respective
direction, the parallelepiped formed by the three
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basis vectors is called the unit cell or the primitive parallelepiped. By simply replicating the unit
cell in space one may generate the entire crystal
structure. The choice of the set of a j vectors is
not unique; yet the unit cell volume is independent
of such a choice. If a unit cell can be chosen so
that it contains only a single atom then it is called
a primitive cell. All other unit cells are called
nonprimitive cells. A complex crystal lattice may
be envisaged to consist of one or several Bravais
lattices ﬁtted into each other, each such Bravais
lattice being built of atoms of a single type. The
presence of a crystal lattice explains the phenomenon of anisotropy of crystals and crystal faceting.
Experimentally, crystal lattices can be identiﬁed
and classiﬁed by X-ray, electron, and neutron diffraction techniques.
CRYSTAL LATTICE BASIS, unit cell basis

Set of atoms and their coordinates with the
same location at each point of a Bravais lattice. By
adding the basis to the Bravais lattice, one obtains
a crystal lattice structure.
CRYSTAL LATTICE CONSTANTS

The magnitudes of three noncoplanar translations (a, b, c), by which the Bravais lattice may
be constructed for a given crystal. The lattice is
to satisfy three main conditions: (1) the symmetry of the lattice unit cell must correspond to the
microscopic crystal symmetry; (2) the unit cell is
to possess the highest possible number of right
angles (or the highest possible number of equal angles and equal sides); (3) the unit cell is to have a
minimal possible volume (with due regard for the
conditions (1) and (2)). The set of crystal lattice
constants (a, b, c) and the angles between them:
α (between b and c), β (between a and c) and
γ (between a and b), is called the crystallographic
basis. There are seven types of crystallographic
basis sets that correspond to the seven crystallographic systems, as follows:
• a = b = c, α = β = γ = 90◦ , cubic system;
• a = b = c, α = β = γ = 90◦ , tetragonal system;
• a = b = c, α = β = 90◦ , γ = 120◦ , hexagonal
system;
• a = b = c, α = β = γ = 90◦ , trigonal system;

• a = b = c, α = β = γ = 90◦ , orthorhombic system;
• a = b = c, α = β = 90◦ , γ = 90◦ , monoclinic
system; and
• a = b = c, α = β = γ , triclinic system.
CRYSTAL LATTICE DYNAMICS

The branch of solid-state mechanics, which
studies the internal movements within a crystal,
taking into account the discreteness of its atomic
structure. It includes the classical and quantum
mechanics of collective movements of atoms in
an ideal crystal, the theory of interactions of the
crystal with penetrating radiation, and also the dynamics of imperfect crystals.
Due to the strong chemical bonding the internal
motion cannot be described as the superposition
of independent displacements of separate atoms.
If the displacements are small and the harmonic
approximation applies then normal vibrations occur, each of which involves the participation of all
the atoms. The normal vibration has a form of a
plane wave characterized by the wave vector k,
expressed within the ﬁrst Brillouin zone, which determines the direction of propagation of the wave
front, with wave length λ = 2π/|k|, and a polarization vector which indicates the direction of the
displacement of atoms within the wave. During
the course of a normal vibration all the atoms of
the crystal vibrate harmonically near their equilibrium positions at the same frequency ω which is
determined by the dispersion law that connects the
values of ω and k:
ω2 = fα (k),

α = 1, 2, . . . , 3q,

where α denotes the branch of the dispersion law
and q is the number of atoms in the crystallographic unit cell.
In three dimensions there are at least three
branches of vibrations. In the long-wave approximation (λ
a, a is the interatomic distance)
all the atoms in the unit cell vibrate with the
same phase, corresponding to acoustic vibrations
(Fig. 1(a)). In this limit λ
a they are transformed into the usual sound waves in a solid
with the linear dispersion law ω = cs k, s = 1,
2, 3. Acoustic vibrations cover the frequency band
from 0 to 1013 Hz. At high frequencies the dispersion law is no longer linear. However, in the
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Fig. 1. Diagram of a long-wave vibration of a one-dimensional crystal: (a) acoustic mode; (b) optical mode.

Debye model it is assumed that acoustic vibrations
satisfy the linear dispersion law at all frequencies within the range 0 < ω < ωD , where the
Debye frequency ωD is the maximum possible vibrational frequency (1013 Hz), and serves as the
most important parameter of the spectrum of crystal vibrations. In a complex crystal lattice (q > 1),
3q − 3 branches of optical vibrations are possible,
and at k = 0 the center of mass of the unit cell
remains stationary with the motion reduced to relative displacements of atoms within the unit cell
(Fig. 1(b)). In the limit k → 0 the optical vibration
frequencies ω(0) are different from zero. Ordinarily the frequency bands of optical vibrations are
located above those of acoustic vibrations, with a
forbidden region, or band gap, separating them. It
is also possible for acoustic and optical frequency
bands to overlap.
There are crystals in which some optical frequencies strongly depend on external parameters
(temperature, pressure, magnetic ﬁeld, etc.) and
at speciﬁc values of these parameters they may
tend to zero (soft modes). As a result, static relative displacements of atoms can occur, i.e. the
unit cell is restructured by undergoing a structural
phase transition. Optical vibrations of ionic crystals can strongly interact with an electromagnetic
ﬁeld producing coupled polarized vibrations of the
lattice and the ﬁeld. This phenomenon permits the
excitation of optical vibrations of ionic crystals
by incident oscillating electromagnetic ﬁelds (e.g.,
light waves), generally in the IR frequency range,
which is the reason for calling these frequencies
optical.

Many lattice modes can be excited simultaneously with different amplitudes. The total number of possible independent vibrations equals the
number of mechanical degrees of freedom of all
the atoms in the crystal, and their distribution in
frequency is determined by the frequency distribution function ν(ω) (phonon density of states).
The form of ν(ω) strongly depends on the dimensionality of the crystal. In a three-dimensional
lattice at low frequencies (ω  ωD ) for each
acoustic branch ν3 (ω) ∝ ω2 /ωD 3 . For increasing
frequency the behavior of ν(ω) changes: it tends to
zero at the band edges, and within the bands it exhibits Van Hove singularities (Fig. 2). The overall
vibrational density of states is obtained by summing the distributions of the individual branches.
The quantum dynamics of a crystal lattice
is well described by the harmonic approximation: to each wave of normal vibration with frequency ω and wave vector k there is a corresponding quasi-particle with the energy ε = ω
and quasi-momentum p = k, with the number of
quasi-particles proportional to the wave intensity.
These quasi-particles are the elementary excitations of crystals and are called phonons; they
obey Bose–Einstein statistics and form an ideal
gas in the harmonic approximation. At sufﬁciently
low temperatures when the crystal is weakly excited mechanically, its thermodynamic properties
arise from these elementary excitations, and in
particular the lattice portion of the crystal energy
coincides with energy of the phonon gas.
The quantum nature of the crystal motions
is manifested through the presence of so-called
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(1)

Fig. 2. Plot of the frequency distribution function in a three-dimensional crystal for the acoustic (0 < ω < ωm ) and
(2)
(3)
optical (ωm < ω < ωm ) branches, where ω1 , ω2 , ω3 , ω4 are the frequencies of Van Hove singularities.

zero-point vibrations of atoms at T = 0 K. The
amplitude of these vibrations is usually considerably smaller than the interatomic distance, but in
crystals consisting of light atoms it may not be so
very much smaller (quantum crystals He, H2 , Ar).
In solid He the zero-point vibrations are so pronounced that the solid state exists at T = 0 K only
under a pressure of more than 25 atm. At lower
pressures it “melts” and transforms into a quantum
liquid. Other crystals simply melt with an increase
in temperature. Melting involves the disruption of
the crystal structure and the long-range order, and
it occurs when the average amplitude of vibrations
of atoms exceeds some critical value.
With increasing amplitudes of vibration, anharmonic behavior begins to appear. Anharmonic
vibrations cause interactions of phonons and play
an important role in kinetic processes such as thermal conductivity and sound absorption in crystals.
The interaction of phonons with other elementary
excitations (electrons, excitons, spin waves) inﬂuences the dynamics of the crystal lattice through
the electrical conductivity, and the optical and relaxational properties of the crystals. The dynamic
interaction of a crystal with photons (including
X-rays and γ -quanta), neutrons and accelerated
charged particles not only reﬂects the structural
features of the crystalline state, but also provides
experimental methods for investigating the dynamics of crystal lattices. For example, inelastic
neutron scattering can furnish the dispersion law
and polarization of the vibrations; and the Mössbauer effect can provide estimates of the rootmean-square displacements of vibrating atoms.

CRYSTAL LATTICE VIBRATIONS

Coherent oscillatory motion associated with a
crystal lattice. The theory of crystal lattice vi-

brations uses the Born–Oppenheimer adiabatic
approximation (M. Born and R. Oppenheimer,
1927), whereby the relatively light and fast moving electrons adiabatically follow the relatively
slow motion of heavy atomic nuclei or ions. This
justiﬁes presenting the potential energy of a crystal
as a function of atomic coordinates only. Assuming small vibrational amplitudes, the potential
energy is expanded in a power series in the displacements of atoms from their equilibrium positions. Taking into account only quadratic terms of
the expansion corresponds to the harmonic approximation, and leads to linear equations of motion.
If us (n) is the displacement of the sth atom in
the unit cell of vector-number n, its variation with
time is given by the equation:
ms d2 uls (n)  ik
+
βss  (n, n )uks (n ) = 0,
dt 2
 
nsk

where ms is the mass of the sth type of atom, i and
ik (n, n ) are force
k are Cartesian indices, and βss

constants. Normal vibrations emerge as eigensolutions of the lattice vibration equations. There are
3 acoustic vibration modes and 3q − 9 optical vibration modes for q > 3 (q is the number of atoms
in the crystallographic unit cell). Thus the superconductor Tl2 Ba2 CaCu2 O8 has 3 acoustic modes
and 36 optical modes of vibrations (16 Raman active and 20 infrared active).
CRYSTALLINE STATE, GASEOUS
See Gaseous crystalline state.

CRYSTALLIZATION

CRYSTALLITE, MICROSee Microcrystallites.
CRYSTALLITES

Small crystal grains (see Polycrystal) in various polycrystalline formations: metal ingots,
processed metals and alloys, rocks, minerals,
ceramics. Fine monocrystals lacking a clear crystallographic polyhedral shape, and large microcrystals with poorly developed structure (dendrites), plastic deformed microcrystals, etc., are
also called crystallites. Depending on the nature
and conditions of formation, the average size
of crystallites varies within the limits 5–10 μm,
with their orientation either arbitrary or following certain patterns (textures). As far as their
shape is concerned, crystallites may be equiaxial,
columnar, platelike, etc. The crystallite structure
strongly affects the strength, plasticity, and other
properties of a substance as a whole. Quenching the liquid phase yields particularly ﬁne crystallites, down to the so-called X-ray amorphous
structure range (crystallites below 3 nm in size).
CRYSTALLIZATION

The process of transforming a substance from
its liquid, amorphous or gaseous phase into a
crystal. For a crystal to form it is necessary for
the chemical potential μ of the crystal phase
(which depends on pressure p, temperature T , and
concentration c) to be lower than the respective
chemical potential of the initial phase. Since a
crystal phase usually corresponds to lower temperatures, higher pressures and concentrations in
the phase diagram than those found at the point of
phase equilibrium, one needs to produce overcooling T , excess pressure p, or supersaturation
c in the initial phase. The relation between
T , p, c and the change in chemical potential, μ, may be expressed as
T
,
T
p
μ = kB T
,
p

μ=

H

(1)

c
,
c
where H is the change in enthalpy per particle
during the phase transition, and k B is the Boltzmann constant.
μ = kB T
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Crystallization may occur via random formation and growth of crystal precipates (embryos)
in various parts of the total volume of the initial phase, a process called mass crystallization.
During the formation of a precipitate the binding energy of particles entering it (either atoms or
molecules) is released. Energy is expended to form
the precipitate surface. For a spherical precipitate
of radius r the total change of thermodynamic potential is
w(r) = −

4π 3 μ
r
+ 4πr 2 α,
3
v

(2)

where v is the volume per individual atom or
molecule, and α is the interphase energy per unit
surface area of the precipitate (coefﬁcient of surface tension). The function w(r) is nonmonotonic,
and reaches a maximum at r = 2αv/ μ. The corresponding radius of the precipitate is called the
critical radius r c , and the energy of its formation
is w(rc ) = (16π/3)(α 3 v 2 / μ2 ). Precipitates of
a critical radius (see Critical embryos) are in a
state of unstable equilibrium with their environment. An increase or decrease of the precipitate
radius results in its growth or decay, respectively.
When a precipitate forms in an initial phase containing no extraneous microimpurities, the process
of its formation is called homogeneous precipitation.
When the initial phase contains microimpurities, critical precipitates may form at their surface
(or on the walls of the container). In that case,
the formation process is called heterogeneous precipitation. The ratio between the work required
to form precipitates of a critical radius heterogeneously and homogeneously is given by
1
ψ(θ) = (1 − cos θ)2 (2 + cos θ),
4

(3)

where θ is the edge angle depending on the
coefﬁcient of surface tension at the system interfaces. These are the initial phase–microimpurity;
microimpurity–crystal; and crystal–initial phase
interfaces. Wetting lowers the work of precipitate
formation. The number of precipitates of a critical radius per unit volume of the initial phase is
proportional to the probability of their formation:
exp[−w(rc )/(k B T )]. The respective proportionality coefﬁcient is close to the number of molecules
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in a unit volume, n. The rate of formation of precipitates I , i.e. the number of precipitates formed
in a unit volume per unit time, may be determined
within the formalism of the thermodynamic theory
of their formation. One has to multiply the density
of precipitates of a critical radius by the number
of atoms (molecules) striking their surface per unit
time:
⎧
4πrc2 pn(2πmk B T )−1/2 ,
⎪
⎪
⎪
⎪
⎨ precipitatesform from
 gas phase,
E
I=
2
,
4πrc nνa exp −
⎪
⎪
⎪
kBT
⎪
⎩
precipitates form from condensed phase,
where m is the mass of the molecule, a is the atomto-atom distance, ν is the frequency of atomic
oscillations, and E is the activation energy for particles adding to the precipitate. To account for the
evolution of the system of precipitates of radii below rc in the initial phase one adds an extra term
in the expression for I , namely:


4rc α 1/2
,
z=
9k B T nc
where nc is the number of particles in a precipitate of a critical radius. With decreasing temperature (at relatively small overcooling) I grows as
precipitates grow, since their formation energy diminishes; on the other hand, the energy of thermal
motion and the mobility of particles in the initial phase simultaneously decrease, so that the rate
at which they add to the surface of the precipitate decreases as well. Competition between these
two factors produces a maximum of I at a certain temperature, after which it starts to decrease
at lower temperatures. The value of I is remains
negligibly small at comparatively small supercooling (or supersaturating) of the initial phase, so
that very few precipitates form in volumes of appreciable size. In other words, the initial phase
remains in a metastable state. The range of respective supercooling (supersaturating) is called
the metastability range.
As a result of the mass crystallization a polycrystal forms, with ﬁne crystals growing from
separate precipitates (crystallites) that ﬁll the volume of the initial phase with their crystallographic
axes randomly oriented. The structure of the polycrystal depends on the values of I and v. Its

granularity roughens for larger I and smaller v.
See also Monocrystal growth.
CRYSTALLIZATION CENTER
See Crystal nuclei.
CRYSTALLIZATION FROM THE GAS (VAPOR)
PHASE
The formation of crystals by the transformation

of a material from its gas (vapor) phase to a solid.
When crystals grow from the vapor an adsorption
layer differing from the crystal in composition and
properties appears at the crystal–medium interface
(see Adsorption). Moreover, surface diffusion of
the adsorbed particles at the growing faces plays
a decisive role there.
Crystallization from the gas phase has been
used to produce massive monocrystals, plates,
bands, acicular crystals, thread-like crystals, and
epitaxial lm s. Condensation techniques and
chemical reactions are also employed to grow
crystals. When using the ﬁrst it is assumed that
material reaches the growing crystal as an atomic
or molecular vapor, or as associations of such
particles. Depending on the technique used to
bring the material to the crystallization zone one
may speak about molecular beams in vacuo (see
Molecular beam epitaxy), cathode sputtering (see
Sputtering), volume vapor phase in an isolated
system, and crystallization in an inertial gas ﬂow.
To obtain high quality crystals and ﬁlms chemical
reaction techniques (e.g., as chemical transport,
decomposition of compounds, chemical synthesis
in the vapor phase) appear to be quite efﬁcient.
In certain cases when ﬁlaments or massive crystals are grown (as well as epitaxial ﬁlms), the
vapor–liquid–crystal transport mechanism is employed. Vapor material reaches the growing crystal
through a liquid layer of different composition
formed either unintentionally or intentionally on
the growing surface by introducing impurities into
the crystallization zone. It may result from deviations from a stoichiometric composition, or present
a liquid phase intentionally formed at the substrate
as a smelt droplet of a prescribed composition.
The phase-to-phase energy of the crystal–vapor
interface is almost an order of magnitude less
than the respective energy of the crystal–vapor interface. Two-dimensional precipitates (embryos)

CRYSTALLOGRAPHIC INDICES

form at the liquid–crystal interface at a rate that is
much higher than such a rate at the vapor–crystal
interface. This feature combines with other factors (such as a higher condensation coefﬁcient at
the liquid surface, low resistance to diffusion in
the smelted droplets, etc.) to sharply increase the
growth rates.
CRYSTALLIZATION, HYDROTHERMAL
See Hydrothermal crystallization.
CRYSTALLIZATION OF POLYMERS
First-order phase transition in polymeric systems. Crystallization of high molecular weight

polymers is more complex than crystallization of
low molecular weight substances because of the
inﬂuences of various parts of the polymer chains
(main chain links and side branches). Long chain
polymers have a primary structure from the linking together of their repeat units or monomers.
A secondary structure can arise from coiling or
linking nearby parts through weaker hydrogen
bonds, and a tertiary structure can form if larger
sections fold into themselves to form a globular or
condensed conformation. A crystal structure can
form from stretched out and aligned macromolecular chains, from regularly arranged molecular
chains folded “upon themselves”, from adjacent
polymers interlinked in a quaternary structure,
etc. These various conformations of the macromolecule as a whole are found in a crystal with unchanged sublattice parameters (repeatedly packed
chain links or monomers), and an unchanged
translation period along the primary chain axis.
There are globular crystals, supercrystals, with
long-range ordering in the packing of the macromolecules (see Long-range and short-range order), e.g., globular proteins or their elements
(blocks, co-polar blocks). Such longer range ordering may be present along with short range ordering in the packing of repeated molecular chain
links. Deformation processes affecting the conformations of macromolecules can affect the ability
of some polymers to crystallize (polyisobutylene
is an example).
CRYSTALLIZATION, SELF-SUSTAINING
See Self-sustaining crystallization.
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CRYSTALLIZATION WAVES

A particular form of slowly damping oscillations of the interface between solid and liquid
helium at low temperatures (below the lambda
point 2.17 K) where liquid 4 He is a superﬂuid
quantum liquid (see Super uidity) and solid 4 He
is a quantum crystal. When a crystallization wave
propagates through this system it is accompanied
by periodically alternating melting and crystallization. When crystallization waves are mechanically excited, the surface of a 4 He crystal goes into
a dynamic state of quantum roughness, similar to a
thermodynamic equilibrium state of atomic roughness found at the surface of a classical crystal (see
Phase transitions at a surface).
The spectrum of crystallization waves at low
frequencies has the form:
ρL k 3
ρL k
+g
ρS − ρL
(ρS − ρL )2
ρL ρS
− iωk
,
K(ρS − ρL )

ω2 = 
α

where ω and k are the frequency and the wave
number of the crystallization waves; ρ L and ρ S
are the densities of the liquid and the solid, respectively; g is the free fall acceleration (9.8 m/s2 );
K is the kinetic coefﬁcient of growth (proportionality coefﬁcient between rate of growth of a rough
crystal face, and difference between crystal and
liquid chemical potentials); 
α = α + ∂ 2 α/∂ϕ 2 is
the surface rigidity of a given face of the crystal
(α is the speciﬁc surface energy, and ϕ is the
crystallographic angle corresponding to the direction k). The value of K for helium is particularly
large below 0.7 K so propagating crystallization
waves are only weakly damped.
CRYSTALLOGRAPHIC CLASSES
The same as Crystal classes.
CRYSTALLOGRAPHIC INDICES

A triplet (quadruplet) of numbers deﬁning the
position of points (sites), directions and planes in
a lattice. Let the radius-vector from the origin to a
given site in the crystal lattice be projected on to
the a, b, c axes in a (in general, oblique) coordinate system so that these projections are equal
to ax, by, cz. Then x, y, z are the crystallographic indices of that site, and the direction of
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CRYSTALLOGRAPHIC SYSTEM
Table 1. Crystallographic classiﬁcation scheme
System

Triclinic (anorthic)
Monoclinic
Orthorhombic
Trigonal
Hexagonal
Tetragonal
Cubic (isometric)

Number of

Example of point group

space groups

International

Schönﬂies

2
13
59
25
27
68
36

1
2/m
mmm
3m
6/mmm
4/mmm
m3m

Ci
C2h
D2h
D3d
D6h
D4h
Oh

a vector to that site is denoted by [xyz]. A vector parallel to the x coordinate axis is in the [100]
direction, etc. Crystallographic planes are denoted
by what are called Miller indices (hkl). Consider
a plane which intersects the a, b, c axes at the
points h a, k  b, l  c, and write down the reciprocals of these intercepts 1/ h , 1/k  , 1/ l  . The
Miller indices are the smallest three integers h, k, l
having these same ratios. For example, if h = 4,
k  = 1 and l  = 2 then (hkl) = (142). The three
integers which deﬁne orientation directions in a
crystal, and the positions of its verges, are called
the Weiss indices, and they are written in the form
[p1 p2 p3 ]. As for the hexagonal system and the
trigonal system, their directions and planes are
sometimes presented in a four axes system (three
equivalent directions are then positioned at 120◦
to each other in the basal plane of the crystal). The
Bravais indices [mnrp] and (hkil) satisfy the conditions r = −(m + n), i = −(h + k). When using
the Bravais indices one may clearly see the equivalence of the respective directions and planes in the
crystal.
CRYSTALLOGRAPHIC SYSTEM

Crystallographic classiﬁcation scheme for the
230 space groups that takes into account their
characteristic symmetries (see Crystal symmetry),
and uses the ratios of their symmetry axes. There
exist seven independent combinations of the rotation symmetry axes of the nth order (n = 1,
2, 3, 4, 6), and seven crystallographic systems
corresponding to them: cubic system, hexagonal
system, trigonal system, tetragonal system, orthorhombic system, monoclinic system and triclinic
system. The concept of crystallographic system

coincides with the concept of syngony for every
crystallographic system, with the exception of the
hexagonal and the trigonal systems which together
comprise the hexagonal syngony or family. Table 1 outlines the crystallographic classiﬁcation
scheme, and lists a high-symmetry point group for
each system.
CRYSTALLOGRAPHIC TEXTURE
See Texture.
CRYSTALLOGRAPHY (fr. crystal, and Gr.
γραϕω, am writing)
The science describing crystals and the crys-

talline state of matter. Six basic branches are
recognized within crystallography: geometric
crystallography (crystal symmetry, crystal structures, and crystal morphology); crystallogenesis
(crystal formation and growth, see Crystallization);
crystal physics; crystal chemistry; applied crystallography (methods and techniques for crystal
growth and use in technical applications); space
crystallography or growing crystals in zero gravity
(in orbit) and studying their properties. Geometric crystallography gave birth to the hypothesis
of ordered three dimensional positioning of particles (atoms and molecules) composing the crystal
which form the crystal lattice. The mathematical
apparatus of crystallography is based on Euclidean geometry, group theory, and tensor calculus.
Structural crystallography studies the atomic
and molecular composition of crystals using X-ray
structure analysis, electron diffraction analysis,
and neutron diffractometry, all based on the diffraction of waves and particles within the crystals.
Optical spectroscopy, electron microscopy, and

CRYSTAL MORPHOLOGY

resonance methods, etc., are sometimes used. As
a result, the crystal structures of over a hundred
thousand chemical substances have been determined. When studying the processes of formation
and growth of crystals one uses the basic principles of thermodynamics, the laws of r st-order
phase transitions, and of surface phenomena. One
also accounts for the interaction of crystals with
their ambient environment, and for anisotropies.
Industrial processes used to grow diamonds, rubies, and other crystals have been perfected (see
Synthetic monocrystals), and provide a basis for
quantum and semiconductor electronics, optics,
acoustics, etc. Crystallography also studies various perturbations in an ideal crystal lattice, such as
defects and dislocations, that originate during the
course of crystal growth due to various external
inﬂuences, and inﬂuence many properties of crystals. The structure and properties of various aggregates formed from microcrystals (polycrystals,
textures, ceramics), as well as substances with
atomic ordering similar to that found in crystals
(liquid crystals, polymers), are also studied. Consistent symmetrical and structural patterns studied within the framework of crystallography ﬁnd
their application when treating general structural
features and properties of various non-crystalline
states of condensed matter, such as amorphous
solids and liquids, polymers, macromolecules, supermolecular structures, etc. (generalized crystallography). Studies of biological crystals have been
successful in determining the structures of large
protein and nucleic acid molecules.
Modern crystallography typically concentrates
on the atomic and defect structure of crystals,
processes of their formation and growth, and
searches for new properties of crystals. These
problems involve comprehensive tasks aiming at
discovering new materials with important physical
properties. Results obtained from crystallographic
studies are routinely applied to physics, mineralogy, chemistry, molecular biology, etc.

CRYSTAL MORPHOLOGY (fr. Gr. μoρϕη ,
appearance, shape, and λoγ oς , word)
Outward shape of crystal that grows from a

solid, liquid or gaseous phase. It depends on the
nature of the substance, on growth conditions, and
other factors. During crystallization from the melt
with a small deviation from equilibrium, crystals
of some materials grow in the shape of regular
crystal polyhedra (Fig. 1), while crystals of other
materials grow in a shape approximating a sphere
(Fig. 2(a)). A faceted shape (see Crystal faceting)
is typical of materials that exhibit a high entropy
of fusion S = L/T > 4R (L is the latent heat
of melting, R is the gas constant), and a high
anisotropy of surface energy. A rounded shape
is typical of metals and other materials that exhibit a low entropy of fusion ( S < 4R) and a
low surface energy anisotropy. Metals grown from
a gaseous phase or from solution may exhibit a
faceted shape. A smooth shape loses stability and
develops bulges (Fig. 2(b)) at increased overcooling of the melt (in metals, this process occurs
at smaller values of overcooling, than in crystals
with a high entropy of fusion). The presence of
impurities intensiﬁes this process owing to emerging structural overcooling. Thermal and structural
overcooling ﬁrst results in the formation of bulges
(cellular morphology), which then evolve into
dendrites (Fig. 2(c, d)). Under sufﬁciently high
overcooling, the dendritic shape degenerates into
a needle one without lateral branches. When crystallization takes place from a viscous medium,

CRYSTALLOGRAPHY, INTERNATIONAL
TABLES
See International Tables for Crystallography.
CRYSTALLOGRAPHY, TWO-DIMENSIONAL
See Two-dimensional crystallography.
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Fig. 1. Crystal polyhedron.
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CRYSTAL NUCLEI

Fig. 2. Crystal morphologies.

spherulites form, which are monocrystalline ﬁlaments or crystallite aggregates of radial-beam
shape.
CRYSTAL NUCLEI, crystallization centers

Crystal phase clusters of critical (and larger)
sizes with the capability of growing (see Crystallization) in a melt. The critical size of a crystal
nucleus is associated with the equality of the bulk
and the surface parts of its free energy (which
decreases as the melt is overcooled). Crystallization centers may appear spontaneously on solid
surfaces, where this process is facilitated by the
formation of crystal nuclei.

CRYSTAL OPTICS

The branch of optics investigating light propagation in crystals. Among phenomena of crystal
optics, there are birefringence, interference and polarization of light, optical activity (see Rotation of
light polarization plane), conical refraction of light,
pleochroism, etc. These phenomena can appear or
vary under the action of external electric and magnetic ﬁelds, mechanical stress, acoustic waves, and
this is the subject of electron, magnetic, piezo-,
and acoustic optics, respectively.
The classical approach to the phenomena of
crystal optics is based on the electrodynamics of
continuous media, crystal symmetry, tensor cal-

CRYSTAL OPTICS

culus; it is based on the fact that the period of
a crystal lattice (∼1 nm) is much shorter than
the wavelength of light (∼500 nm), and therefore, a crystal can be considered as a homogeneous
anisotropic medium. This is expressed by a tensor
form of material equations connecting the electric
ux density Di and magnetic ux density Bi with
the corresponding ﬁelds Ej and Hj : Di = εij Ej
and Bi = μij Hj (here εij and μij denote the
polar tensors of rank two of dielectric constant
and magnetic permeability). In most problems of
crystal optics, one considers nonmagnetic crystals
(μij = 1) and concentrates upon the properties of
the tensor εij . In the absence of spatial dielectric
dispersion, the dissipation of energy, and an external magnetic ﬁeld, by the symmetry principles
of kinetic coefﬁcients, the tensor εij is symmetric and real. Therefore, for a ﬁxed frequency of
light ω, in anisotropic media, the directions of
vectors D and E do not coincide. This determines the anisotropy of the optical properties of
crystals, i.e. the dependence of the phase veloc√
ity v = c/n and of refractive index n = ε on the
direction. For the totality of all directions at an arbitrary point of a crystal, the magnitudes of n form
an ellipsoidal surface, which is called the optical
indicatrix. The symmetry axes of the optical indicatrix form three mutually orthogonal principal
directions in the crystal (crystallophysical axes),
along which the directions of vectors D and E
coincide. In the rectangular Cartesian coordinate
system with axes coinciding with the crystallophysical axes, the equation of the optical indicatrix
is of the form
x2
n2x

y2
z2
+ 2 + 2 = 1,
ny
nz

where nx , ny , and nz are the principal values of n.
Crystals of a cubic system are optically isotropic,
i.e. their ellipsoid degenerates into a sphere; the
crystals of medium systems are optically uniaxial (the indicatrix is an ellipsoid of revolution); the
crystals of lower systems are optically biaxial (the
indicatrix is a triaxial ellipsoid). The optical axis
of a crystal corresponds to the normal of a circular
section of the optical indicatrix.
The laws of propagation of plane harmonic
waves in dielectric crystals follow from the wave
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equation together with the tensorial relation between the vectors D and E. Thus, we get the
dispersion equation, which corresponds to a homogeneous system of three linear equations for the
components of the vector E:


εij (ω)ω2
2 δ + k k E (ω) = 0,
−
k
ij
i
j
j
c2
where k, ki , and kj are the magnitudes of the wave
vector and its corresponding components, δij = 0
for i = j , and δij = 1 for i = j . This system has
a nontrivial solution E = 0 if and only if the determinant in the parentheses is not zero. The latter
condition leads to the Fresnel equation
ky2
kz2
+
+
= 0,
v 2 − vx2
v 2 − vy2
v 2 − vz2
kx2

where v is the magnitude of the phase velocity, the
direction of which coincides with the direction of
the wave vector k; vx , vy , and vz are the principal
phase velocities of the wave for the corresponding
directions of the vector D when the light propagates along one of the principal directions.
The dispersion and Fresnel equations are quadratic with respect to k and v, i.e. at light propagation in anisotropic crystals, there arise two waves
(see Fig.) with different values of the magnitude
of the wave vector and different phase velocities
(refractive indices) v1 and v2 coincide only along
the directions of the optical axes. They correspond
to two mutually orthogonal values of the vectors
D and E.
If from some point of the crystal one locates all
the vectors corresponding to v1 and v2 in all the
directions m, then the endpoints of these vectors
form two surfaces called the surfaces of normals.
In uniaxial crystals, one of these surfaces is a
sphere (characterizing the ordinary ray v0 ), and
the other one is an ellipsoid of revolution (characterizing the extraordinary ray ve ) tangent to the
sphere at its intersection points with the optical
axis. In biaxial crystals, both surfaces are ellipsoids intersecting at 4 points lying pairwise on
two optical axes (binormals). The ray vectors form
similar surfaces called ray surfaces (or wave surfaces). Thus, in anisotropic crystals, in an arbitrary
direction m, there may propagate two plane waves
polarized in two mutually orthogonal planes. The
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Crystal optics.

directions of vectors D 1 and D 2 of these waves
coincide with axes of the ellipse of the central
section of the optical indicatrix by the plane orthogonal to m, and the lengths of the ellipse axes
determine their refractive indices. Consequently,
the optical indicatrix and surfaces of normals are
mutually dependent.
The birefringence in the crystals because of
the different refraction indices of two polarized
waves propagating in the same direction implies
a path difference. If, in a convergent light, one
reduces the polarization of these waves into one
plane (using some polarization devices), this results in the interference of the light. Such interfering conoscopic images allow one to investigate
crystal-optical properties of crystals.
In the presence of a spatial dispersion of ﬁrst
order with respect to k or an external magnetic
ﬁeld, and also in magnetic crystals, the tensor εij
is complex and, in general, nonsymmetric; moreover, εij (ω, k, H ) = εij (ω, −k, −H ). In particular, in such crystals two elliptically polarized
waves propagate with orthogonal axes of the ellipse coinciding with the axes of the section ellipse
of the optical indicatrix. The directions of by-pass
of vectors E are opposite in both waves. Along the
direction of the optical axis, and in cubic crystals,
the polarization ellipses degenerate into circles,
i.e. the waves are circularly polarized and have

different velocities. Moreover, in uniaxial crystals, the surfaces of normals do not osculate at the
points of intersection with the optical axis. The
ellipticity of waves brings about optical activity
of crystals, which is expressed, e.g., as gyration,
electrogyration, Faraday effect, etc. The complexity of the tensor εij and the elliptical two-ray
refraction are also caused by light absorption in
crystals. The directions of by-pass of ellipses in
this case coincide. In such crystals, the absorption of differently polarized waves is different, and
occasionally circular dichroism takes place in optically active crystals.
Crystal optics adjoins crystallography, solid
state physics, and mineralogy. With the appearance of laser technology, new branches of physical
optics and optical tool making arose that are fundamentally based on crystal optics: coherent and
nonlinear optics, holography, optoelectronics, integrated optics, etc. The control of optical (in
particular, laser) radiation is based on the phenomena of crystal optics.
CRYSTAL, PERFECT
See Perfect crystal, Ideal crystal.
CRYSTAL PHYSICS, physical crystallography
Branch of crystallography involving the physical properties of crystals and crystalline aggregates of polycrystals, as well as changes in their

CRYSTAL PHYSICS

properties arising from external inﬂuences. Crystal physics explains anisotropy of crystals, and
basic variations in the properties of crystals due
to the regular distribution of particles (molecules,
atoms, and ions) in the crystal lattice, and the types
of their interrelations. The mathematical apparatus
of matrix algebra, tensor calculus, and group theory provides a quantitative description of the physical properties of crystals. Directionally independent properties such as density are characterized
by scalar variables. To describe physical properties involving relationships between two vectors
(e.g., between either polarization or electric current density and electric ﬁelds, etc.) or between
pseudo-vectors (e.g., magnetic induction and magnetic ﬁeld strength) one uses second-rank tensors
(e.g., dielectric constant and magnetic permeability tensors). Many physical ﬁelds in crystals (e.g.,
electric and magnetic ﬁelds, mechanical strains)
are themselves tensor ﬁelds. The relation between
the physical ﬁelds and the properties of crystals may be described by tensors of higher rank,
as is the case with the piezoelectric effect (see
Piezoelectricity), electrostriction, magnetostriction,
elasticity, photoelastic tensor, etc.
It is convenient to represent dielectric, magnetic, elastic, and other physical properties of crystals in the form of characteristic surfaces such as
ellipsoids. The radius-vector that traces out such a
surface indicates the value of a particular property
along its given direction (see Crystallographic indices). The symmetry of any property of a crystal
may not be lower than the symmetry of its external shape (Neumann principle, F. Neumann).
In other words, a symmetry group G1 that describes any physical property of a crystal includes
necessarily the symmetry elements of its associated point group G, that serves as its supergroup:
G1 ⊃ G. The symmetry elements determine the
orientations of the principal axes of characteristic
surfaces, as well as the number of tensor components that determine a given physical property. In
many cases these are surfaces of ellipsoids with
their principal axes related to the symmetry axes
of the crystal (see Crystal classes). Crystals of low
symmetry have their physical properties described
by second-rank tensors with three principal values (plus the orientation of the tensor principal
axes). Physical properties of cubic symmetry crystals that are described by second-rank tensors are
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directionally independent or isotropic. Crystals of
intermediate symmetry (tetragonal, trigonal and
hexagonal) have these properties characterized by
the symmetry of their rotation ellipsoid, i.e. their
second-rank tensors have two independent components, one of which describes the property along
the principal axis, and the other along any direction orthogonal to this axis. To describe the
property along an arbitrary direction one needs to
know these two principal components plus the direction cosines of the direction.
Physical properties described by higher-rank
tensors are characterized by a larger number of
parameters: e.g., elasticity properties, described
by a fourth-rank tensor, need three such variables
in a cubic crystal, and two independent variables
in an isotropic medium. The elastic properties of
a triclinic crystal require 21 independent tensor
components for their description. To determine the
number of independent components of tensors of
higher rank (5th, 6th, etc.) one can make use of
the corresponding point group of symmetry. To
obtain a complete description of the physical properties of crystals and textures one may make use of
radiofrequency, acoustical, optical, and other techniques.
Crystal physics studies both phenomena speciﬁc for anisotropic media (birefringence, rotation
of light polarization plane, direct and inverse piezoeffects, electro-optic, magneto-optic, and piezooptic effects, generation of optical harmonics,
etc.), as well as properties more often associated
with isotropic media (electric conductivity, elasticity, etc.). In crystals these latter properties may
also exhibit features resulting from the crystal
anisotropy.
Many phenomena within the scope of crystal physics are related to changes in the crystal
symmetry under various thermodynamic conditions. The Curie principle may be used to predict changes in both the point and the space
symmetry groups of crystals undergoing phase
transitions, e.g., entering ferromagnetic or ferroelectric states (see Ferromagnetism, Ferroelectricity). Crystal physics studies various defects of the
crystal lattice (color centers, vacancies, dislocations, grain boundaries, stacking faults, domains,
etc.) and their effects upon the physical properties of crystals (plasticity, strength, luminescence,
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electrical conductivity, mechanical Q-factor, etc.).
Among the tasks of crystal physics is the search
for new crystalline materials with speciﬁc prospective properties needed for practical technological
applications.
CRYSTAL POLYHEDRON
A monocrystal grain under equilibrium conditions (see Monocrystal growth) consisting of a

certain combination of faces, edges and vertices.
The number of faces, edges and vertices should
follow the Euler theorem (L. Euler): the sum of the
number of faces and vertices equals the number
of edges plus two (F + V = E + 2). The socalled simple forms participate in crystal faceting.
These are polyhedra whose faces can be obtained
from one another via symmetry operations that are
speciﬁc for the crystal class of the given crystal;
they usually form various combinations with each
other. There are 47 geometrically distinct simple
forms known; this number increases to 193 when
taking into account enantiomorphous (mirror reﬂection) pairs (see Enantiomorphism), or to 146 in
case one accounts for differences in point symmetry. Only certain simple forms are permissible in
each point group. Speciﬁc forms of crystal polyhedra depend on their structure and conditions of
crystallization.
CRYSTAL, QUANTUM
See Quantum crystals.
CRYSTALS (fr. Gr. κρυσ τ αλλoς , ice)
Solids with ordered three-dimensional periodic

spatial atomic structure. The formation medium
may be an overcooled vapor or liquid of a pure
substance, a supersaturated solution or ﬂux of
one material in another (the solvent), or a crystal
medium of a polymorphous modiﬁcation or composition different from that of the newly formed
crystal. Some features of crystals depend on their
formation process. If the material is supplied
evenly and uniformly from the ambient environment then a polyhedral shape results, limited by
ﬂat faces intersecting each other along straight
edges. These faces, often mirror smooth in perfect crystals, are tilted toward each other at certain
angles characteristic for the particular crystal type
(law of constancy of angles). The ratios between

the intercepts on the axes for different tilted faces
of a crystal can always be expressed by rational
numbers such as 1 : 2 √
or 2 : 3, and never by irrational ones such as 1 : 2 (law of rational indices).
Other general macroscopic properties of crystalline matter include crystal homogeneity (independence of the choice of measurement point),
anisotropy of crystals (dependence on direction),
and crystal symmetry (spatial transformations that
bring the crystal into itself).
There are 32 classes of morphological symmetry of crystals, each corresponding to its speciﬁc
set of symmetry elements: axes, planes, center of
symmetry, etc. Three-dimensional atomic structure periodicities are described in terms of a threedimensional space lattice (the crystal lattice), a
three-dimensional periodic system of points that
may be formed starting from an arbitrary point by
simply repeating the lattice by a series of parallel
translations. There exist a total of 14 types of such
lattices called Bravais lattices.
The crystal appearance (crystal morphology) is
characterized by the crystal shape and faceting, i.e.
the set of faces bounding the crystal, and by the ratio of the sizes of these faces (see crystal faceting).
Such facets and their relative sizes characterize the
crystal morphology or crystal habit.
The shapes of crystals reﬂect their crystal structure, and the nature of the interactions between
their atoms. In particular, these factors affect the
shape of the forming crystal through kinetic phenomena occurring at the surface of a growing
crystal. Such phenomena depend on the level of
supersaturation, temperature, composition of the
ambient medium, thermal conductivity, diffusion,
and the presence of impurities. The shape acquired by the crystal during its growth (the growth
shape) is very sensitive to the conditions of crystallization, and reﬂects the mechanism of growth.
Therefore, the growth shape implies certain conclusions beyond the conditions of growth. During
the artiﬁcial growth of crystals the crystallization
parameters may be chosen accordingly. Although
a typical crystal shape is a polyhedron, rounded
growth shapes or strongly perturbed shapes may
form under certain ambient conditions (thread-like
crystals, plates, dendrites, etc.). Some crystals can
form in two different modiﬁcations, a right-hand
and left-hand one (enantiomorphism). Substances

CRYSTAL STABILITY CONDITIONS

are found that may crystallize in the shape of
twins (twinning of crystals). In cases when crystal
faceting is suppressed by the limited availability
of feeding material, forced growth shapes develop.
The crystal can then acquire the shape of the
surface limiting its growth (e.g., crucible walls,
smelting isotherm in a smelt, an isoconcentration
saturation surface in a gas phase). Most monocrystals are the result of forced growth. Technologies
for growing crystals with forced growth shapes
ﬁnd wider and wider applications. Almost all
semiconductor crystals are produced that way, as
well as most piezoelectric, ferroelectric, and optical crystals (see Monocrystal growth).
If crystal generation and growth occur simultaneously throughout the whole volume a polycrystal forms, that is an aggregate of randomly
oriented ﬁne crystals of various sizes and shapes
called crystallites or crystal grains. Sometimes
crystallites follow a certain predominant orientation indicating the presence of a texture. During
mass crystallization when embryos appear only in
certain regions of the generating medium, the collective growth of crystals ensues, characterized by
the interaction of the growing crystals with each
other, to produce a geometric selection. Crystals
having an optimal orientation for the given ambient conditions then survive. Such a competition
results in the formation of a pole structure, typical for metal ingots, in which all the crystals are
elongated and almost parallel to each other. Examples of such collective growth are druses (crystal
agglomerations in which the vertices of separate
crystals face in more or less the same direction)
and parallel inshoots (crystals growing together to
merge in a parallel orientation).
The ideal structure of a crystal always undergoes certain perturbations (accumulates defects)
because growth conditions change, impurities are
trapped, and various external inﬂuences are always
at work. Real crystals often display macrodefects
(gas–liquid, solid inclusions, cracks, etc.) which
worsen their properties. A typical structural defect
is mosaicity (see Mosaic crystals) which results
from various defects (internal stress, block boundaries, twins (see Twinning of crystals), stacking
faults, dislocations, etc.) that appear during crystal
growth. The presence of foreign atoms and ions
(impurities) in a crystal during its growth may result in the development of zonal, sectional, and
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other structures. Substituting crystal atoms (substitutional impurities) or imploding between the
atoms of the crystal (implosion impurities) can
produce point defects (see Impurity atoms). Other
point defects perturbing the lattice periodicity are
vacancies and interstitial atoms.
The level of deﬁciency of the crystal structure
affects both crystal growth (e.g., the dislocation
mechanism of growth) and various crystal properties that are structure sensitive (plasticity, strength,
electrical conductivity, photoconductivity, light absorption capacity, etc.). Therefore, to grow crystals
with prescribed properties, one must intentionally
introduce desired defect structures. Examples are
donor and acceptor impurities which determine
the electrical properties of semiconductors. Added
impurities (doping) are widely used to produce
semiconducting crystals with various types and
levels of conductivity, to produce laser crystals
with a prescribed spectral transmission band, etc.
The development of electronics, quantum electronics, computer technology, and various other
industries is directly linked to using crystals and
complex crystal structures based on them (e.g.,
epitaxial layers, heterostructures, microchips, superlattices).
CRYSTAL STABILITY CONDITIONS

Conditions imposed on the coefﬁcients of the
expansion of the crystal potential energy U in
terms of atomic displacements usi :

U = U0 +
Asi usi
s,i

+

1 
Ast ij usi utj + · · · ,
2
s,t,i,j

where U0 is the crystal energy at equilibrium
(the indices s and t are used for labeling atoms;
i, j = x, y, z). From the condition that the resultant of all forces acting on the atoms at equilibrium
vanishes, it follows that Asl = 0. From the invariance of U under translation and rotation of
the crystal as a whole it follows that t Ast ij =
0,
t (Ast ij Xt k − Ast ik Xtj ) = 0 (Xsi designates the sth atom coordinates). Crystal symmetry
properties impose additional restrictions on the
harmonic force constants Ast ij , and the application of these relationships considerably reduces
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the number of independent force constants. Besides that, some restrictions on the force constants
follow from the condition of crystal equilibrium
(U = min at equilibrium), and these are in the
form of inequalities arising from the requirement
of positive deﬁniteness for the quadratic form
(third term) of the expansion of U . Similar conditions may be derived for the anharmonic force
constants, which serve as the coefﬁcients of additional terms of the expansion of U .
CRYSTAL STRUCTURE

The structure of an actual crystalline solid. The
concept of crystal structure starts with the concept of crystal lattice, i.e. of the parameters of a
unit cell, such that any ideal crystal (monocrystal) may be reproduced by repeating its unit cell
in space. A full description of a crystal structure
also includes specifying the positions of atoms,
ions and molecules inside the cell (including the
orientations of molecules). Beside the locations of
the atoms, other important factors are the distribution of the electron density in the unit cell, the
atomic and ionic radii, chemical bonds (see Crystal
chemistry), coordination numbers (see Coordination sphere), etc.
Ferroelectric and magnetic crystals are also
characterized by the direction of their electric and
magnetic moments, respectively. The corresponding lattices may not necessarily coincide with the
crystallographic ones, and they may possibly be
mutually incommensurate.
The crystal structure of an actual crystal is
quite variable, thus opening ways for numerous
practical applications. Speciﬁc branches of the
physics of solids are dedicated to their description (see Crystal physics). The concept of crystal structure also includes various lattice defects:
point defects (such as vacancies, interstitional or
substitutional impurity atoms, atomic clusters);
linear defects (dislocations); two-dimensional defects (stacking faults, twins, etc.). When studying
the crystal structure of solid solutions one has
to know the distribution of atoms (ions, molecules) of various types in their sublattices. Crystal structure also includes describing the physical
composition and parameters of structural elements
(grains, cells, and blocks) and various other factors.

The main techniques for studying crystal structures are X-ray diffraction structural analysis, neutron diffraction, and electron diffraction.
CRYSTAL SYMMETRY, microscopic crystal
symmetry

Geometrical regularity in the spatial arrangement of particles (atoms, ions, molecules, complexes), composing a crystal. One can characterize
the symmetry of a crystal by the totality of all
spatial transformations (x  , y  , z ) = f (x, y, z),
which bring the crystal into coincidence with itself. From all conceivable transformations it is sufﬁcient to restrict attention to linear ones, and not
necessarily to all of these, but only to deformationfree types, i.e. to linear orthogonal transformations
that preserve the lengths of segments and angles between them: (x  , y  , z ) = α(x, y, z) +
(x0 , y0 , z0 ), where α is the transformation matrix. The determinant D = |α| in this case can have
only two values D = ±1. The transformations
with D = 1 are called proper transformations,
and all of them involve rotational spatial displacements (i.e. rotations) around some axis through
an angle ϕ, while transformations with D = −1
are called improper; the unit improper transformation being inversion (x  , y  , z ) = (−x, −y, −z).
All improper transformations are combinations of
proper transformations with inversion. In general a
linear transformation can involve a shift or translation, designated by the term (x0 , y0 , z0 ) through
a distance appropriate to the crystal structure lattice spacings. If the term (x0 , y0 , z0 ) = 0 there is
no translation, and the transformation is either a
proper rotation for D = +1, or an improper rotation for D = −1.
The three-dimensional periodicity of a crystal
automatically sharply restricts the possible angles ϕ of allowed proper (and improper) rotations
to ﬁve values: 0◦ , 60◦ , 90◦ , 120◦ and 180◦ . It
is customary to express the allowed angles ϕ by
the expression ϕ = 2π/n, and in the international
notation to designate proper rotations by the ﬁve
integers: n = 1, 2, 3, 4, 6. Improper rotations are
designated by 1̄, 2̄ = m, 3̄, 4̄, 6̄, where m is the
symbol for a mirror reﬂection in a plane. In the
older Schönﬂies notation the proper and improper
rotations are designated, respectively, by C1 , C2 ,
C3 , C4 , C6 , I , S2 = σ , S3 , S4 , S6 . There are

CRYSTAL SYSTEM

two special combined rotation-translation symmetry operations: (a) a screw rotation which is a
rotation by 2π/n combined with a translation by
half a lattice spacing along the rotation axis, and
(b) a glide reﬂection which is a reﬂection in a plane
combined with a translation by half a lattice spacing parallel to the plane.
The complete set of all available symmetry
transformations of a crystal form the space group
of the crystal (called Fedorov group in the Russian
literature). It is discrete, but with an inﬁnite set of
elements, because translation through all possible
periods is endless. There exist 230 possible space
groups, and they are described explicitly in the International Tables for Crystallography.
Also important in the physics of crystals are ﬁnite groups containing only proper (and possibly
improper) rotational elements (without translations) which are called crystal classes or point
groups, and their number is only 32. In three dimensional space there are only 14 translational
groups which contain no rotational elements. A set
of points invariant under translation form a crystal
lattice (Bravais lattice). Each space group has associated with it a point group and a crystal lattice.
When describing the symmetry of magnetic
(magnetically ordered) crystals (see Magnetism),
the situation becomes complicated, since transforming a crystal into itself requires matching not
only coordinates of individual identical atoms, but
also the directions of their atomic magnetic moments (spins). The Shubnikov extension of symmetry theory to the symmetry of magnetic crystals
involves the addition of the non-spatial operation R of spin reversal (see Shubnikov groups).
The addition of this new symmetry element permits one to construct 1651 space (Shubnikov)
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groups, 122 point groups and 36 translational magnetic symmetry groups (see also Antisymmetry).
A further generalization brought about the appearance of the theory of colored symmetry, and
the creation of many additional colored symmetry
groups. All these types of groups ﬁnd use in solid
state physics.
Concerning macroscopic physical properties
(optical, electrical, mechanical, magnetic, etc.),
crystals behave as media that are homogeneous,
but anisotropic (see Anisotropy of crystals); and the
discreteness of their atomic structure is not signiﬁcant. Because of this only the rotational symmetry
of a crystal, i.e. its point group, is of importance for the macroscopic directionally dependent
properties described by tensors of different ranks.
Then the distinction between crystals by their differences in symmetry ﬁnds its expression in the
intrinsic symmetry of tensors for different physical
properties. The literature provides information on
the speciﬁc forms of various tensors of many ranks
for all 32 of the crystallographic point groups.

CRYSTAL SYSTEM

The classiﬁcation of crystals in accordance
with their crystallographic coordinate system, i.e.
by the metric represented by the set of independent
linear (a, b, c) and angular (α, β, γ ) crystal lattice
constants. It is possible to choose seven different
unit cells with the same number of crystal systems
corresponding to them (see Table 1). The concept
of syngony (in common use in the Russian literature) coincides with the concept of crystal system
for all crystal systems except the hexagonal.

Table 1. Unit cell shapes and metric parameters for the seven crystal systems
Crystal system

Shape of unit cell

Metric parameters

Triclinic
Monoclinic
Orthorhombic
Tetragonal
Hexagonal
Trigonal
Cubic

Oblique-angled parallelepiped
Straight prism with parallelogram in base
Right-angle parallelepiped
Right-angle parallelepiped with square in base
Prism with base in rhombic shape, γ = 120◦
Rhombohedron
Cube

a, b, c, α, β, γ
a, b, c, β
a, b, c
a, c
a, c
a, α
a
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CRYSTAL, THREAD-LIKE
See Thread-like crystals.
CUBIC SYSTEM
A crystallographic system deﬁned by the presence of four third-order symmetry axes (C3 ) in
crystals with cubic symmetry. The unit cell of the

system is a cube with lattice parameter a. The coordinate axes of a cubic system contain 4, 4, and
2 (i.e. C4 , S4 , and C2 ) symmetry elements. This
system includes three Bravais lattices (primitive,
body-centered, face-centered), ﬁve point groups
(T , Th , Td , O, Oh ), and 36 space groups (see
Crystal symmetry).
CUMULATIVE EFFECT

Accumulation is a process of building up the
energy ﬂux density in a medium by focusing the
ﬂows of energy. It is achieved either through speciﬁc shaping of an elongated energy source, or
through the interaction of shock waves. This effect is usually produced using explosives. In solids
this may be realized in several ways, as follows.
Cumulative jets are formed by compressing metal
linings placed into the cumulative cavities in explosive charges. The shape of the lining may be
hemispherical, conical, parabolic, hyperbolic, etc.
Compression concentrates the principal part of the
explosive energy into a thin internal layer of the
lining so that this layer forms a cumulative jet. The
mass of metal transformed into the jet may reach
6–20% of the total mass of the lining, and the energy density in the jet may reach 106 MJ/m3 .
Shock wave collision. During a frontal collision
of shock waves in a solid (see Explosion) each element of the solid is sequentially compressed ﬁrst
by the incident and then by the reﬂected shock
wave. As a result, pressures in the area of the reﬂected shock wave exceed those in the incident
wave by a factor of several times, while temperatures remain comparatively low, that is lower
than those resulting from compression by a single shock wave. During a glancing collision of
shock waves that meet at a certain angle a triple
shock wave conﬁguration forms, and pressures in
its forward wave signiﬁcantly exceed those produced during a frontal collision. By means of this
technique a pressure of 1.8 TPa was achieved in
copper samples.

Cumulation in a medium with varying density. When a shock wave exceeding a critical
value passes through a system of gradually tapering alternating layers of light and heavy material its propagation develops into a periodic selfreinforcing process (see Self-similarity) that results
in the unlimited growth of pressure at its front.
CUNICO

Hard magnetic material based on the Cu–Ni–
Co system. A high-coercive state is achieved upon
quenching from 1100 ◦ C and tempering at 625 ◦ C.
Cunico alloys are readily plastically deformable,
so they are employed for the manufacture of
permanent magnets of a complicated shape. For
properties, see Table 1 in Hard magnetic materials.
CUNIFE

Hard magnetic material based on the Cu–Ni–
Fe system. A high-coercive state is achieved upon
quenching from 1100 ◦ C, tempering at 700 ◦ C,
applying cold strain with high compression, and
tempering at 650 ◦ C. The strain induces uniaxial
magnetic anisotropy along the rolling or drawing
direction. Cunife alloys are used as thin wires or
stampings. For properties, see Table 1 in Hard
magnetic materials.
CURIE GROUP

See Limiting symmetry groups.
CURIE LAW (1895)

Temperature dependence of the magnetic susceptibility, χ = C/T , in many paramagnets, where
C is the Curie constant (C > 0). All gases in which
the atoms, molecules, or ions have permanent
magnetic moments follow the Curie law, as well
as dilute liquid solutions of transition metal ions,
as well as crystals of compounds of these elements
with non-metallic bonding. It holds for temperatures at which the thermal energy signiﬁcantly
exceeds the energy of interaction of neighboring
ionic magnetic moments with each other, and with
the external magnetic ﬁeld.

CURIUM

For subsystem properties, the case

CURIE POINT, Curie temperature

The point (temperature TC ) of a second-order
phase transition. Examples of a Curie point are
the temperatures TC of magnetic phase transitions,
ferroelectric phase transitions, structural phase
transitions, and other phase transitions in solids.
Special names are used for certain transitions,
such as the Néel point for the antiferromagnetic
Curie point.
CURIE PRINCIPLE (P. Curie, 1984)

This principle deals with the symmetric aspect
of the causality principle. Namely, the symmetry
of a system of causes is (abstractly) preserved in
the symmetry of the outcomes. This principle is
a philosophical generalization of the Neumann–
Minnegerode–Curie principle which states that the
symmetry of physical properties of a system made
of a material object (e.g., a crystal) and of an external action is not lower than the intersection (a
general subgroup) of the groups of symmetry of
the object and action. The Curie principle holds
for all deterministic systems, to which the notion
of symmetry can be applied.
A modern formulation of the Curie principle establishes a homomorphism relation in the
particular case of an isomorphism between the
symmetry groups of a system of causes Gcsys and
a system of outcomes Gout
sys :
Gout
sys =

!

sym

Gout
j Gout

↔

!

sym

Gcj Gc

= Gcsys .

For a homogeneous system, parts of which are
connected by some symmetrizer Gsym , its symmetry is deﬁned by the intersection
of the sym"
metry groups of its parts, Gj = G1 ∩ G2 ∩ · · ·,
multiplied by Gsym (the Shubnikov theorem). For
an inhomogeneous system, Gsym reduces to identity and the "
system symmetry is deﬁned by the
intersection
Gj (the Curie theorem). Taking,
e.g., the interaction of an object with an external
action as the cause of a physical phenomenon, we
ph
can ﬁnd the symmetry group Gj of a systemsym

atic phenomenon (for Gc
case,

= 1), or in a particular

Gobject ∩ Gaction = Gcsys .

261

ph

c
Gout
j ↔ Gj ← Gsys
sym

is possible if Gc = 1 (the Wigner theorem).
This systematic formulation explains violations of the Curie principle associated with the
incompleteness of a given system of causes, an
inexact deﬁnition of symmetry of the system components, or with using the Curie theorem instead
of the Shubnikov theorem.
CURIE–WEISS LAW (P. Curie, P. Weiss, 1907)
The temperature dependence of the susceptibility χ of ordered systems above the point of their
transition to an ordered phase at the Curie point TC

has the form:
χ = χ0 +

C
,
T −θ

where C is the Curie constant, χ0 is the temperature independent part of the susceptibility, and θ
is the characteristic temperature. For the magnetic
susceptibility χ of paramagnets, or ferromagnets
in their paramagnetic phase above TC , as well as
for the dielectric susceptibility of ferroelectrics and
other materials, θ is called the Weiss temperature, or sometimes the Curie–Weiss temperature.
The value of θ depends on particle interactions,
and may differ appreciably from TC (see also Dielectric constant). In the case of antiferromagnets
(or antiferroelectrics) and virtual ferroelectrics the
value of θ may become negative. The Curie–Weiss
law holds for the range of temperatures in which
the ﬂuctuations are not critical uctuations, that is
for (T − TC )/TC Gi, where Gi is the Ginzburg
number.
CURIUM, Cm

A chemical element of Group III of the periodic system with atomic number 96 and atomic
mass 247.07; it is a member of the actinide family. 15 isotopes are known with mass numbers 238
to 252, none of them being stable. The electronic
conﬁguration of the outer shells is 5f 7 6d 1 7s 2 .
The ionization energy is 6.09 eV. Atomic radius
is 0.1749 nm; radii of Cm3+ and Cm4+ ions
are 0.0946 and 0.0886 nm, respectively. Oxidation
state is +3 (more rarely, +4, +6).
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In the free form, curium is a soft silvery-white
metal. It exists in two allotropic modiﬁcations:

a low-temperature α-Cm below 873 K, and a
high-temperature form β-Cm. The α-Cm variety
has a double hexagonal close-packed crystal lattice with alternation of layers according to the
4 ),
ABAC. . . scheme; space group P 63 /mmc (D6h
a = 0.344 nm, c ≈ 1.16 nm. The β-Cm form
has a face-centered cubic lattice, space group
F m3m (Oh5 ), a = 0.5039 nm upon hardening.
Density of α-Cm is 13.51 g/cm3 ; T melting =
1620 K, T boiling is about 3380 K; speciﬁc heat
cp = 27.6 J·mole−1 ·K−1 ; heat of melting is 14.64
kJ/mole, heat of sublimation is 372.6 kJ/mole.
Below the Néel point T N = 52 K, α-Cm transforms from the paramagnetic state to the antiferromagnetic one (see Antiferromagnetism); below
the critical temperature T c = 205 K, β-Cm is a
ferrimagnet, or has a noncollinear magnetic structure. Targets from isotopes 246 Cm and 248 Cm are
used in the synthesis of the heavier transuranium
elements by bombardment with the multicharged
ions. High heat release in the preparations from
the isotopes 244 Cm and 242 Cm caused by their
α-decay suggests the possibility of using these
nuclides to produce small-size nuclear electric
current sources that persist for several years (e.g.,
in onboard space systems).
CURRENT CARRIER DRIFT, charge carrier drift

A directed movement of charge carriers in
semiconductors under the action of external ﬁelds

imposed on their disordered (thermal) motion.
The current density resulting from the charge carrier drift in the electric ﬁeld E (drift current) is
j = σ E, where the electrical conductivity σ =
e(μe n + μh p), n and p are the concentrations of
the conduction electrons and holes, respectively,
and μe and μh are their mobilities (see Mobility
of current carriers). The total conduction current
density is the sum of the drift current, the diffusion current, and the thermoelectric current arising
from the presence of a temperature gradient. The
charge carrier drift can also result from the carrying along of carriers by either an ultrasonic wave
(see Acousto-electric effect) or an electromagnetic
wave (radio electric effect, light electric effect). In
this event the drift involves nonequilibrium carriers, and therefore it becomes complicated by the

appearance of bulk charges whose ﬁeld should
be taken into account in addition to the external
ﬁeld and the recombination of current carriers. The
motion of injected nonequilibrium carriers (see Injection of current carriers) in the external electric
ﬁeld is described by so-called ambipolar mobility
μa =

μe μh |n − p|
,
μe n + μh p

which, in general, differs from μe and μh . For an
intrinsic semiconductor n = p and μa = 0; for an
n-type semiconductor n
p, μa = μh ; and for
a p-type semiconductor p
n, μa = μe , which
means that in an impurity semiconductor μa coincides closely with the mobility of the minority
carriers. The velocity of the grouping of nonequilibrium carriers in an external ﬁeld E is equal to
μa E.
An important characteristic of charge carrier
drift is its drift length l, which is the distance
that the carriers traverse in going from their point
of generation (see Generation of current carriers)
to their recombination point. This length has the
value l = μEτ , where τ is the lifetime of the nonequilibrium carriers. The method for measuring
the drift length is the same as that for measuring
the diffusion length.
In anisotropic crystals the direction of the drift
can differ from that of the electric ﬁeld (since mobilities are tensors). In strong electric ﬁelds the
drift can be anisotropic even in isotropic (cubic)
many-valley semiconductors. In the presence of a
transverse magnetic ﬁeld the drift direction does
not coincide with the electric ﬁeld direction.
In a strong magnetic ﬁeld B normal to the
external electric ﬁeld E satisfying the condition
cB
E, the charge carriers drift in the direction
normal to both E and B with the velocity v =
E/B that does not depend on the carrier mobility.
A circular motion of the carriers at the cyclotron
frequency is superimposed on this drift.
CURRENT CARRIER GENERATION
See Generation of current carriers.
CURRENT CARRIER MOBILITY
See Mobility of current carriers.
CURRENT CARRIER RECOMBINATION
See Recombination.

CURRENT CARRIER SCATTERING

CURRENT CARRIERS, charge carriers
Mobile charged particles and quasi-particles.

In an external electric ﬁeld, the random motion of
the current carriers acquires a directional component (see Current carrier drift), so that an electric
current ﬂows. The current carriers in metals are
usually electrons of the conduction band, but when
this band is more than half full, the current carrying role is better described in terms of holes in
this band. In metals the concentration of current
carriers is about 1022 –1023 cm−3 , i.e. is of the order of the number of atoms in the crystal itself,
while the mobility μ of conduction electrons usually lies within 105 –107 cm2 ·V−1 ·s−1 ). However,
in super-pure metals, it may increase by 3–4 orders
of magnitude (see Mobility of current carriers). The
carriers of current in semiconductors are usually
electrons in the conduction band and holes in the
valence band. Their concentrations, n (electrons)
and p (holes), may vary by many orders of magnitude from sample to sample of the same material,
depending on the concentration of impurity atoms
(donors, acceptors), intrinsic defects, the temperature, and external actions. Dark current carriers
are those which exist in semiconductors in the
absence of photoexcitation; equilibrium current
carriers are those present when thermodynamic
equilibrium exists between allowed energy bands
and local electronic levels. For the case n > p
at equilibrium, the majority current carriers are
electrons, otherwise they are holes. Nonequilibrium current carriers appear when the electron
subsystem is variously excited. The nonequilibrium concentration of minority current carriers
may be easily raised far above its equilibrium
value. It is controlled by the efﬁciency of the injection of minority current carriers into the band,
and by their lifetime in that band. In semiconductors, the mobility of carriers usually lies within
the range 102 –104 cm2 ·V−1 ·s−1 . The electron
(hole) component of conductivity may include impurity conductivity only, without any input from
the allowed band (see Impurity band, Hopping conductivity), and the carrier mobility μ may then
remain much lower than 1 cm2 ·V−1 ·s−1 . The
interaction of free electrons or holes with the surrounding atoms of the crystal may result in the
formation of polarons and ﬂuctuation states of the
current carriers (see Polaron, Fluctuon). In insulators the role of charge carriers may be played
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by interstitial ions of either intrinsic or impurity
atoms, or by charged vacancies (see Ionic conductivity).
CURRENT CARRIER SCATTERING in crystals
A transition of an electron (or hole) between

states described by Bloch wave functions under the action of a perturbation of the periodic
crystal e ld. There are two types of such perturbations that inﬂuence the mechanism of the
scattering. The ﬁrst type includes static defects of
the crystal lattice: impurity atoms, vacancies, dislocations, crystallite boundaries, and the external
surface of the specimen (see Surface scattering).
The second type includes dynamic perturbations:
phonons, other electrons, magnons, etc. The interaction of current carriers with the perturbation
of the periodicity is described by a Hamiltonian
H  = H − H0 , where H is the Hamiltonian of
the actual crystal and H0 is the Hamiltonian of an
ideal crystal. This results in electronic transitions
between the states with quasi-wave vectors k and
k  and energies ε(k) and ε(k  ). Provided |ε(k  ) −
ε(k)|  ε(k) then we have quasi-elastic (elastic) scattering. To each current-carrier scattering
mechanism there corresponds a separate Hamiltonian H  , a probability W (k, k  ) of the transition
from state k to state k  , and a relaxation time
for quasi-momentum τp , provided such a variable may be introduced. Calculations of W (k, k  )
are usually carried out within ﬁrst-order perturbation theory (|H  |  H , the Born approximation),
and Δt  τp , where Δt is the action time for
the perturbation in the elementary scattering event.
Scattering hampers directional motions of electrons either in the external electric ﬁeld or under
the effect of a temperature gradient, these motions
generating the electric current and the energy ﬂux,
respectively. The quantity W (k, k  ) enters the collision integral in the Boltzmann kinetic equation
(see Boltzmann equation), its solution permitting
the determination of kinetic coefﬁcients. Among
the latter are, in particular, the mobility of current
carriers μ and the Hall constant (see Galvanomagnetic effects). The solution of that equation
simpliﬁes if the variable τp may be introduced.
For the simultaneous action of several scattering
−1
mechanisms the values Wi (k, k  ) and τpi
are
summed: 1/tp = i (1/τpi ). In some cases this

264

CURRENT CARRIER SCATTERING

summation process extends to 1/μ = i (1/μi )
and ρ = i ρi (Matthiessen rule for resistivities ρI ), which hold for τpi independent of k.
Provided W (k, k  ) depends on the angle between
k and k  only, the microparticle scattering is called
isotropic scattering, and when it also depends on
the directions of k and k  it is anisotropic scattering. The relaxation time is a tensor in the latter
case.
Current carrier scattering in semiconductors.
Besides the mechanism of scattering proper, this
effect is controlled by the dispersion law for the
current carriers. When k and k  belong to the same
valley the process is called intravalley scattering,
otherwise it is designated intervalley scattering. If
one may express τp ∝ es and μ ∝ T α then the
quantities s and α control the scattering process.
During the scattering of electrons by lattice
vibrations (phonons) a phonon with an energy
ω(q) and a quasi-wave number q (ω is the
frequency) is either emitted or absorbed in an elementary scattering event. The conservation laws of
energy ε(k) = ε(k  ) ± ω(q) and quasi-momentum k = k  ± q + b are then obeyed. The
“minus” sign here corresponds to the absorption
of a phonon, while “plus” corresponds to its emission, and b is a reciprocal lattice vector. Processes
with b = 0 are the so-called ﬂip-over or Umklapp processes. It is important to account for
them when (k − k  ) lies outside the ﬁrst Brillouin zone, where b brings q back into the
ﬁrst zone. Umklapp processes are insigniﬁcant for
valleys in the center of the ﬁrst Brillouin zone
(see Many-valley semiconductors). Acoustic vibrations of atoms deform the crystal, changing the
energy of the bottom of the conduction band,
and produce a scattering acoustic strain potential
 = ε Δv/v , where ε is the strain potenHac
1
0
1
tial constant (sometimes the strain potential itself),
and Δv/v0 is the relative change of a given semiconductor volume, e.g., a unit cell.
 holds for an
The above expression for Hac
isotropic electron dispersion law only, and for an
extremum at the center of curvature of the ﬁrst
Brillouin zone. In the general case the strain potential constant is a tensor (strain potential tensor)
 to the strain. When T > T =
that relates Hac
0
2
mn u /kB ≈ 1 K, where mn is the effective mass
of the electron, u is the sound velocity, kB is the

Boltzmann constant, the scattering is quasi-elastic,
so that only the phonons with q < 2k take part
in it. The Planck distribution function for them
may be approximated by the classical expression
kB T / that corresponds to an equilibrium energy
distribution over the degrees of freedom, so that
these are equidistributed phonons. In the simplest
case of an isotropic parabolic dispersion law for
ε(k) we have s = −1/2, α = −3/2, r = 3π/8 =
1.18.
Optical vibrations of atoms produce a scattering optical strain potential (scattering by nonpolar
ω0 , where ω0 is
optical phonons). When kB T
the frequency of an optical phonon, the scattering
is elastic, s = −1/2, α = −3/2, r = 3π/8 = 1.18.
At all other temperatures the scattering becomes
inelastic. Provided, however, that the dispersion
law is isotropic (or close to isotropic and averaged over directions), the equality W (k, k  ) =
W (k, −k  ) makes it possible to introduce τp . If
kB T  ω0 , μ ∝ τp ∝ exp[ω0 /(kB T )], r = 1.
Only these two cases of scattering by phonons
are possible in nonpolar crystals such as Ge
and Si. In polar crystals (e.g., AIII BV ) scattering by the polar optical potential resulting from
the lattice polarization (see Polarization of insulator) contributes to the optical vibrations of the
atoms (scattering by polar optical phonons). Such
scattering may be stronger than scattering from
acoustic and optical deformation potentials. It is
ω0 and s = 1/2, α = −1/2,
elastic for kB T
r = 45π/128 = 1.105, and becomes inelastic at
other temperatures. However, when kB T  ω0
one may introduce τp since electrons can only absorb an optical phonons in a weak electric ﬁeld.
Moreover, having absorbed the optical phonon, the
electron emits it almost instantaneously (the probability ratio then becomes exp[ω0 /(kB T )] 1.
The electron energy undergoes almost no change
during such a composite scattering event, while k
does change. We have μ ∝ τp ∝ exp[ω0 /(kB T )],
r = 1 in the absence of degeneracy.
In crystals with partial ionic bonding acoustic
vibrations may also produce, beside the deformation potential, a piezoelectric scattering potential,
provided the crystal possesses no center of symmetry (e.g., in AIII BV , AII BVI semiconductors,
see Piezoelectricity). A piezoelectric constant enters the formulae describing scattering by that

CURRENT CARRIER SCATTERING

potential, and s = 1/2, α = −1/2, r = 45π/128 =
1.105 for the case.
At low temperatures the phonon gas is rareﬁed
and the main effect may consist in scattering by
impurity atoms; the scattering in that case is elastic
because of the great difference between the masses
of the electron and the atom. Scattering from
ionized impurities is similar to the Rutherford
scattering of α-particles. The Conwell–Weisskopf
formula (E.M. Conwell, V.F. Weisskopf, 1950) obtained for μ for that kind of scattering does not
take into account the screening by free electrons
of the ﬁeld produced by the impurity ions (see
Electric charge screening), while the Brooks–
Herring formula does. In both cases, and to within
the accuracy of certain factors slowly changing
with temperature T and the impurity concentration N , we have τp ∝ e3/2 /N , μ ∝ T 3/2 /N ,
r = 315π/512 = 1.93. Scattering by neutral impurities is similar to electron scattering by atoms
of hydrogen: s = 0, α = 0, r = 1. The corresponding formula for τp is called the Erginsoy formula
(C. Erginsoy, 1950). In the case of scattering
from point defects with a short-range δ-function
potential α = −1.2, s = −1.2. In all the above theories the scattering of current carriers is assumed
to be incoherent scattering, with the assumption
of no interference between electron waves scattered by different impurity atoms. This is generally
true for a random distribution of impurity atoms.
The above dependences of the mobility μ on the
temperature T are usually not observed experimentally, since they were obtained from idealized
models. The reason for such a pronounced disagreement between theory and experiment may lie
in a dependence of mn and of the deformation potential on the temperature T . Also, the band may
deviate from a parabolic shape, the electrons may
exhibit partial degeneracy, etc. For example, in
the case of scattering by phonons in germanium,
α = −1.66 for electrons and α = −2.33 for holes.
Electron–electron scattering does not change
the total quasi-momentum of the electron gas, and
hence has not affect on either the current or μ.
However, provided some other scattering mechanism is simultaneously at work, characterized, as
it were, by a τp (ε), both the current and μ will
change because of energy redistribution among
the electrons. This effect is characterized by the
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electron–electron scattering time, τee . When the
electrons collide with each other, a noticeable exchange of both quasi-momentum and energy takes
place, because of the equality of their masses, and
τee controls the rate of both processes. In the absence of degeneracy we have τee ∝ n−1 , where
n is the electron concentration. The electron–hole
scattering is signiﬁcant for high concentrations of
current carriers (high temperatures, high levels of
injection of electrons). It is similar to scattering by
ionized impurities when the ionic charge is opposite to that of the scattered carriers.
Scattering by dislocations occurs due to the
interaction of current carriers with charged dislocation ﬁlaments, and the deformation potential
produced by the ﬁeld of strained dislocations.
When the scattering center has a magnetic moment
then electron spin- ip scattering becomes possible,
which leads to the Kondo effect. The energy relaxation time, τe , may often be represented in the
form te ∝ el , where the value of l depends on the
scattering mechanism. We have l = −1/2 for the
acoustic deformation potential, l = 1/2 for the optical, l = 3/2 for the polar optical, and l = 1/2 for
the acoustic piezoelectric potential. The inequality
τp   τe  holds for the averages of τp and τe in
the case of quasi-elastic scattering.
Scattering of current carriers in metals. This
manifests itself in the principal kinetic properties
of the metal, its electrical conductivity and thermal
conductivity. The electrical resistance is related to
the relaxation of the electron quasi-momentum,
while the thermal resistance arises from both momentum and energy relaxation. When the momentum relaxation prevails, the Wiedemann–Franz law
2 /(3e2 ), where κ is the elecholds: κ/(σ T ) = π 2 kB
tronic thermal conductivity and σ is the electrical
conductivity. The scattering of current carriers
in metals is also inﬂuenced by the shape of the
Fermi surface. In the case of electron–phonon
scattering, determining the explicit form of the
Hamiltonian H  is a difﬁcult problem, since the
displacement of ions leads to a signiﬁcant restructuring of the electronic wave functions. At the
same time semiempirical techniques are available
that make it possible to relate matrix elements
of the Hamiltonian to the structure of the Fermi
surface. The most well-known one is based on
combining the model of rigid (undeformable) ions
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with the pseudopotential method. It is not difﬁcult to demonstrate, without falling back to model
considerations, that the squared matrix element of
the Hamiltonian H  is proportional to the phonon
momentum to ﬁrst order for the case of scattering
from long-wave vibrations.
The mechanism of electron–phonon relaxation
depends qualitatively on the relation between the
momentum of thermal phonons q and the typical
size PF of the Fermi surface (note that an intermediate range PF1 < q < PF2 is also realized
in Bi, PF1 and PF2 being the major and the minor semiaxes of the ellipsoidal Fermi surface). Let
us introduce the maximum energy of the phonons
that can interact with electrons: θ = uPF . The ratio θ/kB in typical metals is of the order of the
Debye temperature. At high temperatures we have
kB T
θ and the phonons with energy of the order of θ and momentum q ≈ PF are important.
The number of such phonons and, accordingly,
the probability of electron–phonon collisions, are
proportional to the temperature T . The electrical resistance is, correspondingly, ρ ∝ T . Since
the characteristic energy scale of the change in
the Fermi distribution function for electrons (see
Fermi–Dirac statistics) kB T is much larger than the
phonon energy, such collisions are quasi-elastic,
and the Wiedemann–Franz law holds. At low temperatures kB T  θ and phonons with energy of
the order of kB T and momentum q = kB T /u =
PF kB T /θ start to play the decisive role. In this
particular case energy relaxation occurs during a
single collision event. A signiﬁcant change in the
electron momentum ω requires [PF /(q)]2 =
[θ/(kB T )]2 collisions. Such a relaxation is essentially a diffusion of electrons over the Fermi
surface that proceeds with a typical step of q 
PF . Due to the laws of conservation of energy
and momentum such an electron may only interact with those phonons that have their momenta
normal to the electron velocity vector, the number of such phonons being proportional to T 2 .
In addition, the squared matrix element of the
electron–phonon interaction is proportional to the
ﬁrst power, q ∝ T . As a result, the energy relaxation time at low temperatures is te ∝ T −3 , while
the transport (pulse) time is proportional to τp ≈
τe [θ/(kB T )]2 ≈ T −5 . The corresponding electrical resistivity follows the Bloch law, ρ ∝ T 5 . Naturally, the Wiedemann–Franz law now no longer

holds. Strictly speaking, the above refers to compensated metals (with equal numbers of electrons
and holes), or to metals with open Fermi surfaces.
For an uncompensated metal the relaxation of total momentum at low temperatures is controlled by
electron–phonon collisions, accompanied by Umklapp processes. Moreover, such processes are only
possible in the regions where closed Fermi surfaces come closest to each other, the so-called hot
spots or hollows. The transport relaxation time,
roughly speaking, is equal to the sum of the time
span of transitions across the Fermi surface to
one of the hollows by diffusion, plus the time an
electron takes to ﬂip over or undergo an Umklapp process in a hollow. Usually the ﬁrst time
span signiﬁcantly exceeds the second (Umklapp
processes proceed relatively readily), so that the
Bloch law remains valid. Umklapp processes may
control momentum relaxation only in the range of
extremely low temperatures (about 1 K), resulting
in an exponential temperature dependence of the
electrical resistivity against the background of the
predominant inﬂuence of electron–impurity scattering.
Electron–electron collisions. Only electrons
from regions where the Fermi distribution is
blurred or diffuse may take part in such collisions, due to the Pauli principle and the conservation of energy law. In other words, a given
electron may only collide with a small fraction of the conduction electrons, of the order of
kB T /εF (εF is the Fermi energy), since the number of available states is proportional to kB T /εF .
(After one of the electrons enters the diffuse
range, another appears automatically, due to energy conservation during their collisions.) Thus,
taking into account the Pauli principle lowers
the probability of an electron–electron collision
by a factor of [εF /(kB T )]−2 (see Fermi liquid).
One should also take account of the fact that the
screening radius in a typical metal is of the order of the lattice constant, and as a result, the
mean free path for electron–electron collisions is
lee ≈ a[εF /(kB T )]2 . Umklapp processes during
electron–electron collisions are possible when the
Fermi surface crosses a plane normal to a certain
vector b of the reciprocal lattice located a distance
b/4 from the center of the Brillouin zone. The law
ρ ∝ T 2 might manifest itself at low enough temperatures when one could neglect the input from
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electron–phonon scattering, but there is no reliable experimental evidence for this. Meanwhile,
electron–electron collisions play a role during the
absorption of electromagnetic waves in metals in
the near-IR spectral range. Having absorbed an
electromagnetic quantum with energy ω kB T
the electron may interact with other electrons in
a layer of thickness ω. Calculations result in a
substitution in the expression for the probability
2 T 2 factor is
of electron–electron collisions: the kB
2
2
2
replaced by kB T + [ω/(2π)] . This does not
apply at T = 0 where everything is in the ground
state.
Scattering from static defects is usually elastic,
hence the collision probability does not depend on
the temperature, and the Wiedemann–Franz law
holds. Local defects such as impurity atoms significantly perturb the crystal ﬁeld at distances of the
order of a lattice constant a. The ﬁeld of a charged
impurity is screened by electrons, the screening radius (Debye radius) in a typical metal also being
of the order of a. Therefore, the scattering crosssection is of the order of a 2 , and depends on the
relatively weak inﬂuence of the local defects. The
mean free path is led ∝ aC −1 , where C is the
number of local defects divided by the number of
cells in the crystal lattice.
CURRENT, CRITICAL
See Critical currents.
CURRENT, ELECTRIC
See Electric current.
CURRENT FILAMENTATION, current channeling

Electric current ﬂow in a sample with a nonuniform distribution over the cross-section, i.e. high
densities along some channels (ﬁlaments), and low
or zero densities along neighboring parallel paths.
The phenomenon of current ﬁlamentation may
result from an S-shaped current–voltage characteristic. Such a characteristic can arise from certain
mechanisms of current carrier scattering in solids.
In addition an S-shaped characteristic in a uniform semiconductor may arise from the release of
Joule heat (overheating instability); when a temperature increase caused by the current ﬂow leads
to additional electron transitions from local electron levels in the conduction band then the current
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can increase still further, with a further rise in the
lattice temperature. The channeling often brings
about irreversible processes in the current channel,
which could put the device out of operation. If the
channeling associated with an S-shaped characteristic happens at high frequencies it may be used
for the generation of super-high frequency oscillations (harmonics), as occurs in various types
of diodes (e.g., trapped plasma avalanche triggered transit diode, tunnel diode, impact ionization
avalanche transit time diode). Besides, the pinch
effect may be responsible for current channeling
in semiconductors (see Magnetic pressure). Also
this channeling may be observed in pure metals
at low temperatures through the magnetodynamic
mechanism of nonlinearity (see Magnetodynamic
nonlinearity).
CURRENT, PERSISTENT
See Persistent current.
CURRENT STATES IN METALS

A hysteresis effect (in an external magnetic
ﬁeld B0 ) of electric current rectiﬁcation, and the
excitation of a static magnetic moment in the sample when irradiating the latter by an rf (radio wave)
of a high amplitude Brf . This takes place at the
quasi-static limit ωτ  1 (here ω is the rf frequency; τ is the electron characteristic lifetime)
of the anomalous skin-effect, with B0 parallel to
the rf magnetic ﬁeld vector Brf . The current states
are excited when Brf exceeds a threshold value
Bcr ∼ 0.1–1 mT that is determined by ω, the
mean free path l, and the character of the electron surface scattering. For diffusion scattering
Bcr ∝ ω−1/3 l −2 . In the ideal case of specular reﬂection the current states do not emerge. At the
regime of strong nonlinearity Brf > Bcr , the magnetic moment does not vanish even at B0 = 0.
For growing Brf , the hysteresis loop approaches
a universal curve which is determined only by
amplitude Brf , and does not depend on the electrodynamic properties of the metal. The excitation
of current states is stimulated by sharp conductivity jumps during the rf period which are due to the
appearance and disappearance of trapped electrons
in the skin-layer (see Magnetodynamic nonlinearity).
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CURRENT STATES IN SUPERCONDUCTORS

States with a ﬁnite current I at zero voltage
which correspond to an inﬁnite electrical conductivity. The current states are metastable under the
condition I > Ic where Ic is the temperaturedependent critical current which goes to zero at
the transition point Tc . In this case, in the vicinity
of Tc , we have Ic = const(Tc − T )3/2 (Bardeen
law). The energy E is related with the current
as E = Lk I 2 /2, where Lk is the kinetic inductance of the superconductor. Strictly speaking, a
current state as a metastable state has a ﬁnite lifetime, but for macroscopic superconducting rings
the persistent current decay times are so long that
it is reasonable to speak about an “inﬁnite conductivity”. The existence of current states is the
consequence of the macroscopic quantum coherence of electronic states of the superconductor
which are described by a uniﬁed wave function
ψ = F eiϕ . In this case the current state is given
by the magnitude of phase gradient ∇ϕ according
to
j = ns evs ,
vs =

1
(∇ϕ − 2eA),
2m

where vs is the super uid velocity (velocity of
motion of condensate); ns is the temperaturedependent concentration of superconducting electrons (ns /2 is the concentration of Cooper pairs).
For a pure superconductor ns = n at T = 0, where
n is the total concentration of electrons; for a
superconducting alloy with a mean free path l
less than the coherence length ξ0 , ns = nl/ξ0 at
T = 0. As vs grows, the value ns decreases so
that the dependence j (vs ) takes the shape of a
curve with a maximum (“depairing curve”). The
critical depairing current jc is determined as the
maximum of the dependence j (vs ), and is estimated as jc ∼ ns (vs = 0)evc (here vc = Δ/pF is
the critical velocity). This estimate gives a critical
current density value of jc ∼ 109 A/cm2 which
is achieved in thin superconducting ﬁlms or ﬁlaments (with thickness or diameter less than ξ0 ). In
bulk samples the depairing current is not reached,
as a rule, and the critical current is determined
by the decay of the superconductive state via the
intrinsic magnetic ﬁeld of the current in type I
superconductors (Silsbee rule, F.B. Silsbee, 1916),

N-shaped (left) and S-shaped (right) current versus voltage characteristics.

or by the Abrikosov mechanism of vortex pinning in type II superconductors. The current states
also occur at superconducting tunnel junctions (dc
Josephson effect). In this case the factor which
determines the current through this transition is
the phase difference ϕ1 − ϕ2 of the condensate wave functions of the two superconductors:
I = Ic sin(ϕ1 − ϕ2 ).
CURRENT–VOLTAGE CHARACTERISTIC

The dependence of the electrical current I on
the voltage V applied to an electric circuit element. If the element resistance does not depend
on the current then the current–voltage characteristic (CVC) is a straight line (Ohm’s law). The I
versus V characteristics of some circuit elements
can have sections which are nonlinear with various shapes. In semiconductors the appearance of
non-linear sections can result from the limitations
of current through the contact arising from the dependence of the emission ability of the contact on
the presence of regions of space charge, and from
the dependence of the current carrier mobility on
the electric ﬁeld strength.
In some cases a current–voltage characteristic has sections of negative slopes, corresponding
to negative resistance dV /dI (see Fig.). Negative
resistance means that the conduction occurs under unstable conditions. Fig. left: an I versus V
characteristic with an N-shape which is seen in
tunnel diodes and in semiconductors containing
traps with a speciﬁc dependence of the carrier
trapping on their energy. Right: an S-shape characteristic which can result from an “overheating”
mechanism, associated with the electron heating,
and also from an avalanche breakdown due to impact ionization of impurity atoms.

CYBOTAXIS

CURVATURE TENSOR

Riemann tensor, a 4th rank tensor that characterizes the deviation of the geometry of space
from the Euclidean type. The mixed curvature
i , is deﬁned through the Christoffel
tensor, Rklm
i as follows: R i
i
i
symbols Γkl
klm = ∂l Γkm − ∂m Γkl +
i
n
n
i
i
Γnl Γkm − Γnm Γkl (here ∂i = ∂/∂x , repeated indices imply summation). The covariant curvature
n (where g is the metric
tensor Riklm = gin Rklm
in
tensor) satisﬁes the relations Riklm = −Rkilm =
−Rikml = Rlmik ; Riklm + Rilmk + Rimkl = 0.
A property of this tensor is that there exists a
coordinate system such that the tensor is identically zero when the space is locally Euclidean (i.e.
gik may be reduced to the metric tensor of ﬂat
space with the corresponding signature via a coordinate transformation in a ﬁnite neighborhood
of an arbitrary point). The inverse statement is
also valid. Thus, the vanishing of the curvature
i
provides an invariant criterion for
tensor Rklm
the Euclidean nature of space that is independent
of the choice of coordinate system. This property of the curvature tensor is used in elasticity
theory to derive the conditions for the strain compatibility that are equivalent to the vanishing of
the curvature tensor formed from the Christoffel
symbols which are calculated from the displacement ﬁeld. When the solid contains dislocation
and disclination types of defects, which give rise
to incompatible deformations, the condition of
i
= 0 is violated. The solid is
compatibility Rklm
then internally stressed, i.e. there are tensions in
it even in the absence of external loads (see Internal stresses). Such a solid is described by a
non-Riemann geometry, with a curvature tensor
that differs from zero, and another tensor called
n
is formed from
the Einstein tensor Rkm = Rknm
it. Note that Rkm = Bkm , where the so-called
“material tensor” Bkm describes the distribution
of additional matter that produces incompatible
deformations within the body. For example, this
relation describes internal stresses in a solid that
result from a prescribed density of dislocations
(see Dislocation density tensor).
CYANIDING

Diffusion saturation of the surface of steel and
cast-iron products by nitrogen and carbon simultaneously, generally in melts containing cyanide
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salts. The thickness of the cyanided layer is 0.05
to 2 mm. Cyaniding increases the surface hardness
of the products, their wear resistance, and their endurance limit. Tool steels are cyanided at 450 to
600 ◦ C, structural steels below 950 ◦ C. Cyaniding
is distinguished by cementation and nitriding (see
Chemical heat treatment) depending on the higher
velocity of the process. After the high-temperature
cyaniding the products are subjected to hardening
and to low-temperature annealing.
CYBOTAXIC CLUSTERS
Domains with a ﬂuctuation origin having a
smectic structure found in a nematic liquid crystal, existing in the vicinity of a nematic–smectic
phase transition. Cybotaxic clusters present in the

nematic phase inﬂuence the longitudinal bending
and twisting strains. Smectic layers in the cluster
should be equidistant. As a result, the Frank elasticity constants K2 and K1 in the neighborhood of
the transition in the smectic liquid crystal phase increase directly as the cluster size (see Elasticity of
liquid crystals).
CYBOTAXIS

Name of a hypothetical three-dimensional
arrangement of particles (atoms, molecules) in ﬂuids which are in a state intermediate between one
that is completely disordered and one that is crystalline. The term “cybotaxis” was introduced by
D. Stewart and R. Morrow (1927). The atoms and
molecules in cybotaxes have mobility, but their
motion and relative arrangement are not disordered as in the gaseous state. A cybotaxis has no
sharply delineated boundary. The lifetime of cybotaxes depends on the composition of the ﬂuid,
and the temperature. The basis for introducing
the cybotaxis concept was X-ray structure analysis data that reveal that at temperatures slightly
above the melting point the arrangement of atoms
and molecules in liquids is similar to the arrangement in crystalline solids. It is possible to connect
the formation of locally regular clusters in glasses
which inherit the structural elements of smelts
on quenching, with the presence of cybotaxes in
smelts. Cybotaxes are often associated with localized arrangements of molecules in liquid crystals.
See also Polycluster amorphous solids, Lebedev
crystallite hypothesis, Liquid state models.
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CYCLIC HEAT TREATMENT

CYCLIC HEAT TREATMENT
A heat treatment of metals and alloys involv-

ing periodic heating and cooling of the material.
This is employed to induce structural changes that
lead to the improvement of mechanical properties.
One heating and one cooling event constitute a
unit cycle of a cyclic heat treatment. The cycle
conﬁguration (i.e. temperature versus time dependence), its parameters (maximum and minimum
temperatures of the cycle, heating and cooling
rates, exposure time at the maximum temperature
of the cycle) and the number of cycles can vary,
depending on the type of material being treated,
its original condition, and the needed structural
changes.
A cyclic heat treatment can be carried out so
that no phase transitions take place in the temperature range of the cycle. In this case structural
changes in the cyclic process account for the plastic deformation due to the thermal stresses which
arise as a result of temperature gradients induced
by heating and cooling the material. Substantial
changes take place in the intragrain dislocation
structure, grain interfaces (see Grain boundaries),
regions of grains adjacent to interfaces, and the
quantity and morphology of particles of phases
which gain strength. In particular, the durability of
metals and alloys under the conditions of hightemperature creep increases signiﬁcantly.
If a cyclic heat treatment involves a phase
transition within its temperature range of thermal
cycling (e.g., the α ↔ γ transformation in iron
and its alloys), the structural changes of a cyclic
heat treatment arise as a result of both the plastic deformation caused by thermal stresses and the
phase transitions. At low rates of heating and cooling (or for a small difference between Tmax and
Tmin ) phase transitions play the main role, and
the presence of these transitions can result in the
production of tiny uniform sized grains which increase the plasticity and strength of the material.
CYCLIC STRENGTH

Resistance to fatigue failure of materials under the application of cyclic loads. Quantitatively
cyclic strength may be estimated by the endurance
limit. As a rule, cyclic strength is somewhat lower
than static strength. First of all, cyclic strength is
determined by the maximum cyclic stress and its

amplitude. The greater the average cyclic stress,
the lesser the stress amplitude needed for material destruction at the same test base. The character
of the stress change between σmax and σmin has
a negligible effect on the cyclic strength. That
is why cycles of complicated shapes may always
be reduced to ordinary ones, and standard fatigue
tests are carried out with the use of the simplest
cycle conﬁguration.
An increase of the cycle frequency, other things
being equal, usually gives rise to an increase in
the cyclic strength, especially at high temperatures. So long as fatigue cracks are forming from
regions of stress concentration on the surface,
their state strongly inﬂuences the resulting cyclic
strength. As the temperature increases, a shift of
fatigue curves towards lower stresses is observed.
When temperature changes take place, fatigue disturbances may also arise because of the onset of
thermal stresses. Cyclic strength rises with the increase of metal purity with respect to interstitial
elements, with the decrease of grain size, and with
the formation of a cellular dislocation structure
(see Fragmentation). It also depends on the presence and size of the second phase of dispersed
particles.
The environment in contact with the surface of
the crack affects the crack growth due to physicochemical processes taking place at its peak (see
Fatigue crack growth). The reliable determination
of the cyclic strength is only possible when one
takes into account the nature of the product, and
the details of the fatigue.
CYCLOTRON FREQUENCY, gyromagnetic
frequency

Gyromagnetic frequency Ω of charged particle rotation in a constant magnetic ﬁeld B in a
plane perpendicular to the ﬁeld. For a free charged
particle the cyclotron frequency Ω is determined
from the balance of the Lorentz force ev × B by
the centrifugal force mv 2 /r, and it is given by
Ω = eB/m, where e and m are, respectively, the
charge and mass of the free particle, and v = Ωr.
The cyclotron frequency determines the energy
difference E between the energy levels of a particle in a magnetic ﬁeld: E = Ω. In crystals the
motion of particles is more complicated since they
interact with the ions of the lattice. In a constant

CYCLOTRON–PHONON RESONANCE

magnetic ﬁeld the energy of the electron (or hole)
E and the projection pB of its quasi-momentum p
along the direction B are conserved. Hence in momentum space the motion takes place along the
intersection of the isoenergetic surface E(p) = E
with the plane pB = const. If this curve is closed
then the motion is periodic with the frequency
Ω = eB/m∗ , where m∗ is the charge carrier cyclotron effective mass.
CYCLOTRON PARAMETRIC RESONANCE

Selective absorption of electromagnetic radiation by a semiconductor located at the maximum
magnetic ﬁeld of a stationary wave (frequency ω)
inside a resonator, when a longitudinal constant
magnetic ﬁeld B0 is applied, and the cyclotron frequency Ω is a multiple of half the pump wave
frequency ω. Cyclotron parametric resonance is
due to instability, arising from time modulation
of the electron cyclotron rotation frequency (see
Cyclotron resonance). The stabilization of this instability results from nonlinear processes, arising
at large electron energies, that lead to a highly
nonequilibrium and anisotropic distribution of carriers formed at the cyclotron parametric resonance. The presence of this distribution results in
the generation and ampliﬁcation of electromagnetic and acoustic vibrations in semiconductors
over a broad frequency range. In a thin sample at
cyclotron parametric resonance the electron distribution function is independent of the coordinates.
In a bulk semiconductor, when the sample size exceeds the wavelength of the pumping wave in the
resonator; then the heterogeneity of the wave magnetic ﬁeld plays an important role. The emerging
nonequilibrium distribution becomes rather heterogeneous. It results in gradients of the average
energy and concentration, and ﬁnally it gives rise
to a static electric ﬁeld Eind (hence a static electromotive force) and a heterogeneous Hall effect with
a resonance character. The main cyclotron parametric resonance appears when the cyclotron frequency Ω0 = eB0 /m (e and m are particle charge
and mass) is half the modulation frequency ω/2
(Ω0 ∼ ω/2 for linear polarization of the pump
ﬁeld in a rectangular resonator, and Ω0 ∼ ω for
circular polarization). Cyclotron parametric resonance, like any other parametric resonance of
mechanical or electrical vibrations, occurs in resonance zones of instability, and diminishes with the
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increase of the resonance number n (Ω = nω/2,
n = 1, 2, 3, . . .). This resonance can be observed
when the electrons make many revolutions in B0
before they collide with other particles and scatνl , where νl is the a relaxation rate
ter, i.e. Ω0
of the electron pulse. In solids collisions of the
conduction electrons with crystal lattice defects
(νl = 109 –1011 s−1 ), and scattering by thermal
vibrations (electron–phonon interaction) are the
most important. The last process limits the observation region of cyclotron parametric resonance: it
is at low temperatures (1 to 10 K), where collisions
with thermal phonons become rather infrequent.
The actually achieved relaxation times provide the
lower limit of the frequency region (ω > 109 Hz)
where cyclotron parametric resonance can be detected at the ﬁeld value B0 = 0.1 to 1 T. This
resonance is a threshold-type effect which can be
observed when the pump levels are rather high, i.e.
Ω1 > (νe νl )1/2 , Ω1 = eB1 /m, where B1 is the
amplitude of the alternating magnetic ﬁeld, and
νe is the relaxation rate of the electron energy,
νe ≈ (10−4 –10−3 )νl . This condition is valid in
ﬁelds B1 ∼ 0.01–0.1 mT. The energy of the resonance particles increases exponentially with time,
and can attain large values (electron gas overheating can reach 100 K). It results from the fact that
the electron distribution becomes rather nonequilibrium and anisotropic. The energy increase is
not inﬁnite, but is limited by nonlinear processes.
These are processes such as the nonquadratic spectrum of conduction electrons, which results in the
dependence of the mass (and the cyclotron frequency) on the energy, and also affects the energy
dependence of the electron relaxation rates.
Cyclotron parametric resonance can be used as
a method of high-frequency resonance pumping
of electrons in conductors to produce an inverted
population distribution of charge carrier energies.
CYCLOTRON–PHONON RESONANCE

A sharp increase of the electromagnetic wave
absorption in semiconductors, when the condition
ω = ω0 + nωL is satisﬁed, where ω is the electromagnetic wave frequency, ω0 is the optical phonon
frequency, ωL is the Larmor precession frequency,
and n is an integer. The resonance is observed
at high frequencies (ωτ
1) and in a quantizing
magnetic eld (ωL τ
1, ωL
kB T ); τ is the
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CYCLOTRON RESONANCE

time of the electron mean free path. The resonance
is associated with transitions of electrons between
Landau levels with the simultaneous absorption of
a photon and an optical phonon. The singularity of
the absorption coefﬁcient at its approach to resonance has a logarithmic nature. Cyclotron–phonon
resonance has often been studied experimentally.
It is used to determine semiconductor parameters, and in particular the frequency of the optical
phonon.

on the Luttinger Hamiltonian matrix. In addition
to cyclotron resonance there are spin resonances
of free carriers (combined resonance and paramagnetic resonance). These types of absorption,
together with the investigation of magnetooptical
interband transitions, provide a reliable starting
point for understanding energy band structures
(see Band theory).
CYCLOTRON RESONANCE, ACOUSTIC
See Acoustic cyclotron resonance.

CYCLOTRON RESONANCE

Resonant absorption of radiofrequency or microwave energy by an electron or other charged
particle in a static magnetic ﬁeld when its gyrofrequency equals the frequency of a perpendicular
electric ﬁeld. It corresponds to the diamagnetic
resonance absorption of an electromagnetic wave,
accompanied by the transition of an electron (or
hole) from one stationary orbit to another (mainly,
to a neighboring one) in a crystal situated in an external constant magnetic ﬁeld B. By its nature this
is an electric dipole resonance. In a solid a charge
carrier can move freely longitudinally along B.
The transverse motion takes place in a ﬁxed orbit with energy equal to ωc n (in an elementary
Brillouin zone with energy E(k) = 2 k 2 /(2m∗ )),
where ωc = eB/m∗ is the cyclotron frequency and
n is a positive integer (Landau levels). In the case
of absorption, the change of carrier energy is ωc
for the ground state absorption, and a multiple of
ωc for harmonics arising when the dependence
E(k) is more complex. The nature of E(k) can
be deduced by methods of group theory in solid
state physics. A main feature of cyclotron resonance is the possibility of determining the effective
mass m∗ directly through a measurement of the
absorption frequency. When E(k) is anisotropic
then ωc depends on the angle between B and
the symmetry axes of the crystal. The main condition for observing cyclotron resonance is the
requirement that the conduction electron be able
to complete an orbit before colliding (ωτ > 1),
where impurities, heterogeneities, and crystal lattice vibrations determine the scattering time τ . For
complicated forms of the energy E(k), in particular for the presence of both light and heavy holes
in cubic semiconductors, the equations of motion
have an obvious classical interpretation. The theory uses a quantum-mechanical calculation based

CYCLOTRON RESONANCE IN METALS,
Azbel–Kaner resonance
In metals cyclotron resonance amounts to an
increase in the high-frequency conductance at fre-

quencies ω which are multiples of the electron
cyclotron resonance frequency in a constant magnetic ﬁeld parallel to the sample surface. This
phenomenon is due to the repeated synchronous
acceleration of electrons during the part of the
orbit located within the skin depth δ (see Skineffect). In 1956 M.Ya. Azbel and E.A. Kaner theoretically predicted cyclotron resonance in metals,
and E. Fawcett discovered it in Sn and Cu. It has
been observed in over 32 metals.
The electron acceleration mechanism for cyclotron resonance in metals is as follows (see Fig.).
For a magnetic ﬁeld B parallel to the metal surface
all electrons move in circular orbits, and periodically with the cyclotron frequency Ω they return to
and pass through the skin δ where they are accelerated by the electromagnetic wave. If the resonance
condition ω = nΩ, n = 1, 2, 3, . . . , is satisﬁed
then the acceleration of the electrons takes place
on each cycle of the trajectory, just as it occurs in
a cyclotron with a single accelerating region. The
skin depth δ in a metal plays the role of the latter.
The metal region outside the skin acts as the dees

Cyclotron resonance in metals.

CYCLOTRON WAVES

of the cyclotron. Cyclotron resonance is observed
in pure single crystal metals at helium temperatures when the rate of electron collisions is less
than Ω. It is observed only for the conditions of
the anomalous skin-effect, when the radius of the
orbit R and the electron mean free path l are much
larger than the skin depth δ.
Cyclotron resonance in metals differs significantly from diamagnetic cyclotron resonance in
semiconductors. The latter is also called cyclotron
resonance when it takes place in a gas-discharge
plasma. Diamagnetic resonance occurs in a homogeneous radio-wave ﬁeld. Therefore: (a) it is
observed at the fundamental frequency (ﬁrst harmonic) ω = Ω, but not at multiple frequencies, as
is the case of cyclotron resonance in metals; (b) it
is a maximum when the polarization of the rf electric ﬁeld is perpendicular to the vector B, whereas
cyclotron resonance in metals exists at any polarization; (c) it is characterized by a sharp increase
of the electromagnetic absorption at resonance,
while absorption decreases at cyclotron resonance
in metals. The last circumstance is associated with
the fact that a sharp increase of the current at cyclotron resonance in metals results in its resonance
screening from the the external wave, in the increase of the reﬂection coefﬁcient, and, therefore,
in a decrease of the energy absorption. The line
shape of cyclotron resonance in metals is rather
asymmetric due to the presence of intrinsic cyclotron waves, which have their spectrum localized
near harmonics nΩ of cyclotron frequencies. In
the case of a nonquadratic electron dispersion law,
which is typical for most metals, the cyclotron
frequency Ω depends on the value of the electron momentum projection along the direction B,
hence it differs for different electrons. In this case
cyclotron resonance in metals occurs at the extreme frequencies nΩext , since for electrons with
Ωext there is a singularity in the density of states.
Owing to the decrease of the resonance electron
number the amplitude of the cyclotron resonance
in metals decreases, and the lines broaden and become more asymmetric in comparison with the
case Ω = const. In so doing the resonance of electrons from the central cross-section, and from the
vicinity of special points of the Fermi surface, becomes sensitive to the wave polarization. A small
slope of the ﬁeld B relative to the surface leads
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ﬁrstly to the splitting of the resonance peaks, then
to the doubling of their number (Ω = nΩ/2),
and to the inversion of the lines. In numerous
experiments on cyclotron resonance in metals an
important fact has been established: electron scattering on the surface heterogeneities of the sample
is almost of the mirror-type. It results in a considerable decrease of the amplitude of the cyclotron
resonance in metals, since there arises a new group
of electrons sliding along the surface near the mirror boundary of the skin depth. Their contribution
to the current is rather more than the contribution
of resonance particles, and cyclotron resonance
in metals arises from corrections to the smooth
nonresonance part of the surface impedance of
metals. A complete self-consistent theory of cyclotron resonance in metals at arbitrary reﬂections
of electrons from the metal surface over a wide
range of frequencies and magnetic ﬁelds has been
developed.
CYCLOTRON RESONANCE, QUANTUM
See Quantum cyclotron resonance.
CYCLOTRON WAVES

Intrinsic electromagnetic excitations of degenerate electron–hole solid-state plasmas in a magnetic ﬁeld B. The spectrum of cyclotron waves
is localized near the cyclotron resonance frequencies ω = nΩ (n = 1, 2, 3, . . .), for a wave vector
k⊥B. Its origin is the collective precession of
electrons with the cyclotron frequency Ω, in the
absence of magnetic collision-free damping. The
distinguishing features of this spectrum are due to
the nonlocal properties of the conductivity operator, and depend on the electron dispersion law.
For the square law of dispersion there are three independent waves in the vicinity of each cyclotron
resonance, namely the ordinary, extraordinary, and
longitudinal ones, differing in their spectrum and
polarization. The spectrum of the transverse cyclotron waves begins at the point k = 0 from
the frequency nΩ, reaches a minimum (about
nΩ − Ω/2) at k ∼ R −1 (R is the cyclotron radius), and then asymptotically approaches the initial value nΩ. The attenuation of cyclotron waves
is determined by the rate of electron relaxation.
Parameters of the Fermi liquid interaction in alkali
halides have been measured by cyclotron waves.
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with different orientation in a unit cell. It is observable by the splitting of bands of absorption and luminescence, the components of which appear to
be polarized in orthogonal directions.
Davydov splitting happens in the spectra of inorganic crystals with ionic or mixed-type bonds
in which one can distinguish groups of strongly
bound atoms with different orientation in the lattice (K2 CrO4 , CaWO4 , etc.). Davydov splitting is
especially apparent in semiconductors with a layered and chain-like structure (As2 S3 , CdP2 , ZnP2 ,
etc.) where the unit cell is composed of atoms belonging to two or more translationally inequivalent
chains or layers, between which, like in molecular crystals, there is a weak van der Waals bond
(see also Fermi–Davydov combined resonance,
Van der Waals forces).
Davydov splitting in liquid crystals is close in
nature to Davydov splitting in crystals with several molecules in the unit cell and is of the order
of νe ∼ 10−13 s−1 for electronic transitions or
νv ∼ 10−11 s−1 for vibrational transitions. In
liquid crystals, there appears an additional contribution to the splitting, which is associated with
the orientation dependence of the dispersion interaction. It is comparable in its magnitude with the
Davydov splitting, and observable in impurity absorption bands.

DAMPING, COLLISION-FREE
See Magnetic collision-free damping.
DAMPING, LANDAU
See Landau damping.
DANGLING BOND, broken bond
An unsaturated covalent bond; a bond from

one atom without a terminus, a kind of structural
defect in a solid involving a covalent or ioniccovalent bond. Broken bonds are inherent in both
crystalline and amorphous solids (see Amorphous
state), and can be arranged in a type of random
continuous network; this is common in organic
and polymeric glasses (see Vitreous state of matter). Associated with broken bonds in amorphous
semiconductors and insulators are features of the
electronic spectrum that signiﬁcantly affect the
processes of electron transfer and photostimulated
phenomena. In many cases broken bonds sufﬁciently high in concentration can be observed with
the help of electron paramagnetic resonance since
they involve unpaired electrons. The density of
broken bonds in amorphous solids can reach 1020
to 1021 cm−3 . Examples of broken bonds are unsaturated bonds of surface atoms. Since the energy
can be lowered by saturation (closure) of broken
bonds, efforts are made toward surface reconstruction of covalent crystals, and this is an important
factor in chemisorption on crystals.

DE BOER PARAMETER (J. de Boer, 1948)

DAVYDOV SPLITTING (A.S. Davydov, 1948)

Ratio of the amplitude of the zero-point vibrations of the atoms in a crystal to the crystal lattice

Splitting of electronic, electronic-vibrational
and vibrational states in molecular crystals caused
by the presence of inductive coupling between
molecules and by the migration of excitation energy in a crystal. Davydov splitting is possible
when there are two or more identical molecules

spacing, denoted by ΛB . This provides the stability criterion of the classical crystal state, namely,
ΛB  1. However, there are crystals for which
ΛB ∼ 1. Since the existence of the crystalline state
in such a situation is itself problematic, the deﬁnition of the de Boer parameter should not contain
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DE BROGLIE WAVE

the lattice period. It is determined through the parameters of the pairwise interaction of atoms, parameters of the Lennard-Jones potential. The de
Boer parameter for a series of elements has the
values:
3 He

4 He

H2 D2 Ne Ar
K
Xe
0.48 0.43 0.28 0.20 0.09 0.03 0.02 0.01
Crystals for which ΛB ∼ 1 are called quantum
crystals.
DE BROGLIE WAVE (L. de Broglie, 1924)

The quantum mechanical attribution of wave
properties to microparticles (electrons, atoms,
molecules, etc.). According to the assumption of
L. de Broglie a moving particle with the energy E
and momentum p has associated with it a wave
with a frequency ν = E/ h and a wavelength λ =
h/p. The de Broglie wave length corresponding to
the thermal motion of the particles increases with
the decrease in temperature T . At a sufﬁciently
low temperature when λ becomes comparable to
the distance between the particles of a system, then
quantum effects begin to play a role (see Quantum
liquid, Quantum crystal).
DEBYE FREQUENCY
See Speci c heat.
DEBYE–HÜCKEL THEORY (P. Debye, E. Hückel,
1923)

Thermodynamic theory of electrolytes taking
into account the screening of the electrostatic potential (see Electric charge screening) by the mobile ions of the solution. It follows from Debye–
Hückel theory that an ion located within the solution is surrounded by a coordination sphere
of ions of opposite sign, its radius being l D =
#
εkB T /(8πe2 I ), where ε is the dielectric constant, I is “ionic force” of the solution, I =
(1/2) i ni Zi2 where ni is the concentration of
ions of the ith type, and Zi is the valence of the
ith ion. The coefﬁcient of activity of the ith ion
is equal to exp[−Z+ Z− e2 /(2k B T εl D )], where
Z+ , Z− are valences of ions of the corresponding
sign of the charge. In the Debye–Hückel theory the
possibility of forming a bound pair of oppositely
charged ions is also taken into account (in this

case the components of the pair provide the mutual screening). The relation between the concentration of pairs and the concentration of individual
screened ions is determined by the total concentration of ions in the solution. This theory is used for
the description of defects in nonmetallic crystals,
e.g., for the calculation of diffusion coef cients, of
ionic conductivity, etc.
DEBYE–SCHERRER METHOD, powder X-ray
method, polycrystal method (P. Debye,
P. Scherrer)

Method of obtaining the diffraction diagram
of a polycrystalline material (see Polycrystal) by
X-ray scattering. In this method a monochromatic
narrow beam of X-rays is incident on a sample in
the form of a cylinder or a polished section from
a polycrystal. All the crystallites in the sample are
assumed to have random spatial orientations, and
the Bragg condition is satisﬁed for each set of suitably oriented crystallographic planes. For each allowed crystallite orientation diffracted X-rays will
emerge along a cone coaxial with the incident
X-ray beam with an aperture angle 4θ , where θ is a
Bragg angle (see Bragg law). The result is a family
of cones corresponding to diffracted X-rays with
various allowed aperture angles 4θ for the various allowed reﬂections. The diffraction picture in
the Debye–Scherrer method may be recorded on a
cylindrical or ﬂat photographic ﬁlm (debyegram).
In the X-ray diffractometry of polycrystalline samples the photographic ﬁlm is replaced by a rotating
detector of X-rays.
DEBYE TEMPERATURE (P. Debye, 1912)
The characteristic crystal temperature Θ D cor-

responding to the Debye frequency ωD (k B Θ D =
ωD ), where ωD is the maximum frequency of the
crystal lattice vibrations of the crystal (ωD ∝ vs /a,
where vs is the sound velocity and a is the crystal lattice constant). In the Debye model the crystal vibration frequencies ω are limited by the Debye frequency (ω  ωD ), and the linear dispersion
law ω = vs |k| is assumed to be valid, where k is
the phonon wave vector which takes on 3N discrete values (N is the number of atoms in the crystal), the largest value of k being π/a. The numerical values of the Debye temperature depend on
the atomic mass, and on the strength of the elastic bond between atoms (e.g., for Pb Θ D ∼ 90 K,

DECHANNELING

for diamond Θ D ∼ 2340 K). Knowledge of the
value of Θ D allows one to obtain important information about the vibrational spectra of a crystal, and about the characteristics of its chemical
bonds. The notion of a Debye temperature is essential for treating the thermodynamics of crystal; it is the approximate temperature boundary
which separates the low-temperature (T  Θ D )
and high-temperature (T
Θ D ) lattice properties
of the crystal, where T is the crystal temperature.
Using only the single parameter Θ D together with
some approximation expressions it is possible to
describe the behavior of a whole series of observed
physical characteristics of crystals over a broad
temperature range below as well as above the
Debye temperature. Examples of these are: speci c heat, electrical resistance (Bloch–Grüneisen
formula), elastic moduli, Debye–Waller factor for
the scattering of X-rays, neutrons, electrons, etc.;
properties involving the Mössbauer effect, IR absorption, etc.
DEBYE THEORY OF SPECIFIC HEAT
See Speci c heat.
DEBYE–WALLER FACTOR (P. Debye, I. Waller)

The temperature factor in the expression for
the probability of the radiation of photons from
crystals, or of elastic processes for the scattering of particles or photons, which takes into account thermal and static displacements of atoms
from their sites on a crystal lattice. The Debye–
Waller factor is written in the form e−2W , where
e−W = exp[iQ(uth + ust )], . . . means
double (thermodynamic and conﬁgurational) averaging, and Q is the scattering vector or the
wave vector of the radiated photons. If the displacements are counted with respect to the sites
of the “average” lattice, W assumes the approximate form W ≈ (1/2)[Q(uth + ust )]2 . In the
isotropic approximation 2Wα = (Q2 /3)u2α . For
a monatomic crystal, assuming the Debye model,
it has the temperature dependence




3Q2
2π 2 T 2
1+
+ ··· ,
2Wth =
8MkB ΘD
3
ΘD
where Θ D is Debye temperature, and T is absolute temperature of the crystal. In the general
case Wth . depends on the force constants of the
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crystal, on the atomic masses and on temperature. The static Debye–Waller factor depends on
the elastic constants of the crystal, and on the
characteristics of defects (concentration, dimensions, correlation in their location, etc.). Usually
Wth  1, and for room temperature W th ∼ 0.01 to
0.1. For impurity atoms, small clusters and dislocation loops W st  1; for dislocations W st
1
and the effects of coherent dissipation disappear
in the kinematic approximation; but taking into account the dynamic effects of scattering W st in the
case of dislocations requires renormalizing, while,
e.g., for the scattering of X-rays the renormalized
Debye–Waller factor W st < 1 for a dislocation
density less than 105 to 107 cm−3 .
The Debye–Waller factor determines the reduction of the coherent scattering intensity I (Q)
of X-rays, neutrons and other radiations in crystals: I (Q) = I0 (Q) e−2W , where I0 is the intensity of scattering by the ﬁxed ideal (average)
lattice. A Debye–Waller factor also describes the
efﬁciency of gamma ray radiation in a crystal
without recoil (see Mössbauer effect); in this case
it is sometimes called the Lamb–Mössbauer factor.
DECA. . . (fr. Gr. δεκα , ten), da

Decimal preﬁx which denotes a 10-fold increase of the value of the basic unit. For instance,
1 dal (dekaliter) = 10 l.
DECAY, ISOSTRUCTURAL
See Isostructural decay.
DECHANNELING
Exit from the channelling mode; inﬂuenced by
the excitation of phonons, electrons, plasmons,

etc., by the channeling particles. Motion of the
channeled particles in the transverse direction can
be considered as a drift in the ﬁeld of a random force, caused by deviations from the average continuous potential. In this case the energy
of the transverse motion of the channelized ions
E⊥ increases in proportion with their movement
along the channels (upon reduction of their total kinetic energy), and upon reaching the critical value E⊥c = E0 Ψk the dechanneling occurs;
E0 is the initial channelized particle energy, Ψk
is the Lindhard angle (see Channeling). The distance at which the density of channeling particles
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DECI. . .

is reduced by one half is called the dechanneling length. This length for protons with energies
from 1 to 10 MeV in silicon lies within the range
from 2 to 18 μm. Dechanneling is enhanced by the
presence of defects in crystals, especially by impurity or inherent interstitial atoms, located near
the axes of the channels, and also by dislocations;
in alloys it depends on the degree of ordering, etc.
DECI. . . (fr. Lat. decem, ten), d

The decimal fraction preﬁx meaning 1/10 of
a particular unit. For instance, 1 dg (decigram) =
0.1 g.
DECOMPOSITION OF ALLOYS
See Alloy decomposition.
DECOMPOSITION, SPINODAL
See Spinodal decomposition.
DECORATION
See Surface decoration.
DEEP ENERGY LEVELS AND GREEN’S
FUNCTIONS
See Green’s functions and deep energy levels.
DEEP LEVELS in semiconductors
Local electronic levels in semiconductors whose
ionization energies are comparable with the band
gap width. Deep levels exhibit a diversity of prop-

erties due to their depth, and their physicochemical characteristics. The atoms Zn, Cd, Mn, Fe,
Co, and Ni in Si and Ge are double (M2+ ) acceptors; Cu and Ag are triple acceptors, and the
impurity Au in Ge produces three acceptor and
one donor level. Deep levels are responsible for
a series of special electric, optical, photoelectric
and other properties in semiconductor materials.
The direct introduction of impurities is the main
method for obtaining material with the desired
properties. Deep level centers possess abnormally
large cross-sections for trapping of current carriers, so they can serve as centers of rapid recombination. An attempt to formulate a quantitative
theory of deep levels encounters some signiﬁcant
obstacles associated with the need for a microscopic description of the defect portion of the crystal and with the multi-electron nature of the problem (i.e. simultaneously taking into account both

the electrons of the defects and the valence electrons of neighboring atoms). For calculating local level parameters given in the literature, various
quantum chemical methods are used (see Quantum chemistry of solids), in particular, a Lifshits
method of regular perturbations (Green’s functions), a modiﬁed method of effective mass, and
some others. These methods are arbitrary in their
choice of the periodic ﬁeld potential perturbed by
a defect in an ideal crystal, and as a rule are not
very accurate.
DEFECT

For different varieties see Defects in crystals,
Defects in liquid crystals, Anti-Schottky defect,
Antisite defect, Antistructural defect, Electrically
active extended defects, Frenkel defect, Grainboundary defects, Intrinsic defects, Macroscopic
defects, Monopole-type defect, Needle-shaped defect, Planar defect, Rod-shaped defects, Schottky
defect, Stacking faults, Stoichiometric defects, Surface defects, Swirl defects, Thermal defects.
DEFECT CLUSTERING
See Point defect clustering.
DEFECT ELASTIC POTENTIAL
See Elastic potential of a defect.
DEFECT INTERACTION
See Elastic interaction of defects, Strain interaction of defects.
DEFECTON
A quasi-particle which arises from a light defect of a crystal lattice as a result of quantum
tunneling (see Tunneling phenomena) through the
periodic relief of a crystal. A defecton is characterized by a quasi-momentum which determines its

energy, usually lying within a narrow allowed energy band (defecton band). A vacancion (vacancy
wave) in solid helium and an impurity atom of
3 He in crystalline 4 He (impuriton) exemplify defectons. Defectons take part in quantum diffusion
which has an unusual temperature dependence,
and is very sensitive to the concentration of defects. Due to the small width of the defecton band
a non-uniform strain of a crystal brings about the
localization of defectons, and their transformation
into ordinary point defects.

DEFECTOSCOPY

DEFECTOSCOPY, aw detection

The totality of methods which permit the detection of defects (cracks, pores, gas blisters, extraneous inclusions, liquation, segregation of impurities, etc.) in the structure of a solid. There are
several types of defectoscopy.
Magnetic defectoscopy records the spreading
out of magnetic ﬁelds in the regions of defects, or
measures the magnetic properties which change in
the presence of defects in the material (ferromagnetic materials or ferromagnetic inclusions in nonmagnetic materials). There are the following variants of magnetic defectoscopy: magnetic-powder
method where the scattering ﬁelds are detected
at the surface of a magnetized sample of small
(several μm) particles of ferromagnetic powders
or suspensions (recording is visual); the magneticluminescent method where luminofores are used
as powder (particle location recorded using UV
radiation); the magnetographic method uses superposition at a ferromagnetic ﬁlm, which is then
studied with the aid of a tape-recorder head and
an electron-beam indicator; the ferroprobe method
using different ferroprobes (in particular, taperecorder heads, magnetic diodes, induction coils,
etc.) for recording the scattering ﬁelds.
Electrical defectoscopy records the spreading
out of the electric ﬁelds near defects, thermal electromotive force, electrical resistance.
X-ray defectoscopy detects defects by the variation of the contrast from X-rays passing through
the sample. This is applicable to thick samples,
and uses photographic ﬁlm or special sensors
which record the X-ray intensity at every point of
the space, subject it to analysis, and transmit the
results to a video device screen.
Gamma defectoscopy uses the variation of the
intensity of gamma rays passing through the material in the region of defects, and is applicable to
thick samples.
Beams of high-energy electrons generated by
accelerators can detect hidden defects in critical
materials.
Neutrons can detect defects in massive structures and engineering devices, as well as the concentration of inhomogeneities in ordinary bodies.
Defectoscopy based on dynamic light scattering in nematic liquid crystals is used for the
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control of insulating layers on metal–insulator–
semiconductor structures (integrated circuits, conductive plates with dielectric coating, etc.). This
method can detect 1 μm pores in insulators, and
it provides a nondestructive control of a structure with dielectric insulation, giving information about the type of defects present. The most
widespread use of acoustic defectoscopy is the
shadow method where the reduction in amplitude or the variation of phase of the incident
wave, scattered by the acoustic non-uniformity, is
recorded, and the echo-method which measures
the time of return of a short acoustic pulse to
the piezo-transformer after reﬂection from a defect (see Piezoelectricity). The minimum dimensions of recorded defects and the accuracy of their
localization by these methods is of the order of the
ultrasound wave length. Also there is a series of
special methods for measuring speciﬁc parameters
of samples. For instance, the thickness of plates is
controlled by the value of their resonance acoustic
frequencies, the quality of lamellar structures by
their acoustic impedance, and the presence of defects in strongly sound-adsorbing bodies through
the spectrum of their free (low-frequency) oscillations.
Physico-chemical methods of investigation include the capillary method, luminescent analysis,
the chromatic method which employs the interaction of surface-active liquids (see Surfaceactive agents) with defects located at the surface
or in regions close to the surface. To investigate microdefects of the structure, the method of
etching with subsequent microscopic or electronmicroscope analysis is used (see Electron microscope). Upon the interaction of the crystal surface
with a chemically-active medium the points of
exposure of the defects, e.g., of dislocations, are
“etched” more intensely, and this is then detected
by optical or scanning electron microscopy. Dislocations and dislocation loops in foils are detected
by transmission electron microscopy. Electron–
positron annihilation (see Positron spectroscopy)
detects and identiﬁes microdefects due to the ability of positrons to localize and annihilate in the
defective areas of the crystal. The processing of
positron annihilation spectra or the analysis of
their lifetime gives information about the type and
distribution of microdefects in crystals. The use of
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DEFECT RESISTANCE

different types of penetrating radiations and their
transformation into optically visible images with
the help of special electronic devices called image transformers is a type of defectoscopy. X-rays,
γ -quanta, β-radiation of isotopes, beams of highenergy electrons and ions, neutrons, electromagnetic radiation in the range from the near infrared
to millimeter and submillimeter waves, are used as
penetrating radiations (see Optical defectoscopy).
DEFECT RESISTANCE

A property of a material whereby it resists
damage and possible failure through the effect of
small concentrators of stresses (see Stress concentration). Examples are scratches, small cracks,
rough nonmetallic inclusions and other defects,
which are fractions of a millimeter in size, i.e.
no more than 1 or 2 orders of magnitude larger
than the size of a polycrystalline metal grain (see
Polycrystal). The defect resistance parameter is a
quantitative measure of the defect resistance:
D2 = log K v − nτ
where K v = R ms /στ is the viscosity coefﬁcient
of the metal, R ms is the microspalling resistance,
στ is the yield limit, and nτ is the exponent in the
parabolic equation governing the initial stage of
strain hardening of the metal, σe = Aen (A is a
constant, e is the actual strain or deformation):
nτ =

log(S v /στ )
,
log(ee /eτ )

where S v is the true ultimate strength, ee is the
uniform true strain, and eτ is the strain at the
yield limit. The criterion of defect resistance D2 =
log(σ1 /σi ) (where the ratio σ1 /σi is the rigidity
of the state of stress at the vertex of the defect,
σ1 is the main normal stress, σi is the intensity of
stresses) expresses the condition for the destruction of a metal containing a small defect within
an area of low plastic deformation of the magnitude e ≈ 0.02. The parameter of defect resistance
as a characteristic of steel toughness supplements
the index of fracture toughness (crack resistance),
because the latter is not applicable to cracks and
defects of submillimeter size.
DEFECTS, CONTINUUM THEORY
See Continuum theory of defects.

DEFECTS, HEALING
See Healing of defects.
DEFECTS IN CRYSTALS

Disturbances of the periodicity of atom (ion)
positions within a crystal (structural defects).
They are subdivided into point, linear, surface
(or planar) and bulk types. Point defects are one
dimensional imperfections (of atomic scale size)
distributed in three dimensions. Examples are vacancies, interstitial atoms and some of their combinations (bivacancies, complexes, etc.), as well
as impurity atoms which may be located at regular sites of the crystal lattice (substitutional atom)
or between regular sites (doping atom). Unlike
other types, point defects can be in thermodynamic equilibrium at the lattice temperature.
Linear defects are small in two dimensions,
and can have a considerable length in the third.
The character of linear defects, and of the displacement ﬁelds created by them, is described by
the Burgers contour. This contour may either close
on itself or be open, and if it is open then the
Bravais lattice vector connecting the starting and
ending points is called the Burgers vector. Needleshaped defects characterized by a closed contour
are chains of vacancies or interstitial atoms. They
are not very stable, and easily decompose by thermally activated or tunnel diffusion of atoms. Dislocations correspond to open Burgers contours.
Lattice disturbances which are elongated in
two dimensions and small in the third are called
surface defects. They form at crystal locations
where adjoining lattices differ from one another
by space orientation or by atom positionings.
Some characteristic types are stacking faults, grain
boundaries, and subgrain boundaries (see Subboundaries).
Bulk defects are disturbances which are not
small in any of their three dimensions. Aggregates
of point defects, pores and inclusions of a second
phase are included in this type.
The inﬂuence of defects on the physical properties of crystals is extremely diverse. It is determined by the character of the binding forces
within the crystal, by their energy spectrum (metals, semiconductors, insulators), by the nature of
the defects, etc. In semiconductors and insulators, where good electrical, optical or photoelec-

DEFECTS IN PHASE TRANSITIONS
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tric properties are crucial (see Photoelectric phenomena) point defects play an important role, and
dislocations may also make a considerable contribution to the electrical resistance. In construction materials where high strength is essential (see
Strength), the role of surface and bulk defects is
important. An atmosphere of point defects can
strongly inﬂuence the motion of dislocations (see
Cottrell atmosphere).

Defects in liquid crystals.

DEFECTS IN LIQUID CRYSTALS

Inhomogeneities of the orientational (see Orientational order) and/or translational ordering of
molecules of liquid crystals. Molecular size and
macroscopic defects are distinguished. Those of
molecular size are formed by additions into the
liquid crystal, e.g., molecules of dyes, of ions,
of surface-active agents, or as a result of lightor radiation-induced transformations of molecules
already present. Macroscopic defects include the
following: point defects (hedgehogs, boojums),
linear ones (dislocations, linear solitons), planar
defects (domain walls) and bulk defects (particlelike solitons). Macroscopic defects are called topologically stable if no continuous transformation is
able to transform the ﬁeld of the order parameter
to the uniform state.
The classiﬁcation of macroscopic defects is
based on the calculation of the homotopic groups
πi (R) of the space of rank R (region of degenerate states) of the medium. Each class of defects corresponds to an element of the group,
identical within the accuracy of continuous transformations of the order parameter; a state without a defect corresponds to the unit defect. This
formalism permits one to associate with each
class of defects some topological invariant, called
the topological charge, which is a generalization
of the Burgers vector in the theory of dislocations. The continuous variation of the topological charge of an isolated defect is impossible. In
the general case the homotopic group πi (R) classiﬁes a defect of dimensionality d  = d − i − 1,
where d is the dimensionality of the medium.
In a three-dimensional (d = 3) medium group
π0 (R) describes walls (i = 0, d  = 2), π1 (R) describes lines (d  = 1), and π2 (R) describes points
(d  = 0). The processes of decomposition and
merging of the defects are limited by the multiplication law of the group elements. If the group is

Abelian (all elements commute) the result of such
processes is always unambiguous, while for a nonAbelian group the result depends on the path along
which the decomposition (merging) of the defects
occurs.
Macroscopic defects cause distortions of the
orientation of liquid crystal molecules within the
whole volume of the sample. Since it is the orientation of the molecules which determines the distribution of the optical axes (see Director) of the
liquid crystal, the defects are easily subjected to
investigation by the methods of polarization microscopy (see Optical polarization method).
The formation and motion of defects play important roles in practically all processes of the liquid crystal response to external disturbances, such
as the stress relaxation, the reconstruction of structure under the effect of an electromagnetic ﬁeld, at
phase transitions, etc. As a rule, some topological
defects are present even in the equilibrium state
of a liquid crystal, and their stability is provided
by the boundary conditions (see Fig.). Thus, for
example, in a spherical drop of a nematic material (see Nematic liquid crystal) with normal boundary conditions in equilibrium there always exists
a point defect within the volume, the hedgehog
(Fig., right), and at the tangential lines there are
two boojums or surface point defects (Fig., left).
Due to the wide variety of defects, and the
possibility of performing a broad range of experiments, defects constitute convenient models for
the development of topological representations in
condensed matter physics (see Topological inhomogeneity).
DEFECTS IN PHASE TRANSITIONS

Phase transition defects are of two types, those
involving a random local ﬁeld, and those involving
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DEFECT STRESS SCALE

a random local temperature, depending on their
inﬂuence upon the coefﬁcients of the density η(r)
or the thermodynamic potential Φ(r) describing
the phase transition. Within the phenomenology of
the Landau theory, the density in the absence of
defects has the form:
2
B
D
A
Φ(r) = η2 (r) + η4 (r) + · · · +
∇η(r)
2
4
2
+ · · · − h0 η,
(1)
where for simplicity the long-range forces are not
taken into account, and the one-component order
parameter A = A0 (T −T0 ) is included; B, D, A0
are medium constants, and h0 is the external ﬁeld
which is conjugated to the order parameter. Point
defects of the random local ﬁeld type add the following contribution to Φ(r):

hi (r − ri )η(r),
(2)
Φh =
i

and defects of the random local temperature type
lead to the additional contribution
1
ΦT = A(r − ri )η2 (r).
2

(3)

The origin of the terms, defects of random local ﬁeld and random local temperature, is associated with the fact that the “averaged over conﬁguration” values Φ h (r) = hη(r), Φ T (r) =
(1/2)Aη2 (r) describe renormalization by the defects of the value of the external ﬁeld h0 and of
the phase transition temperature T0 .
The local ﬁeld defects bring about strong local distortions of the crystal matrix, because it
follows from Eq. (1) that (not too close to T0 )
η(r) ∝ (1/r) exp(−r/r c ) with r 2 c = D/A → ∞
at T → T0 . These defects eliminate the long-range
order (see Long-range and short-range order),
leading to a complex domain structure in systems
with inﬁnitely degenerate η, or to long-term relaxation in systems with ﬁnite degenerate η. Such polarized defects create an average ﬁeld within the
crystal, and induce η = 0 at any temperature T ,
i.e. the phase transition, speaking strictly, is absent
(blurred).
The random local ﬁeld defects bring about a
shift of T0 and lead to anomalies of different physical values in the vicinity of T0 . In the area of similarity theory these defects cause a variation of the

critical indices. The reorienting random local ﬁeld
defects are a special class of defects which, unlike
frozen defects, bring about an increase in the temperature of pure crystal phase transitions.
DEFECT STRESS SCALE
See Stress scales of defect structures.
DEFECT STRUCTURE ANALYSIS
See Microprobe X-ray defect structure analysis.
DEFECT SYMMETRY GROUP

This involves both the symmetry of a defect
itself as well as the symmetry group of the crystal where the defect appears. Translational symmetry (see Translation) disappears when a single
defect is introduced into a crystal. The point group
of symmetry of a crystal with a defect reﬂects the
symmetry of the point defect, and is a subgroup of
the point group of the ideal crystal. If we disregard
the crystal distortion induced by a defect then the
symmetry of this defect is the same as the symmetry of the site that it occupies. The symmetry
groups of the various points of the unit cells for all
230 space groups are given in the International Tables for Crystallography. For an impurity atom (or
a vacancy) at a site of a Bravais lattice the defect
point symmetry is the same as the crystal point
symmetry. The presence of a pair of point defects,
dislocation loops in cubic crystals, or particles of
a new phase of different symmetry all result in a
lowering of the symmetry compared with that of
the host crystal.
DEFECT THRESHOLD ENERGY
See Threshold energy of defect formation.
DEFORMATION AT LOW TEMPERATURES
See Low-temperature deformation.
DEFORMATION BY EXPLOSION
See Explosion deformation.
DEFORMATION DIAGRAM, stress–strain curve

Graphic representation of the dependence of
the deforming force (stress) on the material response (strain). The deformation diagram reﬂects

DEGENERACY

the results of testing solids by different methods
such as stretching, compressing, e xure and torsion. As deformation parameters one can select
absolute values of elongation, of shearing angle,
of torsion angle (see Rod twisting), of deﬂection,
or preferably one can work with relative deformations which are ratios of sample dimensions during
loading to those before the test. Relative deformations are usually subdivided into two types: a conditional deformation which is the the sum of successive variations of size all relative to the same
initial dimension before the test; and a true deformation which is the sum of small variations of
size, with each of them relative to the current value
of the dimension. The deforming effort is characterized also by either the absolute value of the projection of the force or torsion along some direction
(direction of deformation), or by the speciﬁc parameter of stress, i.e. by the force effecting a unit
area of some cross-section of the body. The normal stress, namely the component of force perpendicular to the cross-section area, and the tangential
stress, due to the projection of the force along (parallel to) the area of the cross-section, are singled
out. The stresses are usually divided into conditional and true stresses: the former determined by
the relation of the actual force to the initial area of
the cross-section, and the latter by the same relation to the current area. To plot a deformation diagram it is possible to use different combinations
of the above mentioned deformation and deforming force parameters. For the analysis of physical
dependencies of the deformation process the diagram using the coordinates “true deformation–true
stress” is the most signiﬁcant. This diagram provides data for the calculation of many basic mechanical parameters of the material (e.g., elastic
moduli, yield limit, ultimate strength, strain hardening factor, margin of plasticity). The analysis of a
deformation diagram also gives information about
the physical mechanisms of plastic deformation,
of hardening and of degeneracy. Alternate terminology for a deformation diagram is deformation
curve, hardening curve and diagram of loading.
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tion of temperature, strain, and rate of deformation. The simplest kinetic equation presenting a
microscopic description of plastic deformation in
terms of the dislocation model of plastic deformation takes the form: ε̇ = bρv, where ε̇ is the rate
of deformation, b is the Burgers vector, ρ is the
density of mobile dislocations, and v is the mean
velocity of their motion. The deformation kinetics is accompanied by an irreversible displacement
of dislocations. In addition to the displacement of
dislocations, one has to consider the multiplication
of dislocations and interactions between them, as
well as the effects of other lattice defects, in particular, of disclinations. Two competing processes
proceed simultaneously when a crystal is undergoing a deformation: strain hardening and recovery.
During hardening the stresses required to maintain a constant rate of deformation increase, while
the rate of deformation decreases, if a constant
external stress is applied. Recovery decreases the
rate of hardening during active deformation (ε̇ =
const), and produces a steady-state creep under a
constant stress. Existing theories describe the deformation kinetics at the ﬁrst stages of deformation, in particular, the appearance of a yield cusp
(upper and lower yield limits on the deformation diagram, or stress–strain curve). Still, the deformation kinetics at large plastic deformations cannot
yet be unambiguously described in terms of existing theories.
DEFORMATION, PLASTIC
See Plastic deformation, Discontinuous plastic
deformation, Localization of plastic deformation,
Plastic twisting deformation, Temperature conditions of plastic deformation.
DEFORMATION RATE
See Plastic deformation rate.
DEFORMATION TENSOR
See Strain tensor.
DEFORMATION WORK
See Work of deformation.
DEGENERACY

DEFORMATION KINETICS

The development and interplay of elemental
acts of deformation that produce strain in a material. Generally, the strain-inducing stress is a func-

There are two main uses for this term.
1. The ﬁrst use is the presence in a quantummechanical system of several different states
which have the same value of some physical quan-
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DEGENERACY, SPIN

tity, such as energy, angular momentum, etc. The
number of such states is called the multiplicity or
degeneracy factor. Usually degeneracy is associated with the symmetry of a system; lowering by
external factors (ﬁelds) brings about the partial or
complete removal of degeneracy, e.g., it leads to
the splitting of energy levels (see, e.g., Zeeman effect, Stark effect).
2. The second use of this term concerns the
state of a gas of identical particles, whereby
their quantum properties become revealed below
what is called the degeneracy temperature T0 . For
Bose particles (bosons) degeneracy corresponds to
Bose–Einstein condensation, and in the case of an
ideal Bose gas
T0 =

3.32 N 2/3
,
mk B (gV )2/3

where N is the number of gas particles, V is the
volume, m is the particle mass, and g is the multiplicity. For Fermi particles (fermions) the state
of degeneracy corresponds to the almost complete
ﬁlling by the particles of states with energies less
than the Fermi energy, and to the very low occupancy of higher energy states. For an ideal Fermi
gas
T0 =

(6π 2 N)2/3 2
.
2mk B (gV )2/3

Conduction electrons in metals (N/V ∝ 1022 to
1023 cm−3 ) are degenerate up to temperatures of
about 104 K. In semiconductors with high doping almost complete degeneracy of electrons in the
conduction band (or holes in the valence band) can
take place at room temperature or below.
DEGENERACY, SPIN
See Spin degeneracy.
DEGENERATE SEMICONDUCTOR
A semiconductor with the charge carrier energy distribution described by Fermi–Dirac statistics. The Fermi level is located either within the
conduction band or valence band, or is situated in
the band gap within ∼k B T from the edge of one

of these bands. Inherent semiconductors become
degenerate at high temperatures when k B T becomes comparable to the gap width εg , and when
these materials have narrow gaps (HgSe, HgTe)

then one or both types of carrier is already degenerate at room temperature. In doped semiconductors the conduction electrons (holes) become degenerate at high donor (acceptor) concentrations.
For high optical excitation or strong injection of
charge carriers the degeneracy of nonequilibrium
carriers is possible.
For an arbitrary degree of degeneracy or multiplicity the thermodynamic and kinetic characteristics of an equilibrium electron–hole semiconductor system are expressed through the Fermi–Dirac
integral:
 ∞
x n dx
,
Fn (z) =
0 exp(x − z) + 1
where z = ξ/(k B T ), and ξ is the chemical potential. For strong degeneracy, exp[ξ/(k B T )] 1,
these formulae are considerably simpliﬁed, and for
doped degenerate semiconductors they have the
same form as for metals.
The degeneracy of charge carriers is especially
noticeable in those kinetic effects, which arise
from the thermal spread in the energy distribution of the carriers. These include the magnetoresistance effect, electronic thermal conductivity, Peltier effect, Ettingshausen effect, and other
effects in semiconductors with isotropic energy
spectra (see Thermomagnetic phenomena, Thermoelectric phenomena). In completely degenerate semiconductors at T = 0 K these effects are
absent, because, according to the Pauli principle,
in transport phenomena only the charge carriers located at or near the Fermi surface and possessing the same energy take part. At T = 0 K
these effects are present but they are not appreciable, their value being approximately ξ/(k B T ) or
[ξ/(k B T )]2 times (depending on the effect under
consideration) less than in non-degenerate semiconductors.
The features of degenerate semiconductors are
most clearly evident in the presence of quantized
magnetic ﬁelds (see De Haas–van Alphen effect,
Shubnikov–de Haas effect, Quantum Hall effect,
etc.).
DEGREE OF ORDER of liquid crystals
(V.N. Tsvetkov, 1942)

The quantity which designates the fraction
of liquid crystal molecules with their long axes

DE HAAS–VAN ALPHEN EFFECT
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aligned along the director n. The degree of order S,
or the order parameter, is given by the following
equation:
S=


1
3 cos2 θ − 1 ,
2

where θ is the angle between the long axis of an
individual molecule and n, and the angle brackets designate averaging over the orientations of
the molecules. In the isotropic liquid crystal phase
S = 0, for ideal ordering S = 1, and in nematic liquid crystals S ≈ 0.6. The degree of order may be
determined, e.g., from NMR spectra.
DE HAAS–VAN ALPHEN EFFECT (W. de Haas,
P. van Alphen, 1931; predicted by L.D. Landau,
1930)

The oscillating dependence of thermodynamic
characteristics of metals, semimetals and degenerate semiconductors on the magnetic ﬁeld B,
caused by the quantization of energy levels of the
conduction electrons, with a ﬁxed projection of
quasi-momentum (pz ) along the direction B =
(0, 0, B) (Landau quantization).
The de Haas–van Alphen effect is explained in
terms of the presence of a selected Fermi energy
εF in the spectrum of excitations of an electron
Fermi liquid. When the magnetic ﬁeld B is scanned
the various n terms of magnetic quantization with
the energy En (pz ) and momentum pz in turn intersect εF , and the density of one-electronic states
having the energy εF oscillates and passes through
a sharp peak each time one of the n curves E =
En (pz ) is tangential to the dashed horizontal line
E = εF (see Fig.). It is these oscillations which
constitute the de Haas–van Alphen effect. Usually the number of terms (N0 ) with energy En <
εF is very high: N0 = pF2 /eB (pF is the electron momentum at the energy εF ) and the structure of the de Haas–van Alphen oscillations is determined by the quasi-classical Lifshits–Onsager
quantization rules for electrons with an arbitrary
dispersion law ε(p) (p is the quasi-momentum) in
the magnetic ﬁeld: S(E, pz )/eB = 2π(n + 1/2),
n
1. Here S is the cross-section area of the
isoenergetic surface ε(p) = E at the plane pz =
const. The oscillations are periodic with respect
to the reciprocal magnetic ﬁeld with the period
(1/B) = 2πe/S ext , where S ext is the extremal

The curves show the quantum terms in the magnetic ﬁeld
En (pz ), and the dashed line indicates the Fermi energy.
At T = 0 all the states with En < εF are occupied by
electrons, and those with En > εF are all vacant.

cross-section of the Fermi surface ε(p) = εF (the
points of extrema En (pz ) and S(εF , pz ) coincide
at En = εF ). If the Fermi surface has several extremal cross-sections, then the oscillating parts
of the thermodynamic characteristics contain harmonics with periods (1/B), responding to all the
extremal areas. The experimental study of the dependence of (1/B) on the direction B gives detailed information about the Fermi surface geometry, and in some cases provides data sufﬁcient for
its complete reconstruction.
Since the quasi-classic parameter N0−1 is negligible in magnitude the quantum oscillations of
the thermodynamic potential of the electronic sys−5/2
. As
tem have the relative amplitude A ∝ N0
a rule it is not the potentials themselves that are
determined, but rather their derivatives (magnetic
susceptibility, compressibility, etc.). In this case A
may grow by several orders. At ﬁnite temperatures, T = 0, the boundary of the energy distribution of the electrons is blurred, which reduces the value of A. In the temperature region
Ω (Ω is the cyclotron frequency correkBT
sponding to the given extremal cross-section of
the Fermi surface) the relative amplitude of the
lth harmonic is proportional to the exponential
factor AT = exp[−2π 2 lk B T /(Ω)]. In addition,
the broadening of the electronic terms caused by
the electron scattering further reduces A. This effect is taken into account by the so-called Dingle factor AD = exp(−2πlν/Ω), where ν is the
reciprocal lifetime of the electronic state, averaged
over the extremal cross-section of the Fermi surface. In order to make the factors AT , AD of the
order of unity, low temperatures (He range) and
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pure samples are needed. At T → 0 not only do
point defects (impurity atoms, vacancies) inﬂuence
the value of AD , but also the weak deformational
ﬁelds of dislocations, usually unimportant for the
kinetics of the conduction electrons. In some cases
the contribution of dislocations to AD may dominate.
A systematic theory of the de Haas–van Alphen
effect was formulated by I.M. Lifshits and A.M.
Kosevich (1955). In the presence of magnetic
breakdown the de Haas–van Alphen effect is qualitatively more complicated in comparison with the
quasi-classical one, but the Lifshits–Kosevich theory can be generalized to this case.
DEHARDENING, softening
Decrease in strength of a material that had been

brought into a hardened, thermodynamically nonequilibrium state by the effect of some external
ﬁeld (temperature, gravitational, mechanical, electric, magnetic, etc.). Such a softening or dehardening proceeds by the transformation of the material into a more stable state with lower energy.
Dehardening may occur either during the process
of the dehardening action itself (dynamic dehardening) or subsequent to it (static dehardening). To
activate the latter in practice the material is usually
heated.
In the case of crystalline solids dehardening
proceeds through the formation, displacement (redistribution) and annihilation of point defects, of
linear, surface and volume crystal defects, and
their complexes. Depending on the type of defects
responsible for the dehardening the latter may exhibit different kinetics, which variously affect the
physical and mechanical properties of the material. In most cases dynamic dehardening improves
the material plasticity, and only weakly affects the
specimen shape as the latter changes under the effect of the external ﬁeld. Dehardening that is related to the formation and spread of cracks lowers
the material plasticity.
DEHARDENING BY ALLOYING, softening by
alloying
A decrease of the critical shear strength in metals upon the addition of a small amount of an alloying element (e.g., when alloying tantalum with

rhenium). Dehardening by alloying is observed at

room and lower temperatures when the thermally
activated dislocations penetrate the Peierls barriers
(see Peierls relief), thereby, to a large extent, determining the value of the critical shear stress. One
may relate dehardening by alloying with the lowering of the Peierls–Nabarro strength (see Peierls–
Nabarro model). The latter may be explained by
the easier formation of double kinks on dislocations at those points where the atoms of the alloying element are located. Dehardening by alloying is also observed when highly active elements
are added to body-centered cubic metals. Such elements bond the doping atoms into a second phase,
clean the metal matrix, and thus lower the impurity
hardening. In that case, the effect of lowering the
critical shear stress is observed over a wide temperature range.
DELAY LINE, ULTRASONIC
See Ultrasonic delay lines.
DELTA PHASE (δ -phase)

The fourth allotropic modiﬁcation (see Allotropy) of polymorphous metals (see Polymorphism) (e.g., δ-Mn, δ-Ce), and also solid solutions
based on them. Iron is an exception, because the
solid solution on its third high-temperature modiﬁcation (see Gamma phase) is called the delta
phase or δ-Fe. Like α-Fe it has a body-centered
cubic lattice and exists from 1400 ◦ C up to the
melting temperature 1540 ◦ C. Alloying iron with
elements of Groups III, IV, V and VI broadens the
temperature range of the delta phase existence. In
some systems (e.g., Fe–Si, Fe–Cr, Fe–P) the stabilization of the δ- and α-phases (see Alpha phase)
brings about a merging of their phase regions in
their phase diagram. As a result, such phases over
their entire temperature range of existence only
have a body-centered cubic lattice. This phenomenon is used to create soft magnetic materials
(e.g., silicon steels, high-chromium steels, stable
against corrosion under stress, etc.). In phase diagrams of other systems, the fourth intermediate
phase (counting from the ﬁrst toward the second
component) is called the delta phase. In systems
with interstitial elements (C, N, etc.) the monocarbides with the NaCl type crystal structure are
designated as delta phase.

DEMAGNETIZATION FACTOR TENSOR

DEMAGNETIZATION

A process whereby the magnetization of a magnetic material is reduced. A sample with a magnetic susceptibility located in an externally applied
magnetic eld Bapp has a magnetization given by
M = (Bapp /μ0 )[χ/(1 + χN)] where N is the demagnetization factor which depends on the sample
shape and orientation in the ﬁeld, and can assume
values 0  N  1. For an ellipsoidal shape with
principal directions x, y, z the corresponding demagnetization factors obey the normalization relation Nx + Ny + Nz = 1, so N = 1/3 in all directions for a sphere. For an ellipsoid of revolution
with the external ﬁeld applied along its symmetry
axis we have N ≈ 1 − δ for a strongly oblate (diskshaped) sample, and N ≈ δ for a strongly prolate
(needle-shaped) sample, where δ  1.
This discussion assumes that there is no hysteresis, so that the magnetization M vanishes
when the applied ﬁeld is reduced to zero. When
hysteresis is present there is partial demagnetization even when there is no shape demagnetization
(N = 0) and the external magnetic ﬁeld is lowered
to zero. When Bapp reaches zero the remanence
Mrem remains (see also Hysteresis). Complete demagnetization in the presence of hysteresis can be
achieved in three different ways:
1. Demagnetization by a constant magnetic ﬁeld.
After the applied ﬁeld reaches zero it is increased in the reverse direction until it reaches
the value −Bc , called the coercive force (coercive ﬁeld). The specimen is now demagnetized to zero (M = 0) in an applied reverse
ﬁeld. To completely demagnetize the sample in
zero ﬁeld it can be cycled through its hysteresis loop many times with gradually decreasing
peak ﬁeld values.
2. Demagnetization by an alternating magnetic
ﬁeld. The specimen is subjected to an alternating applied ﬁeld that is gradually diminished to
zero from an amplitude that can (or may not)
initially exceed Bc .
3. Complete demagnetization by heating. The
specimen is heated to a temperature above the
Curie point and subsequently cooled in an environment free of any magnetic ﬁelds.
DEMAGNETIZATION COOLING
See Adiabatic paraelectric cooling.
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DEMAGNETIZATION FACTOR TENSOR

 deﬁning
A second-rank symmetric tensor N
M between the demagthe relationship H D = −N
netization ﬁeld H D and the magnetization vector
M of a specimen of permeability μ̂ = μ0 (1 + χ)
placed in a uniform external magnetic ﬁeld B 0 =
μ0 H 0 , where χ = M/Hi is the dimensionless
magnetic susceptibility of the material, Hi is the
internal ﬁeld, and SI units are being used. The
 coincides with
demagnetization factor tensor N
the depolarization factor tensor for a specimen of
identical shape and orientation of dielectric constant ε̂ placed in a uniform external electric ﬁeld
E 0 = D 0 /ε0 . Moreover, all the results valid for
the demagnetization factor tensor hold also for
the depolarization factor tensor, provided the notations are changed, respectively, from the magnetic
to electric case: H → E, B → induction D; permeability tensor μ̂ → ε̂; μ0 M → polarization P ;
H D → depolarization ﬁeld E D . The source of the
latter ﬁeld lies with the electric charges induced by
the applied ﬁeld E 0 at the specimen surface.
For a specimen of arbitrary shape the demagnetization factor tensor is coordinate dependent, due
to the nonuniform nature of the demagnetization
ﬁelds, so its calculation becomes problematic. The
most important shape permitting an exact analytic
solution is an ellipsoid arbitrarily oriented with respect to B 0 . Within a specimen of that shape the
internal ﬁeld values B i , M, and H i = H 0 + H D
appear to be uniform, but they may have different
directions in space. In the important special case
when the principal directions of the tensor μ̂ coincide with the ellipsoid principal axes and the applied ﬁeld B 0 is oriented along one of those axes,
then the internal ﬁelds B i , M, and H i are all parallel to the applied ﬁeld B 0 . The demagnetization
factor tensor is in diagonal form with its principal
Ni all positive, obeying the normalization relation
3 N = N + N + N = 1. These demagnetix
y
z
i=1 i
zation factors are given by the integral expression:
a a a
Ni = 1 2 3
2

∞

dq

(ai2 + q)f (q)
0

,

(1)

where f (q) = [(q + a12 )(q + a22 )(q + a32 )]1/2 . For
ellipsoids of revolution (a1 = a2 = a3 ) the elliptic integrals (1) reduce to elementary functions.
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The internal ﬁelds are related to the applied ﬁeld
through the expression
NBi + (1 − N)μ0 Hi = B0

(2)

DEMAGNETIZATION FIELDS
Magnetic elds within a magnetic substance

with the following individual values:
1+χ
Bi = B0
,
1 + Nχ
Hi =

H0
,
1 + Nχ

M=

χH0
,
1 + Nχ

(3)

where B 0 = μ0 H 0 . From symmetry considerations it is clear that N = 1/3 for a sphere. In the
limiting cases of an inﬁnitely oblong and oblate
ellipsoids of revolution (a long cylinder and a
ﬂat disc (plate)), the same considerations yield
N = 1/2 for the case when B 0 is normal to the
cylinder axis, N = 0 for B 0 parallel to that axis,
while N = 1 for B 0 normal to the plate plane.
The demagnetization factor tensor is used to
calculate internal magnetostatic ﬁelds and also external ﬁelds produced by permanent magnets of
various shapes, and likewise for electrostatic calculations. The demagnetization factor tensor plays
a signiﬁcant role when determining frequencies
of ferromagnetic resonance and ferrimagnetic resonance, and it is important for electron paramagnetic resonance for gμB B/(kB T )  1, where
gμB B is the Zeeman splitting (see Zeeman effect). The demagnetization factor tensor also plays
an important role in the theory of the intermediate state of superconductors and magnetic materials in an external magnetic ﬁeld, while the dielectric analogue theory is used to explain the interaction of electromagnetic waves with small particles
of various shapes in the Rayleigh approximation
(see Rayleigh scattering of light). In the latter case
they often introduce a generalization of the concept of depolarization factors, considering particles placed in a medium with the dielectric constant εm > ε0 so that besides the purely geometric factor (1) there appears a dependence on the
dielectric properties of both the particle and the

medium. If the principal axes of tensors ε̂ and N
coincide, the generalized factor has the form:
i = εi − εm Ni .
N
εi − ε0 εm /ε0

A generalization similar to (4) may also be introduced for the demagnetization factor tensor with
allowance made for the above change in notation.

(4)

(that is either magnetized or placed in an external magnetic ﬁeld), which seek to lower its magnetic moment. The sources of demagnetization
ﬁelds are either surface or bulk (ﬁcticious) magnetic charges. To describe demagnetization ﬁelds
one traditionally uses the coefﬁcients of the de that relates the demagnetization factor tensor N
magnetization ﬁeld H D with a specimen magneM. The value of
tization M, so that H D = −N
 signiﬁcantly depends on the specithe tensor N
men shape and may be calculated exactly for an
ellipsoidal shape only. In the latter case, both H D
 remain uniform within the specimen bulk
and N
 is diagonal with the normalizaand the tensor N
tion condition Nx + Ny + Nz = 1. For a specimen of an arbitrary shape, its demagnetization
ﬁeld is nonuniform. Either empirical or approximate relationships are then used to describe the
. When exciting a nonuniform precession
tensor N
of the magnetization M in a variable magnetic
ﬁeld charges form that result in the appearance of
variable demagnetization ﬁelds. Such ﬁelds appreciably affect the spectrum of magnetostatic vibrations and waves.
DENDRITES (fr. Gr. δενδρoν , tree)
Crystals (or aggregations of crystals) of a

branched tree-like conﬁguration. They are formed
during crystallization from the melt, solution, vapor, and some metallic glasses. The formation of
dendrites is explained by the instability of the
source crystal convex shape under the conditions
of oversaturation or overcooling of the medium.
At the ﬁrst stage projections appear which develop
into axes (trunks, ﬁrst-order branches) at which
branches of second and higher orders form (see
Crystal morphology). The directions of dendrite
growth usually coincide with the axis of a pyramid
with its sides formed by planes of greatest reticular
density: {100} in a face-centered or body-centered
cubic lattice, {1010} in a hexagonal close-packed
lattice, and {110} in a body-centered tetragonal
lattice. In the structures formed by these growths

DENSITY FUNCTIONAL THEORY

(dendrite structure) rounded and faced dendrites
are singled out. The former are characteristic of
most crystals of pure metals, and of some alloys
and organic materials which grow from the alloy
and have low melting entropies. Edged dendrites
have been found during crystallization from the
melt of many nonmetallic materials (semiconductors, oxides, semimetals), and also upon crystallization from vapor and solution.
DENSITY

One of the fundamental physical characteristics of a body, which is numerically equal to the
mass of a unit volume: ρ = dm/dV , where dm
is the mass of a differential element of this substance of volume dV . The mean density of a body
is deﬁned as the ratio of the mass of body m to
its volume V , i.e. ρ m = m/V . The ratio of the
densities of two materials under certain standard
physical conditions is referred to as relative density. In the case of porous and loose materials,
two types of density are distinguished: true density (not including cavities present in the body)
and apparent density (ratio of mass of body to total volume occupied by it). The SI unit for density
is kg/m3 , the CGS unit is g/cm3 . As a rule the
density increases with increasing pressure and decreases with increasing temperature (due to thermal expansion), except near phase transitions. The
value of the density undergoes an abrupt change as
a material undergoes a change of state (see States
of matter): it sharply decreases upon the transition
into the gaseous state, and increases on solidi ca tion (there exists an anomaly in the behavior of the
density of water and cast iron: it decreases at the
liquid–solid transition). The value of the density of
a body is determined by precise determination of
the mass and volume of this body by application of
various types of densimeters. Also used in density
determinations is the dependence of density on the
velocity of sound propagation, the intensity of γ and β-radiation passing through a substance, etc.
DENSITY FUNCTIONAL, NONLOCAL
See Nonlocal density functional.
DENSITY FUNCTIONAL THEORY

Method involving a formal, accurate reduction
of the problem of the ground state of a many-
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particle system with strong interactions to a singleparticle problem. Along with Fermi liquid theory
and many-particle perturbation theory (method of
Green’s functions), density functional theory provides a formalism for explaining many-particle
systems. The basis for density functional theory
is the Hohenberg–Kohn theorem (P. Hohenberg,
W. Kohn, 1964), which states that the energy of a
system of interacting fermions (usually electrons)
in the ground state is a function of the total particle density only; an external ﬁeld appears in this
functional only as the term Vext (r)ρ(r) dr, and
the functional minimum in the given ﬁeld corresponds to the true ground state in this ﬁeld. Usually the following energy contributions are explicitly separated out in the density functional: the
kinetic energy of noninteracting fermions of the
same density ρ(r), the energy of interaction with
the external ﬁeld, and the Coulomb (Hartree) energy. The remaining contributions to the energy
are called exchange-correlation (Exc ) ones (in the
context of many-particle theory this term has a
somewhat different meaning; the difference has
to do with introduction of part of the kinetic energy into Exc ). To determine the density distribution, which minimizes the above functional, in the
form of the density of a certain system of noninteracting particles under the inﬂuence of the effective potential, the effective potential itself is
expressed through an externally applied potential,
the Hartree potential and the exchange-correlation
potential Vxc (r) = δExc {ρ}/δρ(r). The resulting
set of self-consistent equations is referred to as
the Kohn–Sham equations (W. Kohn, L. Sham,
1965). In the limit of nearly constant density, the
local density approximation
is valid, according to

which Exc = ρ(r)εxc (ρ(r)) dr , where εxc (ρ)
is the density of the exchange-correlation energy
(see Correlation energy) of the uniform electron
gas of density ρ. Most density functional theory
calculations are carried out in the context of this
approximation. The accuracy of this approximation is quite high for the calculation of observable properties of real solids (equilibrium volume,
compressibility, etc.), but there exists a number
of problems (e.g., description of the interaction
of an electron with a metal surface), which require greater accuracy. Available for application
are also nonlocal density functionals, in which
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Exc is an integral function of the electron density in a certain region (mean density approximation, weighted density approximation), and gradient density functionals. The simple expansion,
with the gradient-dependent part of Exc proportional to the square of the density gradient, is now
rarely used. Widely accepted are Langreth–Mehl
processes (D.C. Langreth, M. Mehl, 1983) and the
generalized gradient expansion, with its complicated dependence of Exc on the density gradient.
Density functional theory may be generalized to
treat magnetic systems (spin density functional) at
ﬁnite temperatures, and in time-independent external ﬁelds. There exists a relativistic formulation of
density functional theory.
Density functional theory provides a formal
basis for the band theory of solids, since it permits the treatment of the band structure of noninteracting particles under the inﬂuence of an effective periodic potential; the properties of the ground
states of this calculated band structure are in full
agreement with the properties of the ground states
of the crystal under consideration. In combination with band structure computation methods, the
density functional theory allows the calculation of
the following parameters: equilibrium crystal lattice constants (to an accuracy of several percent),
elastic moduli and phonon frequencies (accurate
within 10–20%), magnetic moment in magnetic
substances (correct to several percent), distribution of electron and spin densities, relative stability of crystal structures, etc.
The formulation of density functional theory
using the Kohn–Sham equation results in the
generation of an additional spectrum which, in
general, does not coincide with the actual spectrum of single-particle excitations of the system
(since density functional theory is a ground state
theory). At the same time, the assumption of
a close relationship between these spectra has
become the usual practice; this assumption allows one to calculate observed X-ray, optical
and other spectra, kinetic characteristics, electron–
phonon interaction, etc. Thus, density functional
theory provides an opportunity to derive system
response functions; in the context of this theory
these functions are adequately represented by the
above-mentioned additional single-particle spectrum, and the second-order variational derivative

of Exc . The errors involved in calculations of various quantities, based on the local density approximation theory, are (compared to experiment) from
several percent (equilibrium lattice constant, magnetic moment of ferromagnets, etc.) to tens of percents for elastic moduli, etc.
DENSITY MATRIX, statistical operator (J. von
Neumann, L.D. Landau, 1927)

Operator ρ
 useful for the calculation of the
mean value of any physical quantity in quantum
statistical mechanics. The density matrix plays
the same role in quantum statistical physics as
the distribution function does in classic statistical mechanics. Ordinary quantum mechanics deals
with systems characterized by a deﬁnite state
vector |ψ. The mean value A of any physical
 in this
quantity, represented by an operator A,

Quantum-statistical mestate is A = ψ|A|ψ.
chanics describes systems that cannot be represented by a state vector, but may be described
by giving probabilities W1 , W2 , . . . for existing in
states |ϕ1 , |ϕ2 , . . . , respectively. These systems
are called statistical mixtures. The mean value in
such systems is deﬁned by the formula


 k ,
A=
Wk ψk |A|ψ
Wk = 1,
k

k

which may be written in the following contracted
form:


A = Tr(
ρ A),
ρ
=
Wk |ψk ψk |,
k

where Tr is the trace of the operator (i.e. sum of its
diagonal elements). In order to write the operator
ρ
 in the form of a matrix ρmn in some representation, one has to select an appropriate complete set
of wave functions {|ϕi }. Then |ψk  = i aki |ϕi 
∗ a . The
ρ |ϕn  = k Wk akm
and ρmn = ϕm |
kn
probability of ﬁnding a system in a (“pure”) state
|ϕm  from the overall set {|ϕi } is given by the diagonal matrix element ρmm . In the general case,
the system is in the “pure” state, if its matrix
. To ﬁnd
operator satisﬁes the condition 
ρ2 = ρ
the operator 
ρ , nonequilibrium quantum statistical mechanics uses the quantum Liouville equation (Neumann equation) which plays the same
role as the Schrödinger equation for the time evolution of “pure” states (see Quantum kinetic equation). When studying systems that interact with the
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environment the reduced density matrix is used.
It is obtained through averaging the total density matrix of the whole system (quantum system plus environment) over variables of the latter. The reduced density matrix plays an important
role in investigating the system response to external disturbances, as well as in studies of such irreversible processes, as transport phenomena, relaxation processes, etc.
DENSITY OF ELECTRON STATES

One of the major characteristics of the electron spectrum of solids and other many-electron
systems. The density of electronic states g(E)
equals the number of electronic states within a
unit interval of energy. If the state characterized
by quasi-wave vector k in the band λ has the
energy Ekλ , then the density of electronic states
per unit cell is given by the expression g(E) =
(1/N) kλ δ(E − Ekλ ) (see Density of states). If
the electron wave functions are expanded in terms
of a certain set of basis functions, then the partial
densities of electronic states may be introduced,
which deﬁne the relative contribution of a given
basis function (e.g., orbital state) over a certain energy interval. Of particular importance is the electronic density of states at the Fermi level. It determines kinetic, superconducting, and other properties of a material; and it bears a direct relation to
the stability of a crystal lattice and to the thermodynamic properties of electrons.
DENSITY OF STATES, spectral density of states

Number of the energy levels of a system per
unit energy interval (in more exact terms, the ratio
of the number of levels within a certain energy interval to the value of the said interval, when the latter tends to zero). Phonon, electron, magnon, exciton and other densities of states are distinguished
in solids. These different types of densities of
states correspond to different types of elementary
excitation spectra of disordered solids. The density
of states determines the spectral (cross-section of
absorption and scattering of radio frequency and
X-ray radiation, light, neutrons, gamma quanta,
ultrasound), thermodynamic (speci c heat, thermal expansion, etc.), and a number of kinetic properties of a material.
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Of particular importance for metals is the density of electron states at the Fermi surface. Methods of determining the density of states are highly
diversiﬁed, and depend on the type of spectrum.
Thus, the best results for the phonon and magnon
cases of different materials over a wide range of
energies are obtained by application of inelastic
neutron scattering, whereas the electronic density
of states may be determined by employing X-ray
photoemission (see X-ray emission spectroscopy).
In periodic structures (crystals) the states are
described by the quasi-wave vector k, and the
energy spectrum is determined by the dispersion
law ελ (k), where λ is the number of the spectral
band or branch. For these structures, the density
of states per unit cell may be represented as

1  
δ E − ελ (k)
g(E) =
N
λk

=


ν0 
dS
,
νλ
(2π)3
λ

where N is the total number of cells, δ(x) is the
Dirac delta function, ν0 is the unit cell volume,
and integration with respect to dS is taken over
the surface in k -space (within the Brillouin zone),
on which ελ (k) = E, and νλ = (1/)|∇k ελ (k)| is
the group velocity at this surface.
For the case of the phonon spectrum in threedimensional crystals, the spectral density of states
behaves as g(E) ∝ E 2 at low values of the energy due to the linear form of the dispersion law
(for two-dimensional systems g(E) ∝ E, whereas
for one-dimensional ones the density of states is
constant in this energy region). Van Hove singularities occur in the density of states in the neighborhood of edges of phonon, electron, and other
types of spectra, as well as within the allowed
spectral regions, and they feature zero group velocity. In the case of three-dimensional systems,
g(E) ∝ (E − Ec )1/2 in the neighborhood of these
points, whereas one- and two-dimensional systems show sharper singularities.
In imperfect crystals, on the one hand, the
density of states peaks in the neighborhood of
energies of impurity localized states (see Local
electronic levels), which become more and more
broadened with increasing concentration of defects, and on the other hand, the smearing of Van
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Hove singularities in the neighborhood of spectral edges takes place, and “tails” of the density
of states arise in the previously forbidden spectral region. As this takes place, the type of states
changes: the continuous spectrum, in which the
states are spread throughout the whole crystal (i.e.
delocalized) goes over into a spectrum of discrete
states, the wave function of which is localized
within a limited spatial region. These two types
of states are separated by the mobility threshold
(see Mobility edge, Anderson localization). The kinetic properties of excitations on different sides
of this threshold are quite different, but the density of states in this region remains fairly smooth.
At a certain concentration of defects, e.g., impurity atoms of large radius, delocalized states may
appear also in the neighborhood of impurity levels. The excitations of low energy in glasses and
amorphous compounds (see Amorphous state) are
due to quantum transitions between speciﬁc twolevel states (see Two-level systems). The density of
states in this case does not tend to zero as it does
in the case of ordinary phonon states, but turns out
to be constant at low values of energy. This is responsible for the speciﬁc features of the thermodynamic and kinetic properties of these materials at
low temperatures (see Low-temperature anomalies
in amorphous solids).

DESORPTION

Removal of adsorbed substances from the surface of an adsorbent, a process which is opposite
to adsorption. In respect to the effect which causes
the desorption the following types are singled out:
thermal desorption, electron-stimulated desorption, photodesorption, ﬁeld desorption, and desorption resulting from surface bombardment by
fast ions and atoms (cathode scattering). The composition of desorption products may differ from
the composition of the adsorbed material. In addition to adsorbed molecules and their parts, molecules chemically bound to the adsorbent may be
subjected to desorption. Some material might also
accumulate at the adsorbent surface (e.g., carbon
during electron-stimulated desorption of carboncontaining adsorbates), or adsorbent material itself
might be carried away.
DESORPTION COOLING

Process whereby cooling occurs via adiabatic
gas desorption. It is carried out by pumpingout the thermoisolated adsorbent (see Adsorption),
which has previously adsorbed some quantity of
gas. As a result of desorption the temperature of
the adsorbent and of the remaining gas is reduced.
DESORPTION, ELECTRON-INDUCED
See Electron-induced desorption.

DEPLETION of charge carriers

Depletion in a bulk semiconductor (or part of
it) of charge carriers due to charge carrier drift
in an external electric ﬁeld. Depletion is a phenomenon opposite to accumulation. It occurs in a
region adjacent to a potential barrier (e.g., near
a semiconductor contact). The barrier limits the
amount of carrier ﬂux entering this region. If the
carriers depart from it at a high rate due to their
drift in an external ﬁeld, the higher the drift rate,
the more depleted the region becomes. With a
growing ﬁeld the size of the region increases.
When the current ﬂows in the semiconductor with
bipolar conduction the region can be simultaneously depleted of charge carriers of both signs as a
result of the Maxwell relaxation of uncompensated
charge of free carriers.
DEPOLARIZATION FIELD
See Photodomain effect.

DESORPTION, THERMAL
See Thermal desorption.
DETECTORS OF OPTICAL RADIATION
See Optical radiation detectors.
DEUTERATED CRYSTALS

Replacement of protons by deuterons within
crystals such as those of ferroelectrics with hydrogen bonds. In a series of cases it produces a
considerable isotopic shift of the Curie point T C .
The shift reaches its greatest value for potassium
dideuterophosphate D-KDP with T C = 213 K,
compared with T C = 123 K for undeuterated KDP
(potassium dihydrogen phosphate, KH2 PO4 ). Due
to the anomalous growth of the electrooptical coefﬁcient and the respective reduction of the controlling stresses near T C , crystals of D-KDP are
used as targets of space-time modulators of light,

DIAMAGNETIC DOMAINS

and they are also widely used in electrooptical
modulators, shutters and deﬂectors of different
laser devices. The complete deuteration of crystals of triglycinesulfate increases the Curie temperature from 322 K to 333 K. Simultaneously
with the increase of T C the light absorption of
the crystals D-KDP and cesium dideuteroarsenate
(D-CDA) decreases to λ = 1.06 μm, which promotes their application in the wide-aperture elements of neodymium lasers at installations for
controllable laser thermonuclear synthesis. Some
ferroelectrics with hydrogen bonds, e.g., Rochelle
salt, exhibit only a small shift of T C upon deuteration.
DEVICES, SEMICONDUCTOR
See Semiconductor devices, Microwave semiconductor devices, Photocontrolled microwave
semiconductor devices.
“DEVIL’S STAIRCASE”

A temperature- or pressure-stimulated stepwise change of the wavevector k s of a superlattice in a crystal whose compositional phase diagram exhibits a sequence of thermodynamically
stable phases with various integral (in regard to
reciprocal lattice vectors) values k s . The possibility of a stepwise change of the vector k s that determines the period of a superlattice modulated
phase with a gradual monotonic change of the external thermodynamic parameters was proposed
by I.E. Dzyaloshinskii (1964). For such a stepwise change the vector k s runs through a series
of sequential magnitudes corresponding to nonsymmetric (“random”) points of the Brillouin zone.
In principle there are no limits to restrict the
number of steps of a “devil’s staircase”, however,
for stability with regard to thermal and quantum
ﬂuctuations only those phases appear which have
small translational periods. As the period grows,
the region of existence of the corresponding phase
shrinks. Stepwise changes of the vector k s were
observed in the crystal CeSb at temperatures below TN = 16 K.
DIAMAGNET

A material which becomes magnetized in the
direction opposite to that of an external magnetic
e ld; a material without magnetic ordering, where
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paramagnetism is either absent or is weaker than
diamagnetism. The magnetic susceptibility of dia-

magnets is negative and low, and the molar magnetic susceptibility χ is of the order of −10−5 to
−10−6 . Many liquids and gases, the molecules
(or atoms) of which do not have inherent magnetic moments (inert gases, H2 , N2 , F2 , H2 O,
some organic compounds) are diamagnets, and the
strongest diamagnetism appears in aromatic compounds. Many molecular crystals formed by such
molecules are diamagnets, as well as the series of
covalent and ionic crystals, containing no atoms of
the transition and rare-earth elements (NaCl, CsCl,
Ge, Si). Metals are diamagnets when Landau diamagnetism and diamagnetism of the ionic cores
prevail over the Pauli paramagnetism (e.g., copper, gold, zinc, graphite). Type I superconductors
with χ = −1 in mks units (χ = −1/(4π) cgs) are
considered as ideal diamagnets (see Absolute diamagnetism). Anisotropy (tensor character) of the
magnetic susceptibility, which is especially strong
for molecular crystals of aromatic hydrocarbons
and metals with an anisotropic electronic spectrum (graphite), is characteristic of many crystalline diamagnets.
DIAMAGNETIC DOMAINS

Uniformly magnetized macroscopic regions of
a diamagnetic metal into which it spontaneously
decomposes in an external magnetic ﬁeld. The appearance of the diamagnetic domains is caused by
the fact, that at low temperatures the relationship
between the applied magnetic ﬁeld intensity H
and the internal magnetic ﬁeld B involves the
de Haas–van Alphen oscillations (see de Haas–
van Alphen effect) (see Fig.). The sections of the
curve H (B) with ∂H /∂B < 0 reﬂect a thermodynamically unstable state (see Schoenberg effect)
which brings about second-order phase transitions
with a jumpwise variation of the magnetization M.
The magnetization jump M = M2 − M1 occurs at H = H c and has the magnitude M =
(B2 − B1 )/μ0 as a result of the equality of the
areas from B1 to B2 that are shaded in Fig.
This equality gives for the value of the integral
2
1 H (B) dB = H c (B2 − B1 ). For a sample of ellipsoidal shape with the dimensionless demagnetization factor N (0  N  1), placed in the uniform
magnetic ﬁeld B0 = μ0 H0 , the jumps of magnetization are absent, and upon the variation of the
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applied ﬁeld H0 within the range NB1 + (1 −
N)μ0 H c < μ0 H0 < NB2 + (1 − N)μ0 H c the internal ﬁeld B averaged over the sample grows linearly with the increase of H0 , changing from B1
to B2 . In this case, as only the phases with B =
B1 , B2 are thermodynamically stable, the sample
is decomposed into interlacing domains with the
internal ﬁelds B1 and B2 . The share of phases with
each B value is determined by H0 . In the simplest
case of a ﬂat-parallel plate with thickness d, oriented perpendicular to H0 , we have N = 1 and
there appears a periodic picture of interlacing domains with the shape of ﬂat layers with thickness
of approximately d 1/2 , parallel to H0 .
DIAMAGNETISM (fr. Gr. δια , pre x in this case
meaning opposed, and magnetism)

A property whereby a material magnetizes antiparallel to an applied magnetic eld B. Diamagnetism is inherent to all substances. Materials without magnetic order in which diamagnetism
prevails over paramagnetism are called diamagnets. In terms of classical physics diamagnetism
may be explained by electromagnetic induction
whereby an applied magnetic ﬁeld acts on closed
electric currents circulating in atoms and molecules of a solid, causes electrons to precess, and
thereby induces magnetic moments. The latter, in
accordance with the Lenz law, are antiparallel to
the external ﬁeld. In a quantum-mechanical description diamagnetism is caused by the shifting
and splitting of atomic energy levels ε under
the effect of an applied magnetic ﬁeld. The induced magnetization is M = χH , where the magnetic susceptibility χ in the case of diamagnetism
is small and negative (typical values are −10−6
to −10−5 ). For non-interacting atoms χ arises
from the susceptibilities χa of individual atoms,
χa = −e2 r 2 /(6mc2 ), where r 2  is the mean

square distance of the electron from the nucleus.
This formula provides a description of the diamagnetism of monatomic gases and liquids; when
atoms are combined into molecules (or crystals)
the value of χ usually decreases, but it may also
increase. The latter occurs for the delocalization
of electrons in molecules such as aromatic hydrocarbons, and in some crystals.
In metals and semiconductors diamagnetism is
determined by quantization of the movement of
electrons in the magnetic ﬁeld (see Landau diamagnetism). At low temperatures in pure metals the relationship between M and H becomes
complex (non-linear, alternating) (see de Haas–
van Alphen effect). Diamagnetism caused by surface currents appears in superconductors, and in
bulk samples of type I superconductors an internal magnetic B ﬁeld is excluded (see Meissner effect) corresponding to χ = −1 in mks units (χ =
−1/(4π) cgs). This value of χ is the lowest one
that is possible.
DIAMAGNETISM, ABSOLUTE
See Absolute diamagnetism.
DIAMAGNETISM, FLUCTUATION
See Fluctuation diamagnetism.
DIAMAGNETISM, LANDAU
See Landau diamagnetism.
DIAMAGNETISM, PERFECT
See Absolute diamagnetism.
DIAMOND

An allotropic modiﬁcation of carbon.
Occurs in nature (a native nonmetallic mineral) which can also be prepared synthetically. The
strength of the diamond lattice determines its extreme physical properties and chemical inertness.
Colorless (in pure form), it crystallizes in a facecentered cubic lattice (a0 = 0.357 nm), with coordination number z = 4, density 3.515 g/cm3 ,
space group F d3m, and 8 atoms per unit cell at
the positions: (0 0 0), (1/2 1/2 0), (0 1/2 1/2),
(1/2 0 1/2),
(1/4 1/4 1/4),
(3/4 3/4 1/4),
(1/4 3/4 3/4), (3/4 1/4 3/4). The structure is a
three-dimensional lattice of rigid C–C sp3 -hybrid
covalent bonds 0.15445 nm long; with each carbon atom centered in a tetrahedron of four others

DIAMOND

Crystallographic structure of diamond.

(see Fig.). Crystals have common shapes of octahedron, rhombododecahedron, and cube as well
as their combinations. The crystal cleavage along
(111) is perfect.
Diamond is metastable, and at atmospheric
pressure its enthalpy exceeds that of graphite
over the entire temperature range. The high
activation barrier Qact ≈ 470 kJ/mole favors the
onset of diamond graphitization above 1300 K.
The transformation is rapid at 2000 K; and the
transition heat is 1.898 kJ/mole. The triple point
of diamond–graphite–liquid is at 11 GPa and
3700 K. Standard entropy S(T = 298 K) =
2.37 J·mole−1 ·K−1 ; isobaric speciﬁc heat at
298 K cp = 6,600 J·mole−1 ·K−1 ; and the Debye
temperature θD = 1890 K is very high.
Diamond is the hardest of all naturally occurring materials with a Mohs scale hardness of 10
which varies with the particular crystal face. Diamond is brittle and cracks under a sudden blow.
Young’s modulus is 9.36·107 Pa; bulk modulus
is 6.0·107 Pa; ultimate strength is 1.76·105 Pa;
thermal linear expansion coefﬁcient is 1.06·10−6 .
Refraction index is 2.417 for λ = 0.589 μm (yellow Na-D line), angle of total internal reﬂection is
24◦ 50 (Na). Diamond does not interact with acids
or alkali solutions; it oxidizes in air at 1120 K,
in oxygen at 990 K. At high temperatures etched
by alkali melts, oxidizing salts, metals; reacts with
water vapors, with carbon dioxide.
Classiﬁcation of synthetic and natural diamonds is based on their optical properties; the
most common being the classiﬁcation according

295

to the IR-absorption spectra. Type I crystals absorb in the two ranges 700 to 1660 cm−1 and
1600 to 3300 cm−1 , and type II crystals absorb only in the latter range 1600 to 3300 cm−1 .
The 1600 to 3300 cm−1 absorption characteristic of all diamonds is due to intrinsic lattice
vibrations, while that within the range 700 to
1600 cm−1 is determined by the impurity content. The most typical impurity in diamonds is nitrogen (up to 0.25% in type I and up to 0.001%
in type II). Type Ia comprises natural diamonds
containing nitrogen in the clustered (N2 ) nonparamagnetic form; type Ib comprises natural and synthetic diamonds containing nitrogen in the disperse paramagnetic form (EPR g-factor = 2.0).
Type IIa comprises natural and synthetic diamonds, characterized by high thermal conductivity, 10 kW·m−1 ·K−1 (6 kW·m−1 ·K−1 for type I)
and by photoconductivity. Diamonds of types I
and IIa are insulators with the energy gap width
E = 5.5 eV; for type I: ρ = 1016 ·cm, and for
type II: 1014 ·cm. Type IIb comprises natural
and synthetic diamonds which are p-type semiconductors due to the impurity boron. Typical is
hole conductivity with the hole binding energy
0.37 eV. Implantation of lithium produces semiconducting diamond layers with donor ionization
energy 0.1 eV. Implanted nitrogen acts as a donor
with deep local electronic levels.
There are four types of natural diamonds:
(1) Balas has a globular shape with crystal faces
at the surface. It is colorless or blackish-gray,
semitransparent and opalescent, nontransparent black, with color due to graphite inclusions. The density 3.512 g/cm3 decreases
with increasing quantity of inclusions. Also
made artiﬁcially.
(2) Bort is an aggregate of intergrown granular crystals, typically of irregular shape. The
color is gray to black; due to graphite or
mineral impurities. The weight of ashes after
burning can reach several percent.
(3) Carbonado consists of microgranular aggregates of irregular shape with micrometer sized
grains; the color is dark gray, black; less often
grayish-green, brown, violet. Massive samples
with matte or glossy surface occur as well
as porous, slag-like ones; with pores often
ﬁlled with minerals. Density 3.0 to 3.4 g/cm3
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decreases with increasing porosity. Also obtained artiﬁcially.
(4) Impact diamonds, found in meteorites and
in meteorite craters, are cryptocrystalline textured aggregates containing considerable
(sometimes up to 50%) hexagonal phase or
lonsdalite. Density is 3.3 to 3.5 g/cm3 . They
have a high speciﬁc surface area (20 to
40 m2 /g), high abrasive capacity, and enhanced birefringence (0.0005 to 0.0100). Artiﬁcial analogues include explosive diamond
obtained by exposing graphite to a shock
wave.
Synthesis of diamonds. (1) At high pressure by
the direct transformation of graphite to diamond
above 12 GPa and 1300 K. (2) Transformation of
graphite to diamond via the melt of a metal (Mn,
Fe, Co, Ni, etc., and their alloys). Crystallization of
the dissolved carbon takes place above 4 GPa and
1500 K. (3) Explosive method exposes graphite
to a shock wave with P > 49 GPa. (4) Detonation method using explosive gas containing extra
carbon, at pressure 13 to 25 GPa and temperature 3000 to 4000 K. Rapid adiabatic expansion
of explosion followed by rapid cooling yields 20
to 90% diamond. (5) Synthesis from atomic carbon (via epitaxial growth, deposition from ionic
beam, condensation of vapors under laser heating, and ionized carbon deposition from subnormal discharge plasma).
Both natural and synthetic diamonds are used
as extremely hard abrasive material for manufacturing of grinding, polishing, cutting, drilling and
other tools; in electronic engineering as heat eliminating elements, luminescent radiation sources,
temperature sensors, photoreceivers, nuclear radiation detectors. The semiconducting properties of
diamond are used in solid-state physics; its hardness and transparency are utilized in high-pressure
apparatus.
DIAMOND-LIKE CARBON FILMS

Metastable carbon or hydrogen-containing carbon lm s with hardness, density, optical and electrical properties, and chemical stability close to diamond, whereas the structure of ﬁlms differs from
that of diamond. The structure of diamond-like
ﬁlms is amorphous, though in some cases the presence of the diamond phase crystals is observed.

Diamond-like ﬁlms as a rule are a heterophase,
containing regions of short-range order (clusters)
with sp3 -, sp2 - and sp-hybridization C–C and
C–H bonds, i.e. the ﬁlms may contain the phases
of diamond, graphite, and carbyne, respectively.
The phase C8 has been also discovered. The formation of other metastable allotropic modiﬁcations of carbon (see Allotropy) is possible as well.
The dimensions of clusters, their composition and
correlation with different kinds of bonds hybridization are determined by the contents, average energy and density of the particle ﬂux, from which
the formation of ﬁlm occurs, and also by the nature of the substrate and its temperature. Hydrogen content may reach 25%. The density of ﬁlms
lies within the range 1.0 to 3.5 g/cm3 ; refraction
index is 1.6 to 2.7, optical width of the band gap is
0.8 to 2.6 eV. Diamond-like ﬁlms may be used as
durable, masking, passivating, anti-reﬂection coatings of optical elements for different ranges of
wavelengths, as coatings for optical storage disks,
UV range lasers, and also for the design of fundamentally new active elements for microelectronics and optoelectronics. Density of states at the
boundary of a semiconductor upon application of
a diamond-like ﬁlm can be 1010 to 5·1011 cm−2 .
DIAZOTYPE MATERIALS

See Nonsilver photography.
DICHROISM OF CRYSTALS (fr. Gr. δικρoνoς ,
two-colored)

Dependence of light absorption on its polarization (see also Pleochroism); in the narrower sense
the term is sometimes applied to uniaxial crystals.
The latter, due to the anisotropy of absorption,
have two “main” colorations: the “basic” one and
the “axial” one for white light propagating, respectively, along and perpendicular to the optical axis.
Linear dichroism (difference of absorption of radiation linearly polarized in mutually perpendicular
directions) and circular dichroism (difference of
absorption of right-and left-hand circularly polarized radiation) are singled out. Circular dichroism
of crystals is associated with spatial dielectric dispersion.

DIELECTRIC CONSTANT

form

DIELECTRIC CONSTANT, dielectric function,
permittivity

A physical value characterizing the response
of a medium (e.g., a solid) to the electric component E of an external electromagnetic ﬁeld. In
free space the electric displacement D is given
by D = ε0 E where ε0 is the dielectric constant
of the free space. In anisotropic media, e.g., in
crystals, this vector relation becomes a tensor expression Dα = εαβ ε0 Eαβ involving the dimensionless relative dielectric constant or permittivity
tensor εαβ , where α, β = x, y, z. When there is
no time dependence (static) and the electric ﬁeld
is uniform in space, the permittivity is constant,
and causes the weakening of the internal effective
ﬁeld due to the separation of charges of opposite
signs (polarization of medium). For electric ﬁelds
E(t, r), varying in time and non-uniform in space,
it is necessary to take into account the temporal
dielectric dispersion and spatial dielectric dispersion of the dielectric constant, i.e. the dependence
of εαβ on the frequency ω and wave vector k. In
the general case this tensor εαβ (k, ω) (as well as
−1
its inverse εαβ
(k, ω)) is complex, and its real and
imaginary parts satisfy Kramers–Kronig relations.
The imaginary part brings about the attenuation
of electromagnetic waves. The relative dielectric
function may be expressed in terms of the complex electrical conductivity tensor σαβ connecting
the current density j and electric ﬁeld E in the
medium:
4πi
σαβ (k, ω),
ω
jα (k, ω) = σαβ (k, ω)E β (k, ω),

εαβ (k, ω) = δαβ +

(1)

or through the polarizability tensor (dielectric susceptibility) of the medium καβ , connecting the polarization vector P with the ﬁeld E:
εαβ (k, ω) = δαβ + 4πκαβ (k, ω),
P α (k, ω) = καβ (k, ω)E β (k, ω),
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(2)

since P and j are related through the expression
∂P /∂t = j . In an isotropic medium, where E and
j may be separated into longitudinal (∇ × E l =
∇ × j l = 0) and transverse (∇ · E t = ∇ · j t = 0)
components, the tensor εαβ (k, ω) assumes the

εαβ (k, ω) = εl (k, ω)

kα kβ

k2


kα kβ
+ εt (k, ω) δαβ − 2 , (3)
k

where εl and εt are the longitudinal and transverse
dielectric constants. As a consequence, the Fourier
components of the charge and current densities
induced within the medium by external charges
ρ0 (r, t) and currents j 0 (r, t) are given by
ρ(k, ω) =

1
ρ (k, ω),
εl (k, ω) 0

j (k, ω) =

ω2 − k 2 c2
j 0 (k, ω),
ω2 εt (k, ω) − k 2 c2

(4)

and the zeroes (poles) of the denominators of
the expressions (4) εl (k, ω) = 0 and εt (k, ω) −
k 2 c2 /ω2 = 0 determine the spectrum of the longitudinal and transverse electromagnetic collective excitations (normal vibrations) of the medium
(e.g., plasmons, excitons, optical phonons, etc.).
In the high-frequency limit as ω → ∞ and
k → 0 in any medium
ωp2
εl (0, ω) = εt (0, ω) = 1 − 2 ,
(5)
ω
#
where ωp = 4πe2 n/m is the plasma frequency,
m is the electron mass, and n is the concentration
of all the electrons of the atoms present. In a metal
located in a uniform high-frequency electromagnetic ﬁeld (k → 0) the conduction electrons undergo scattering by vibrations (phonons) and point
defects with a characteristic time τ , to give for the
transverse dielectric constant
εt (0, ω) = 1 −

ωp2
ω(ω + i/τ )

,

(6)

so that for ω → 0 we have εt (0, ω) = 1+4πiσ0 /ω,
where σ0 = e2 nτ/m is the static electrical conductivity of the metal. At ω = 0 (but k = 0)
the static longitudinal dielectric constant of an
isotropic metal, semiconductor or semimetal has
the form
εl (k, 0) = εi +

4πe2
Π(k),
k2

(7)
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where Π(k) is the static polarizability (polarization operator) of the free charge carriers (electrons,
holes) and εi is the relative dielectric constant of
the lattice caused by the polarization of the bound
electrons in the shells of atoms, and by the displacement of ions from their equilibrium positions
in ionic crystals (or by the orientation of molecular dipole moments in polar crystals). Eq. (7) describes the effects of screening the electric ﬁelds
and the Coulomb interaction of the charges (see
Electric charge screening).
In dielectrics (insulators) the difference between the local electric ﬁeld at the point where an
atom (ion) is located and the average macroscopic
ﬁeld leads to the Clausius–Mossotti equation, and
in crystals with molecules possessing electric dipole moments it leads to the Onsager–Kirkwood
relations and to the Langevin–Debye equation.
In the CGS system the relative and absolute
dielectric constants or permittivities are equal to
each other and are all dimensionless. In the SI system the absolute εa and relative (dimensionless) ε
are related by the expression εa = εε0 where ε0 is
is the dielectric constant of vacuum with the value
8.8542·10−12 F/m.
DIELECTRIC DISPERSION
See Spatial dielectric dispersion.
DIELECTRIC DISPERSION, TEMPORAL
See Temporal dielectric dispersion.
DIELECTRIC FUNCTION
See Dielectric constant.

vicinity of a resonance the dielectric loss exhibits
a maximum. In the case of inertial (delayed response) mechanisms of polarization, the value of
the dielectric loss is determined by the relaxation
time τ of the medium. The Debye theory of dielectric relaxation applied to relaxation processes acting when an applied electric ﬁeld is switched on
provides the expression
tan δ =

(εs − ε∞ )ωτ
,
εs + ε∞ ω 2 τ 2

where εs and ε∞ are respectively the static
(ω → 0) and high-frequency dielectric constants,
and tan δ has a maximum at the electromagnetic ﬁeld frequency ωM = (1/τ )(εs /ε∞ )1/2 . The
small dielectric loss at low frequencies ω  ωM
is explained by the slow response of the medium,
and at high frequencies it is explained by the fact
that the inertial response does not have time to
follow the changes in the ﬁeld when ω
ωM .
For relaxation processes involving the reorientation or displacement of ions, the temperature dependences of τ (T ) and ωM (T ) are signiﬁcant.
Some relaxation mechanisms result in deviations
from the Debye theory. The dielectric loss caused
by the electrical conductivity, σ , of a dielectric in
the absence of other types of loss is determined
by the relation tan δ = σ/(ε0 ω) (mks units) and
grows in proportion to σ as the temperature increases. For ferroelectrics, speciﬁc loss associated
with the reorientation of domains in the electric
ﬁeld, as well as the presence of anomalies in the
vicinity of the phase transition temperature, can
play a signiﬁcant role.

DIELECTRIC LOSS

A part of the electric ﬁeld power transferred
to an insulator (dielectric) located in an electric
ﬁeld, and dissipated in the form of heat. The value
of the dielectric loss is characterized by the dielectric loss tangent angle δ in the expression
tan δ = ε /ε , where ε and ε are the real and
imaginary parts of the dielectric constant (or permittivity), respectively. There are various mechanisms of dielectric loss in solid dielectrics which
lead to speciﬁc frequency and temperature dependences of tan δ. Losses via the resonance excitation of bound electrons of dielectrics or of oscillating ions occur at a series of resonance frequencies with a weak temperature dependence. In the

DIELECTRIC MEASUREMENTS, dielectrometry

Measurements of electric polarization and of
technical parameters of insulators at frequencies
below the optical range. Between 0 to 108 Hz
capacitor methods of measurement are used: the
relative (dimensionless) dielectric constant ε =
Cd/A is determined from the geometric dimensions of a parallel plate capacitor with capacitance C, area A and thickness d, ﬁlled with the
dielectric under study. The dielectric loss (loss
tangent, or tan δ) is found from the variations of
the phase ϕ of alternating current passing through
the capacitor. Typical equipment includes bridges,
Q-meters, impedance measuring devices, phase

DIFFRACTION GRATING

meters and dielectrometers. Within the range 108
to 1011 Hz there are waveguide (microwave)
methods of determining ε and tan δ, as well as
resonator ones. The waveguide methods are based
on measuring the standing wave ratio, the phase
of the reﬂected signal, or that of the signal passing through the investigated dielectric sample. In
resonator methods the change in the frequency
and the Q (loss or quality) factor of a resonator
are measured when the sample of dielectric is introduced. Measuring devices include generators
and lines, frequency meters, reﬂectometers, phase
meters, etc. At the frequencies 1011 to 1015 Hz
quasi-optical (beam) methods are employed, which
permit the determination of the wavelength of
electromagnetic radiation in the dielectric and its
attenuation there: Fabry–Perot interferometers, goniometers (see Goniometry), refractometers (see
Refractometry). Fourier spectrometers (see Fourier
spectroscopy) can analyze the response of dielectrics to a pulsed electric ﬁeld.
DIELECTRIC RELAXATION
See Maxwell relaxation.
DIELECTRICS
See Insulators.
DIELECTRIC VISCOSITY

Phenomenon of a time lag in the variation of
electric parameters (polarization of insulator, dielectric constant, etc.) in ferroelectric materials
depending on the intensity of the external electric ﬁeld. Viscous phenomena in ferroelectrics are
similar to the those of magnetic viscosity and superviscosity in ferromagnets. As a parameter of
the switching properties of ferroelectric crystals
during the rearrangement of the magnetic domain
structure the dielectric viscosity coefﬁcient β is introduced, and it determines the relationships between the value of the external electric ﬁeld and
the velocity of processes involving the variation
of dielectric parameters under the effect of this
ﬁeld. The equation describing the transition of ferroelectricity in the equilibrium state with polarization P0 under the effect of the constant electric
ﬁeld with intensity E reﬂects the role of the dielectric viscosity during the processes of polarization:



Et
P (t) = P0 1 − exp −
,
β
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where t is time and P (0) = 0. The value of β depends on the temperature of the ferroelectric, and
in the region of high ﬁelds it begins to depend
on E.
DIELECTRONICS, dielectric electronics

A branch of physics and engineering which
deals with transformation of electric, acoustical,
mechanical and electromagnetic waves by the utilization of particular attributes of insulators (dielectrics) such as piezoelectric, pyroelectric, electrooptic, and other properties. The response of a
dielectric to an external action or perturbation can
entail either a transformation of the perturbing energy into another kind of energy, such as electrical or optical energy (or in the reverse direction), and so on, or it can involve the nonlinear
optical, electric, magnetic, or acoustical properties of dielectrics. Quite a number of discrete and
integrated devices of microelectronics, acoustoelectronics, and optoelectronics are widely used in
data processing systems, and in information transfer systems. Dielectronic-based devices are employed in the energetics for, e.g., the transformation of nuclear radiation energy or solar energy
into electricity, etc.
In the narrow sense, the word “dielectronics”
is the name of a branch of solid state physics
that deals with “semi-insulators”. These materials have properties intermediate between insulators and highly conductive semiconductors, with
their speciﬁc electrical resistivity in the range
103 –1010 ·cm. Classiﬁed among them are strongly compensated semiconductors, materials which
have a relatively wide band gap. The nonlinear
electrical properties of semi-insulators are controlled through the injection of current carriers by
means of contacts; their current–voltage characteristics are sensitive to the presence of intrinsic and
extrinsic defects in the sample.
DIFFRACTION
See also Acoustic diffraction, Acousto-optic diffraction, Electron diffraction, Laue diffraction, X-ray
diffraction.
DIFFRACTION GRATING

Periodic structure of many regularly arranged
elements at which the diffraction of light takes
place. Diffraction gratings may be ﬂat or concave,
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DIFFRACTION METHODS OF INVESTIGATION

reﬂecting or transmitting. The grating decomposes the incident light beam into its component
wavelengths according to the equation d(sin α +
sin β) = mλ, where d is the grating period, α and
β are the angles of incidence and diffraction; λ is
the wavelength, and m = 0, ±1, ±2 . . . is the order of diffraction. The basic parameters of a diffraction grating are: angular dispersion β/ λ =
m/(d cos β); resolution R = λ/ λ = mN (N is
number of lines of the diffraction grating); free
spectral region Fλ = λ/m. The diffraction efﬁciency is the fraction of the intensity of a monochromatic light beam diffracting in the required
order. To increase the number of lines of a diffraction grating a step like structure of grooves can
be used (echelette). Holographic gratings, which
record in photosensitive media upon the interference of laser beams, may be thin (thickness l  d)
or bulk (l > d), and are of high quality. The diffraction efﬁciency may be close to 100%. Gratings
are used in spectral devices, dispersion laser resonators, as sensors of linear and angular motions,
as beam dividers, etc.
DIFFRACTION METHODS OF INVESTIGATION

Methods of investigating materials based on
the scattering (diffraction) of X-rays, electrons,
neutrons and other microparticles by the atoms
of the object under investigation. They are subdivided into indirect and direct ones. With the help
of indirect methods based on the measurement
of the parameters of the scattered radiation intensity, the atomic structure of crystals, the character
and density of defects in crystals are investigated, a phase analysis is performed; the structure
of amorphous and liquid substances is studied.
The indirect diffraction investigations are carried out using special equipment – diffractometers
(X-ray and neutron types), electronographs, etc.
For recording the intensity of the scattered radiation the following equipment and materials are
used: photographic ﬁlms and plates, and also ionization and scintillation counters (detectors) with
the intensity recorded on ruled paper, or with the
output of the counter signals to printing devices.
X-ray structure analysis, electron diffraction analysis, neutron diffractometry and methods of analysis using the orientation effects on the scattering of
charged particles are related to indirect methods.

The ﬁrst three methods have a sufﬁciently common basis. During elastic scattering of incident radiation by periodically spaced atoms of the crystal lattice there appear sharp maxima of the scattered radiation and the diffuse background, caused
by inelastic (Compton) scattering. By the analysis of the positions and intensities of the diffraction maxima the type of crystal lattice, unit cell
size and atomic coordinates may be determined.
Crystal lattice defects change the positions, intensities and shapes of the proﬁles of the diffraction maxima; and can add extra diffuse scattering
which helps to provide information about the defects in the crystal. Indirect methods are also used
for investigating the structure of amorphous and
liquid substances. With the help of electron diffractometry it is convenient to study the thin surface layers of a material, and with the help of neutron diffraction the compositions of elements with
close atomic numbers, and the ordering of alloys.
A method using the orientation effects of charged
particle scattering has found wide application. For
the analysis by the method of orientation effects
particles with energy from several electronvolts to
kilo- and megaelectronvolts are used. Proton microscopes are employed for investigation of various structural defects. The method is especially
effective for the study of the localization of impurities within a unit cell of the lattice, as well at
a small distance below the crystal surface. Different modiﬁcations of this method are based on the
channeling of particles, on the effect of shadows,
and on the double orientation.
The direct methods are used for the investigations of defects of crystalline material (e.g., for
dislocation structure studies). Some examples of
such methods: transmission electron microscopy
and X-ray topography. Upon using these methods
the local variations in the intensity of the diffraction maxima, caused by the defects of the crystalline structure, are analyzed. The direct diffraction methods are also used for investigations of
magnetic domain structures in ferromagnets and
ferroelectrics.
DIFFRACTION OF LIGHT

Deviation of the light waves in media with optical non-uniformities of the order of a wavelength
and more (e.g., at the boundaries of bodies, slits,

DIFFRACTION OF WAVES

etc.); a particular case of the diffraction of electromagnetic waves (see Diffraction of waves). The
approximate theory of diffraction of light was formulated by A. J. Fresnel (1816). Diffraction manifests itself in the formation of a diffraction picture (alternation of intensity maxima and minima).
The Fresnel band (zλ)1/2 (λ is the wave length,
z the distance from the object of size a from which
diffraction takes place to the observation point) is
an important notion in the theory of diffraction.
For a ∼ (zλ)1/2 diffraction occurs for converging
beams (Fresnel diffraction, A.J. Fresnel), and for
a  (zλ)1/2 it occurs for approximately parallel
beams (Fraunhofer diffraction, J. von Fraunhofer).
Diffraction determines the resolution of optical devices. The properties of diffraction from volume
diffraction gratings form the basis of holography.
In solid-state physics there is an important role of
the diffraction of light from dynamic optical nonuniformities, including those caused by ultrasound
(acousto-optical diffraction) by the self-dispersal
of radiation within the medium (self-effect of light
waves in non-linear optics, self-diffraction of light
in real-time holography), and by the spontaneous
and stimulated inherent elastic vibrations of solids
and liquids (see Brillouin scattering). In lasers diffraction determines the minimum (diffraction) divergence of beams of the stimulated radiation ϕ ∝
λ/a, and many properties of optical resonators.
Operation of a diffraction grating, of a zone plate,
of acoustooptical modulators and deﬂectors (see
Light de ectors) is based on the diffraction of
light.
DIFFRACTION OF RADIATIONS in ultrasonic
e ld
This is usually investigated in perfect monocrystals with application to X-rays and neutrons.

The effect of ultrasound depends on the correlation between the ultrasound wavelength λ and
the extinction length Λ of radiation in crystal. For
λ Λ ultrasound increases the intensity of the
diffracted beams due to the widening of the angular interval of the rays, satisfying the Bragg law,
and it also suppresses the anomalous passage of
X-rays. The suppression is sharply enhanced under
conditions of X-ray acoustic resonance at λ ≈ Λ.
If λ < Λ ultrasound causes transitions between the
branches of the dispersion surfaces which determine the dynamics of radiation in the crystal, the
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pendular oscillations of intensity of the diffracted
beams due to the scattering at the ultrasonic superlattice. In the case of neutron diffraction it is necessary to take into account not only the exchange
of momentum, but also of energy (about 10−7 eV)
of the ultrasonic wave. The high sensitivity of scattering of ultrasound is used for the detection of
the structure of vibrational modes in piezoacoustic
converters (see Acousto-electronics).
DIFFRACTION OF WAVES

The deviation from rectilinear propagation of
waves in a medium containing non-uniformities
or obstacles. The mathematical description of the
wave ﬁelds (sound, X-rays, neutrons, electrons)
follows from the Huygens principle (see Acoustic
diffraction), and in this sense it is similar to the
description of the diffraction of light. Wave diffraction is usually discussed for the case of an
appreciable deviation from the laws of geometrical optics. For example, upon the scattering of a
plane wave of monochromatic light from the object (or from a non-uniformity of a medium) with
the characteristic dimension a the angular deviation of the beams is θ ∼ λ/a (λ is the wavelength).
Therefore, at a screen located at the distance l
from the object there appear linear displacements
of beams in the transverse direction of the order
x ∼ lθ ∼ λl/a. For the formation of a sharp geometrical image of the object the condition x  a
or l  a 2 /λ should be satisﬁed, which is the criterion for the applicability of geometrical optics.
For l ∼ a 2 /λ (Fresnel diffraction) the linear displacements of the diffracted beams at the screen
are of the order of a. At the screen different beams,
deviated from rectilinear propagation, may converge and interfere, so that a complicated distribution of diffraction radiation intensity is observed
at the screen, that is not unambiguously associated with the optical properties of the scattering
object (e.g., at the image center of a nontransparent object a bright spot (Arago spot) may be observed; the Arago–Poisson–Fresnel effect, 1811).
For l
a 2 /λ (Fraunhofer diffraction) at every
point of the screen the beams, deviated approximately in the same direction, converge and interfere; and hence (at least for small deviation angles) the intensity distribution at the screen reproduces a two-dimensional Fourier-image (of obstacles or non-uniformities), because the coordinates
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DIFFRACTION POLARIZATION

Source, slit, and distribution of intensity at the screen.
The intensity distribution is shown for geometric (left),
Fresnel (center) and Fraunhofer (right) diffraction.

of the points are linearly connected with the transverse components of the diffracted radiation wave
vector. The ﬁgure shows, from left to right, these
three cases of wave propagation or diffraction for
the example of light passing through a slit of
width a, namely: geometric (l  a 2 /λ), Fresnel
(l ∼ a 2 /λ) and Fraunhofer (l
a 2 /λ) (see also
Diffraction of light).
In solid state physics wave diffraction plays a
double role. In microscopy it is desirable to obtain a sufﬁciently sharp image of the object, so
wave diffraction is harmful, and restricts the microscope resolution to a value of the order of λ.
Fresnel diffraction is seldom used due to the difﬁculties of its interpretation, its main use is for the
observation of crystal lattice defects by the method
of X-ray contrast, when it is impossible to obtain the geometric image. Fraunhofer diffraction is
used to determine the locations of atoms in solids
by X-ray structure analysis, and also to investigate
lattice defects. In the latter case the diffracted Xradiation consists of a coherent (Bragg) component, which reﬂects the properties of the “average”
lattice of a defective crystal (e.g., relative variation
of the lattice parameter a/a, thermal and static Debye–Waller factors), and an incoherent (diffuse) component, whose distribution provides information about concentration, type, size, and internal structure of defects. In the case of amorphous solids the scattering intensity comprises
only the incoherent part, from which it is possible
to determine the radial distribution function, total and partial structure factors (see Structure amplitude), coordination numbers, etc. In diffraction

from crystals, kinematic and dynamic modes may
be realized. In the kinematic case the individual
scattering of a wave by the atoms and the subsequent interference of the secondary waves are
taken into account. The kinematic approximation
is valid for ideally-mosaic (see Mosaic crystals) or
sufﬁciently strongly distorted crystals, when the
condition l0  Λ is met (l0 is the characteristic
size of mosaic blocks, or the coherent scattering
regions, Λ is the extinction length). In the opposite case (l0  Λ) dynamic diffraction takes place,
i.e. through multiple coherent scattering the plane
waves entering the crystal are transformed (at the
distance ∼Λ) into Bloch waves (see Bloch theorem), whose diffraction in the crystalline medium
is accompanied by a series of new qualitative effects (see Elastic scattering of radiation, Dynamic
radiation scattering, Extinction).
DIFFRACTION POLARIZATION of X-rays

Variation of polarization in the course of
X-ray diffraction within the crystal, associated with

the difference of the diffraction properties of the
crystal for different polarizations of the incident
beam. The character of diffraction polarization
depends on the conditions of diffraction and on
the structural perfection of the crystal. For perfect crystals this polarization is described by the
theory of dynamic radiation scattering. Upon twoor many-wave diffraction (see Two-wave approximation) in such crystals the effects of birefringence and dichroism (see Dichroism of crystals)
are weakened in proportion to the crystal deviation from perfection. For three- or many-wave diffraction the effect of rotation of light polarization
plane is observed. In distorted crystals the diffraction leads to depolarization of X-ray beams. Natural (non-polarized) radiation is polarized upon
diffraction. The degree of its polarization and the
character of its variation within the limits of the
Bragg scattering curve depend on the defectiveness of the crystal (see Defects in crystals). On the
basis of diffraction polarization effects the methods of X-ray polarimetry have been developed.
DIFFRACTION SPECTROMETERS, CRYSTAL
See Crystal diffraction spectrometers.
DIFFRACTOMETRY, GAMMA RAY
See Gamma diffractometry.

DIFFUSE PHASE TRANSITION
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DIFFRACTOMETRY, NEUTRON
See Magnetic neutron diffractometry, Neutron
diffractometry.
DIFFRACTOMETRY, X-RAY
See X-ray diffractometry, Energy-dispersion
X-ray diffractometry.
DIFFUSE PHASE TRANSITION
A ferroelectric phase transition taking place

within a relatively wide temperature range, called
the Curie range, instead of at a certain speciﬁc
temperature. In contrast to common ferroelectrics,
temperatures at which the anomalies in various
properties of the material occur are distributed
within that range. Piezoelectric properties are observed at temperatures higher than the temperature Tm of the maximum dielectric constant ε.
Meanwhile, the speciﬁc heat, the optical absorption edge, the index of refraction, and the electrooptic properties all change slowly instead of
sharply when passing through the Curie range.
In one of the most actively studied substances
with a diffuse phase transition, PbMg1/3 Nb2/3 O
(PMN), the Curie range spreads out to cover more
than 100 ◦ C. The dielectric constant ε of PMN
passes through a maximum at T = 0 ◦ C, and shifts
to larger temperatures for higher measurement frequencies (see Fig.). Such a relaxation behavior of
ε is typical for all materials with the diffused transition, therefore they are sometimes called relaxor
ferroelectrics or ferroelectrics with a diffuse phase
transition. This transition is commonly observed
in oxide compounds with a perovskite structure
in which ions of different types randomly occupy
identical points in the lattice, as, e.g., the ions of
Mg and Nb in PMN, or the ions of Sc and Ta in
PST (PbSc1/2 Ta1/2 O3 ).
In PMN type materials (1 : 2 group) the extent
of the diffusion of the phase transition does not
depend on their preparation technique, while materials of the PST type may only be obtained under
certain technical conditions, and attain an arbitrary
degree of diffusion even down to the normal ferroelectric transition. The diffuse phase transition
in solid solutions (e.g., such as BaTi1−x Snx O3 ,
Pb1−y Lay Zr1−x Tix O3 ) is only observed for certain values of x and y.
The sources of random ﬁelds that result in a
diffused phase transition are ﬂuctuations of the

Temperature dependence of the correlation radius ξ
and of the dielectric constant ε of PbMg1/3 Nb2/3 O3
at various frequencies: (1) 0.4 kHz; (2) 45 kHz; and
(3) 4500 kHz.

material composition. It was suggested initially
that such ﬂuctuations lead to a distribution of local
temperatures of phase transitions in crystal microvolumes, with long-range ferroelectric order forming individually in each such microvolume. It was
experimentally demonstrated later that these clusters only have short-range ferroelectric ordering.
This picture corresponds to a dipole glass that is
an electric analogue of a spin glass. At low temperatures, T < Tg (the freezing temperature Tg
usually satisﬁes the condition Tg < Tm ), the system appears to be in a nonequilibrium frozen state
in which the electric dipole moments of its polar clusters are randomly oriented. In all these
materials a distribution of relaxation times typical of glasses is observed, the temperature dependence of the maximum time being described by
the Vogel–Fulcher law (see Spin glasses).
The external electric ﬁeld orients polar clusters and induces the ferroelectric state. As a result,
cooling the material to T < Tg in an external electric ﬁeld (ﬁeld cooling, FC) or in the absence of
any ﬁeld (zero ﬁeld cooling, ZFC) produces either
normal or relaxor ferroelectricity, respectively. The
polarized specimen features a residual piezoelectric effect (see Piezoelectricity) and birefringence,
both of which vanish if the specimen is heated in
the absence of an electric ﬁeld (zero ﬁeld heat-
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DIFFUSE SCATTERING

ing, ZFH) at temperatures T < Tm . The correlation length ξ grows at lower temperatures up to
T ≈ Tg . This radius remains constant below that
temperature (ξmax = 20 nm in PMN, see Fig.), in
contrast to the situation in common ferroelectrics.
High values of certain parameters found in materials featuring a diffuse phase transition make it
possible to use them in capacitors for electrostriction (see Electrostriction), and for other electrooptic materials.

Diffuse scattering of X-rays (Kα , Mo) arising from thermal atomic displacements in the monocrystal LiNbO3 at
20 ◦ C (left) and at 600 ◦ C (right).

DIFFUSE SCATTERING of X-rays

Scattering of X-rays in solids from atoms displaced from regular crystal lattice sites. In an ideal
crystal the displacements are caused by thermal vibrations. The intensity and distribution of the diffuse scattering depend on the type of structure, on
the forces of the interatomic interactions, and on
the temperature (see Fig.). In real crystals the displacements of atoms are caused by the their vibrations and by defects, and the diffuse X-ray scattering is determined by the nature of these defects, by
their concentration and location, and their shape
and dimensions. Diffuse scattering is used for investigating interatomic interactions, the phonon
spectrum, the elastic characteristics of crystals, its
defects, regions with an electron density that differs from the average value, and features formed
through various effects and processes (irradiation,
thermal and mechanical treatment, alloy decomposition, alloy aging, etc.). The utilization of diffuse
scattering is one of the most effective methods for
a detailed analysis of variations in the conﬁgurations of atoms, and of the forces of interatomic interaction, because this scattering is sensitive not
only to the entire spectrum of frequencies of vibrating atoms, but also to other factors inﬂuencing
the spectrum. Investigation of diffuse scattering
facilitates the detection of many types of defects
and determines their parameters, including plots
of how local electron density differs from that of
an ideal perfect crystal, and of the type of Guinier–
Preston zones formed by precipitation during the
decomposition of solid solutions and the aging of
alloys. By studying the temperature dependence of
the intensity of the diffuse scattering it is possible to determine the nature of the displacements
of atoms in crystals with defects (of the dynamic
or static type).

The diffuse scattering method provides more
complete information when monochromatic radiation is used to investigate monocrystals, although
polycrystals are also widely used, especially for
deducing the degree and type of short-range order (see Long-range and short-range order) associated with the locations of atoms. From the analysis of how the intensity of the diffuse scattering
by monocrystals depends on the distances to the
sites of k -space it is possible to determine the
characteristics of defects (point defects, aggregations, dislocation loops) and their dimensions. The
investigation of diffuse scattering over broad regions of k-space allows the determination of the
form of defects, dimensions, how they disturb the
surrounding crystal lattice, and also the location of
the defects in the volume of the crystal. To interpret the effects of diffuse scattering it is expedient
to investigate also the vicinity of the zero node by
the method of the small-angle scattering of X-rays.
The uniqueness of the interpretation of the effects of diffuse scattering depends on the extent
of the region of k-space that is studied and analyzed, as well on the degree of monochromaticity
of the radiation being used. For the investigation
of defects it is necessary to take into account, and
if possible, to exclude thermal effects by working
at low temperatures, something that is especially
important for small concentrations of defects.
DIFFUSION

Phenomenon of disordered (often thermal) motion of the particles of a medium (atoms, molecules, ions, electrons, and in a condensed medium
quasi-particles), which leads to the mixing of particles, to the spatial homogenization of concentrations, or to the appearance of directed particle

DIFFUSION

ﬂuxes. The following types of diffusion are singled out: self-diffusion (in a medium of similar
diffusing particles, e.g., tracer atoms), heterodiffusion, and interdiffusion. The rate of diffusion is
provided by the diffusion coef cient D, which linearly relates the ﬂux density j of diffusing particles to the gradient of their concentration through
the ﬁrst Fick law
j = −D grad n,

(1)

where n is the number of particles per unit volume.
In gases diffusion occurs through random collisions of diffusing particles with the gas molecules,
and D is determined by the expression
1 λ2
1
,
D = λv =
3
3 τc
where λ is the mean free path, v is the average
speed of the thermal motion, τ c is the average
time between collisions; and D is inversely proportional to the gas pressure with a weak temperature dependence (∝T 1/2 ).
In condensed systems (liquids, solids) diffusion occurs via random jumps of atoms between
states corresponding to absolute or relative minima of their potential energy (e.g., sites and interstices of the crystal lattice). The corresponding coefﬁcient of diffusion is
D≈

a2
,
τ

where a is the characteristic length of an elementary jump of a particle (of the order of the average distance between the molecules), τ is the average time between jumps which at high temperatures depends exponentially on the temperature:
τ = τ0 exp[Q/(k B T )], τ0 ≈ 10−12 to 10−13 s
is the characteristic period of the particle vibrations, and Q is the activation energy. Thus, D
depends exponentially on the temperature: D =
D0 exp[−Q/(k B T )]; D0 ≈ a 2 /τ0 , which is consistent with the ﬂuctuation nature of the particle
jumps. At low temperatures the jump between adjacent energy minima may be performed by quantum tunneling; and the temperature dependence
of D is different (see Quantum diffusion). In crystals diffusion is a second-rank tensor Dik , and in
cubic crystals this tensor Dik reduces to a scalar.
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The kinetics of diffusion is determined by the
second Fick law
∂n
= − div j.
∂t
The diffusion ﬂux also appears under the inﬂuence
of any external or internal ﬁelds which determine
the gradient of the chemical potential μ of the particles – the “motive force” of diffusion:
D
∇μ.
(2)
j = nv = −n
kB T
It can be seen that the drift velocity v of the particles is proportional to the motive force (−∇μ)
and to the mobility b which is related to D through
the Einstein relation b = D/(k B T ). In gases or dilute solutions ∇μ = k B T ∇n/n, and Eq. (1) follows from (2) as a particular case. In the general
case the motive force of diffusion is determined
by the concentration gradients as well as by the
types of interactions of the diffusing particles with
the ﬁelds. For example, for diffusing particles with
charge q in an electric ﬁeld E the diffusion ﬂux is
j = −D∇n +

D
nqE.
kBT

(3)

The second term in Eq. (3) determines the ﬂux of
particles under the inﬂuence of the electric ﬁeld. In
many cases (e.g., gases, liquids, solid electrolytes)
the directed diffusion drift of charged particles in
the electric ﬁeld determines the electrical conductivity of the medium, and this conductivity σ is proportional to D through the Nernst–Einstein relation:
σ=

Dnq 2
.
kBT

This expression permits the determination of D
from the known value of σ (and vice versa). If the
temperature varies throughout the medium then
∇(μ/T ) serves as the motive force of particle diffusion. The current density j is the sum of the
usual ﬂux and the thermodiffusion ﬂux (Soret effect)
j = −D∇n −

DQ∗ n
∇T ,
kBT 2

where the dimensionless quantity kT = Q∗ /(k B T )
is called the thermodiffusion relation, and Q∗ is
the heat transferred by the particles per unit act of
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diffusion. In the course of the diffusion of atoms
along grain boundaries (boundary diffusion), along
the surface (surface diffusion), along dislocations
(tubular diffusion), a speeding up of the diffusion rate compared with that of bulk diffusion is
observed. The diffusion process may take place
through the formation or decomposition of phases
(reactive diffusion).
Diffusion in alloys. The speciﬁcs of diffusion
in alloys is associated with the presence of several
diffusing substances. The density of the diffusion
ﬂux of αth substance in the one-dimensional case
is written in a form that generalizes Eq. (1),

∂μβ
Lαβ
,
(4)
jα = −
∂x
β

where Lαβ is the corresponding kinetic coefﬁcient, and μα is the chemical potential of the αth
substance. In the majority of cases it is assumed
that Lαβ = 0, α = β; then Lαα determines the
partial diffusion coefﬁcient Dα . The differences
between the partial diffusion coefﬁcients in binary
substitutional alloys leads to a series of new physical effects. If, for example, DA > DB in a sample enriched with atoms A then vacancies will
be formed, which may either combine in pairs
(Frenkel effect) or disappear at dislocations, which
leads to the motion of atomic planes and markers
associated with them (Kirkendall effect).
The Frenkel and Kirkendall effects exclude the
exchange, ring, and interstitial mechanisms of diffusion and point to the vacancy mechanism. The
concentration cA under the conditions of interdiffusion in A–B alloys for the one-dimensional case
is determined from the expression


∂cA
∂cA
∂
(DA cB + DB cA )
,
=
∂t
∂x
∂x
where DA and DB are the partial diffusion coefﬁcients of the components. Thus, the coefﬁcient
of interdiffusion determined in the experiments is
given by DAB = DA cB + DB cA .
See also Ambipolar diffusion, Anomalous diffusion, Ascending diffusion, Boundary diffusion,
Tubular diffusion, Radiation-induced diffusion, Reactive diffusion, Spin diffusion and Nuclear spin diffusion, Surface diffusion.
DIFFUSION ANNEALING
See Homogenization.

DIFFUSION COEFFICIENTS

Coefﬁcients of proportionality between the
value of the ﬂux and the concentration gradient of
particles; the main parameter of the kinetic process
of the diffusional dispersal of particles within a
medium. Depending on the diffusion conditions
this process is characterized by various diffusion
coefﬁcients. For self-diffusion and for heterodiffusion in an isotropic medium the diffusion spreading is described by the isotopic diffusion coefﬁcient (self-diffusion coefﬁcient) D ∗ , which coincides with the diffusion coefﬁcient describing a
random walk of the particles (Brownian motion).
For the interdiffusion of two components A and B
the diffusion of each individual particle is characterized by the partial diffusion coefﬁcients Di (i =
A, B), which differ from the isotopic one by a factor that takes into account the non-ideality of the
solutions: Di = Di∗ (1 + ∂ ln γi /∂ ln ci ), where the
γi are activity coefﬁcients, and ci are the concentrations of the components. The process of equalizing the concentration by interdiffusion is determined by the chemical diffusion coefﬁcient, or by
 which is related
the interdiffusion coefﬁcient D
to the partial diffusion coefﬁcients by the relation
 = DA cB + DB cA . If a system with two (or
D
more) components has internal ﬁelds proportional
to the gradients of the component concentrations
then the intrinsic diffusion coefﬁcients D  are ex∗ D ∗ /(c D ∗ +
pected to have the form D  = DA
A A
B
∗ ). They are sometimes called internal or
cB DB
ambipolar diffusion coefﬁcients.
In the gas-kinetic approximation, in order of
magnitude we have D ∼ l 2 /τ , where l is the average displacement of the diffusing particle between
two successive collisions, and τ is the average
time between collisions. For particles diffusing in
a condensed medium D = ηa 2 ν, where a is the
average length of a jump (of the order of an interatomic distance), ν is the frequency of jumps, and
η is a numerical coefﬁcient of the order of unity
which depends on the structure of the material.
DIFFUSION-FREE TRANSFORMATION

A phase transformation that takes place in
solids without diffusion at low temperatures
(< 0.4T melting ) through shears of atom positions
or atomic planes (see Martensitic transformation).

DIFFUSION MECHANISM OF CRYSTAL CREEP
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DIFFUSION LENGTH

A mean distance LD reached by a diffusing
particle or quasi-particle away from its initial position within its lifetime τ ; here LD = (Dτ )1/2 ,
and D is the diffusion coef cient. Owing to the
random nature of the diffusion motion and its wandering (zig-zagging) path, the diffusion length is
much shorter than the overall trajectory length of
a diffusing particle. Charged particles, e.g., current
carriers in semiconductors in an electric ﬁeld E,
drift and diffuse at the same time. The distance traversed by these drifting particles during a time τ is
speciﬁed by a delay length which can be longer or
shorter than LD , and in a strong electric ﬁeld the
drift can dominate. For this case the diffusion is
mainly transverse, and within a time τ the current
carriers drift over the distance LE = μEτ called
the drift length (here μ is the ambipolar mobility)
(see Ambipolar diffusion).
DIFFUSION MECHANISM OF CRYSTAL
CREEP, diffusion creep

Microscopic (atomic) mechanism of irreversible variation of shape of a crystal subject to
constant external loading, based on the diffusion
transfer of material in the solid. It is carried out
at sufﬁciently high temperatures and low loadings.
The creep of monocrystalline samples is associated with the presence of point defects, i.e. vacancies and interstitial atoms capable of diffusional
motion. The diffusion ﬂux of point defects usually
starts at separate surfaces or lines (sources) and
ﬁnishes at others (drains). The external surfaces of
the sample, grain boundaries in polycrystals, edge
dislocations and other extended effects may serve
as sources and drains of point defects. The deposition of a microscopic number of vacancies (interstitial atoms) in the plane of a drain decreases
(increases) the number of regular sites of the crystal lattice, which leads to shortening (elongation)
of the sample in the direction perpendicular to this
plane. In the plane which is the source of point defects the inverse process takes place. The action
of such processes occurring under the effect of the
external forces acting in all the sources and drains
induces changes of the sample shape, while conserving the continuity (uniformity) of the material. A non-uniform distribution of external forces
at the surface of a sample usually causes the appearance of diffusion ﬂux. A sketch of single-axis

Sketch of the diffusion ﬂux of material (shown by the
arrows) arising from single-axis loading.

loading which generates a directed diffusion ﬂux
of vacancies and interstitial atoms, leading to elongation of the sample, is shown in Fig. The velocity of relative elongation appears to be proportional to pDL−2 , where D is the diffusion coefcie nt of the point defects, and L is the size of
the sample. The diffusion mechanism of crystal
creep under such conditions had been described
by F.P.N. Nabarro (1948) and C. Herring (1950).
The crystallite grain size plays the role of L in a
polycrystal. This diffusion mechanism in polycrystals was investigated by I.M. Lifshits (1963). The
presence of prismatic dislocation loops within the
crystal provides sources and drains, and diffusion
may transfer material from one group of dislocations to another. Shear loading brings about the
diffusion transfer of “favorably” oriented dislocation loops together with the reduction in size of
“unfavorably” oriented loops. In this dislocationdiffusion creep mechanism the product of the distance between the centers of prismatic loop dislocation generation and the average radius of the
emerging loop play the role of the parameter L2 .
For this mechanism the characteristic temperature
dependence of the plastic creep velocity results
from the exponential dependence of the diffusion
coefﬁcient: D ∝ exp[−Q/(kB T )], where Q is the
activation energy of point defect diffusion.
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DIFFUSION POROSITY
The aggregate of pores within a crystal, formed
due to the precipitation of excessive vacancies and

their combining by the process of diffusion (see
Diffusion). In crystals with pronounced surface
tension anisotropy the pores are faceted (“crystals” of cavities or pores). When the reserve of excess vacancies is restricted (e.g., crystal hardened
by heating) and is determined by the value of the
initial over-saturation Δ = cV1 − cV0 (cV1 , cV0 are
initial and equilibrium vacancy concentrations)
then pore formation will reach completion during
2
the time τ = R /(ΔDv ), where the average pore
3
size R is determined by the condition 4πR /3 =
Δ/n0 , n0 is the number of pores per unit volume, and Dv is the self-diffusion coefﬁcient of
the vacancies. If the oversaturation by vacancies Δ
within the lattice persists as a long-lasting source
(evaporation of volatile component, interdiffusion,
radiation effect), the kinetics of growth will depend on the link which limits the process). Microcavities and microcracks of noncontinuity at the
boundaries may form nuclei for the formation of
diffusion pores. Diffusion porosity makes its appearance during the thermal treatment of alloys,
the preparation of coatings, the irradiation of crystals, etc.
DIFFUSION WELDING

Method of pressure welding carried out by
heating below the melting temperature of the
welded metals (without using solders) with the
application of pressure sufﬁcient for creating the
necessary plastic deformation of the welded parts.
The connected parts subject to compressing pressure approach each other at distances determined
by the interatomic forces. A welded joint is formed
via interdiffusion through the surface of the interface in the solid or liquid state (welding-soldering
by melted intermediate layer). The formation of
a satisfactory welded joint requires the proper
choice of three main parameters – temperature,
pressure, and time lag at the given temperature and
pressure. To connect similar metals the temperature as a rule is (0.5 to 0.7)T melting , for welding
non-uniform metals this temperature is equal to
the lowest T melting . The time lag usually does not
exceed 1 to 50 min. The ability to form compounds

of metallic materials with ceramics, graphite, powder materials, and optical ﬁbers shows the advantages of diffusion welding. The formation of intermetallic and carbide phases in the region of the
joint is a deﬁciency of diffusion welding. To avoid
the embrittling phases (see Embrittlement) other
types of pressure welding can be used such as
magnetic-discharge welding, cold welding or percussion welding in vacuo.
DIFFUSION ZONE

The region of a solid where there is a nonuniform concentration distribution arising from
the interdiffusion of two or more components of
the system. This non-uniformity sustains the diffusional movement of atoms, leading to the establishment of a phase composition determined by
the compositional phase diagram. The time dependence of the diffusing component concentration
c(t) in the diffusion zone for a the two-component
system is determined by the two Fick equations
(A. Fick, 1855):
j =−

 ∂c
D
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ω ∂x
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 ∂c
∂D
∂c
∂ c,
=
+D
∂x
∂x ∂x
∂x 2
 is the coefﬁcient of interdiffuwhere j is ﬂux, D
sion (see Diffusion coef cients), c is the concentration, x is the coordinate, and ω is the atomic
volume. In time, under isothermal conditions the
characteristic linear dimension l D of the diffusion zone increases according to the law l D ≈
 1/2 , where t is the time of diffusion an2(Dt)
nealing (see Homogenization). The spontaneous
broadening of the diffusion zone is a consequence
of the tendency to decrease the free energy of
the system caused by the diffusional mixing of
atoms. At the same time accompanying processes
may take place which lead to a temporary, local increase of the free energy. Among them are
pore formation (see Frenkel effect), creep of the
substance (see Kirkendall effect), the appearance
of elastic stresses, and the formation of dislocation structures (see Dislocation). The appearance
of these factors in the diffusion zone indicates a
lack of equilibrium corresponding to the presence
of intermediate states of the system on its way toward reaching equilibrium.
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DIFFUSIVITY, temperature conductivity factor

The parameter that determines the dependence
of the temperature of a material on the coordinates and the time during nonstationary thermal
processes; it serves as a measure of the rate of
heat diffusion. In the model of an isotropic homogeneous body with thermal characteristics independent of temperature, the diffusivity is a constant a which enters the thermal conductivity equation: a∇ 2 T = ∂T /∂t . A formal expression for the
diffusivity is a = λ/(Cρ) where λ is the thermal
conductivity coef cient, C is the speci c heat (at
constant pressure), ρ is the density of the material.
In the presence of appreciable temperature gradients in a body it is necessary to take into account the dependence of the thermal characteristics of the material on the temperature. The thermal conductivity equation conserves its form only
in the case of the replacement
 of the temperature
by new variable Θ = (1/λ0 ) λ dT , and we have
a∇ 2 Θ = ∂Θ/∂t , where a is expressed through the
variable Θ, and is a function of the temperature.
The dimensionality of a is [a] = [L2 ][t −1 ]; the
unit of measurement is m2 /s.
DILATATION (fr. Lat. dilato, making wider)

The relative local elastic change of volume
upon deformation. The element of volume dv after
deformation becomes dV :
δXi
dV
∂Ui
= δik +
=
dv
δxk
∂xk

tensor



1 ∂ui
∂uk
,
+
2 ∂Xk
∂Xi

we obtain the following expression for the dilatation:
dV − dv
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For elastically isotropic bodies, taking into account only the terms that are linear in uik , we
have:
1 
δ=
σii ,
3K
i

where σik is the deformation tensor, and K is
the modulus of uniform compression. In isotropic
crystals with point defects and dislocations the dilatation is everywhere zero in the linear deformation tensor approximation except at places where
defects are located. Dilatations different from zero
can occur for such defects when account is taken
of the crystal anisotropy, or when deformation tensor terms which are second order in smallness
make a contribution.
DILATATION CENTER
A point defect which inserts an “extra” inﬁnitesimal volume V into a crystal. A macroscopic

analog of a dilatation center is a spherical cavity
in an elastic medium into which an elastic globule of larger volume is inserted. Its elastic ﬁeld
is equivalent to the ﬁeld of three pairs of forces
acting along the coordinate axes and concentrated
in the center. Elastic strains and stresses decrease
inversely with the cube of the distance from the
center. A dilatation center simulates interstitial impurities ( V > 0) (see Impurity atoms), substitutional impurities (any sign of V is possible) and
vacancies within the crystal ( V < 0).
DILATOMETER (fr. Lat. dilato, extend, and
Gr. μετρεω , am measuring)

(Xk and xk are the Cartesian coordinates of the
body points before and after its deformation, and
Uk is the displacement vector). When account is
taken to second order of the smallness of the strain

uik =
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A device for measuring variations of the dimensions of bodies (e.g., length) under the inﬂuence of external actions, internal physico-chemical
processes, or both. The most wide spread types are
optico-mechanical (sensitivity 10−6 to 10−7 cm),
interference (10−7 to 10−8 cm), electronic with
inductive, capacitive, electro-mechanical, galvanomagnetic (see Galvanomagnetic effects), or magnetostriction sensors (10−7 to 10−9 cm), radioresonance (10−12 cm), and X-ray (10−5 to
10−6 cm). Dilatometers are used for determining
the coefﬁcient of thermal expansion of materials,
and for dilatometric analysis.
DILATOMETRIC ANALYSIS

The analysis of physical and physico-chemical
properties of solids according to the variation of
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their volume or sizes. Dilatometric analysis is
based on the tendency of a solid to change its
volume (dimensions) under the inﬂuence of heat,
pressure, electric and magnetic ﬁelds, ionizing radiation and other external effects, and also due
to internal physico-chemical processes. The variations of volume are characterized by the bulk expansion coefﬁcient. Dilatometric analysis is most
widely used for investigations of thermal expansion. Processes taking place in solids are characterized by variations of volume (bulk effects) and
of the temperature coefﬁcient of bulk expansion.
Absolute measurements (with respect to a ﬁxed
standard) and differential ones (the standard undergoes changes similar to the test body) are performed during the course of dilatometric analysis.
This analysis is used to determine the true and average temperature coefﬁcients of expansion, their
phase composition at critical points, the evaluation
of their structural state, and for the identiﬁcation
of ongoing physico-chemical processes and their
rates.
DILATON

A non-linear excitation that occurs under the
action of a stretching load in anharmonic atomic
chains, or in structures fabricated from such chains
(e.g., in ﬁbrillar crystals of polymers). A dilaton is a dynamic structural defect which can alleviate failure. Two types of dilatons are distinguished: a subcritical dilaton and supercritical
dilaton. The ﬁrst is a deformation ﬂuctuation created by a group of interatomic bonds, each of
which is stretched by an amount εI which lies
within the range ε < εI < εcr , where ε is the
stretching strain, and εcr is the strain corresponding to the ultimate strength of the bond. The supercritical dilation has in the center of the group
an anomalously strained interatomic bond with the
strain εII > εcr . Both types of dilatons are particular solutions of the same equation of motion in
which the cubic and quartic anharmonic terms are
retained in the expansion of the potential energy.
DINGLE FACTOR (R.B. Dingle, 1952)

An exponential multiplier of the form
[−2πm∗ /(eτ B)], (where τ is the average time of
collision, B is the magnetic ﬁeld; m∗ is the effective mass), which describes the amplitude reduction of quantum oscillations of thermodynamic

and kinetic parameters of metals due to conduction electron scattering (see de Haas–van Alphen
effect, Shubnikov–de Haas effect).
DIODE

A two-electrode electronic gas-discharge, vacuum tube or semiconductor device with the property of unipolarity (unidirectionality) of its electrical conductivity. Nowadays semiconductor diodes
play a dominant role in science and engineering;
and other (non-linear) properties not associated
with their unipolarity have found various practical
applications. A semiconductor junction or metal–
semiconductor junction forming a Schottky barrier transmits current well in one direction and
has a high electrical resistance in the opposite or
blocking direction. Because of this, the rectifying action a diode can be used as a semiconductor gate to rectify low-frequency current up to
1 kA (power gate) and for voltage stabilization
(supporting diode). Pulse diodes perform transformations of ultrahigh frequency radiation, e.g.,
for switching, or for detection associated with the
variation of the radiation frequency. Demodulation
or the removal of a modulated low-frequency signal from a high frequency carrier wave is based on
this process. Diodes with negative resistance, or
generation type semiconductor diodes, have been
used for generating, amplifying, switching, multiplying (increasing the frequency) and other functions in the ultra-high frequency range, up to hundreds of gigahertz. Gunn diodes which have no
p–n junction, or Schottky barrier have found wide
application; their action is based on the presence
of a negative resistance arising from the characteristics of the energy band structure of the manyvalley semiconductor. The action of a varactor
(also called varicond) is based on the dependence
of the capacitance, present in the semiconductor
diode due to a p–n junction or Schottky barrier,
on the value of the applied external voltage. The
non-linear dependence of the capacitance on the
voltage forms the basis of the action of parametric
diodes which are used for the ampliﬁcation and
conversion of ultra-high frequencies. In photodiodes the separation of non-equilibrium electrons
and holes by the ﬁeld of a p–n junction causes
the appearance of a photo-electromotive force; and
this is utilized in highly sensitive detectors of radiation in the infrared, visible and near ultraviolet

DIPOLE GLASS

regions of the electromagnetic spectrum (see, e.g.,
Optical radiation detectors). Solar batteries operate on such a principle. The action of light emitting diodes is based on the emission of photons
during the recombination of electrons and holes in
regions of p–n hetero- and homojunctions, and it
can be very intense in direct-band semiconductors
upon the application of a reversed bias (reversed
electric ﬁeld). In magnetodiodes use is made of
the dependence of the current carrier mobility on
the applied magnetic ﬁeld. The various types of
semiconductor diodes are differentiated according
to the physical phenomena which determine their
operation principles, as well as according their
design; see p –i –n diode, Barrier injection transit time diode, Impact ionization avalanche transit
time diode, Trapped plasma avalanche triggered
transit diode, Tunnel diode, Schottky diode, Varactor.
DIPOLAR INSTABILITY

See Vibronic instability.
DIPOLE–DIPOLE INTERACTION

The interaction energy of two (electric) dipole
moments p 1 and p 2 , described by the expression
&(R) =

p1 · p2
(p · R)(p 2 · R)
−3 1
,
3
R
R5

where R is the coordinate vector connecting the
two dipoles. The dipole–dipole interaction involves one of the terms that arises from the multipolar expansion of the potential produced by a local distribution of electric charges. It is the energy
of one dipole interacting with the electric ﬁeld produced by another dipole. The formula is equally
valid for electric as well for magnetic dipoles μ1
and μ2 , and in particular it applies to spin magnetic moments in magnetic materials. The dipole–
dipole interaction plays an important role in determining the internal long-range forces in ionic
crystals, in crystal lattice dynamics, in the theory
of magnetism, and also in the theory of the electric polarization of crystals, especially ferroelectric crystals.
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DIPOLE–DIPOLE RESERVOIR

An energy subsystem of interacting magnetic
ij
dipoles HD = −2 i>1 μi μj α,β Sai Dαβ Sβj ,
where Sαi and Sβj are the projections of ith and
j th spins on the axes α, β = x, y, z, respectively, and μi , μj are their magnetic moments (see
Dipole–dipole interaction). This energy is part of
the total energy H = H0 + HD of the ensemble
of interacting spins, where H0 is the main energy
term and HD determines the splitting of this main
energy into sublevels with the magnitude ωD .
The dipolar Hamiltonian term HD also determines
the rate of establishing a quasi-equilibrium distribution of particles in these sublevels. If this rate
exceeds that of the spin–lattice relaxation of individual spins or exceeds the rate of heat exchange
ωx with the lattice, then one can say that HD acquires its own temperature TD which is not necessarily the same as that of the lattice, and hence we
have a dipolar heat sink. The concept of a dipole–
dipole reservoir can also apply to interacting electric dipoles.
DIPOLE-FORBIDDEN TRANSITION

Quantum transition between states for which
the Hamiltonian matrix element of the electric dipole moment vanishes. Such a transition could occur via other mechanisms such as magnetic dipole
or electric quadrupole. The dipolar prohibition of
the transition is associated with symmetry, and in
solids it is strictly forbidden only for speciﬁc lattice conﬁgurations (usually equilibrium conﬁgurations are assumed).
DIPOLE GLASS

Electrical analogue of magnetic spin glass.
A dipole glass is the low-temperature state of randomly localized electric dipole moments mutually acted upon by forces arising from the dipole–
dipole interaction. The randomness of the dipole
moment orientations in the glass state is caused by
the alternating character of the dipole–dipole interaction potential which depends on the relative
locations and orientations of nearby dipoles.
Alkali-halide crystals with non-central ions or
with dipole moments, e.g., KCl:Li+ , KCl:OH−
are typical dipole glasses. Also there are ferroelectric–antiferroelectric mixed crystals which at
particular compositions exhibit properties similar
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to those of spin glasses, and they are related to
dipole glasses. For example, in the mixed crystals Rb1−x (NH4 )x H2 PO4 the spin-glass like behavior is caused by the random freezing of protons at positions along hydrogen bonds. The term
structural glass is often used, because the forces
of interaction of atoms in such systems are different from dipolar interaction forces. Also the
orientational or quadrupole glasses of the type
(KCN)x (KBr)1−x , where the random freezing of
the quadrupole moment of CN− occurs, are related to the structural glasses.
DIPOLE, INDUCED
See Induced dipoles.
DIPOLE LAYER on a surface

A system of electric dipoles on a surface due
to the adsorption of atoms or molecules. A dipole moment per unit area np appears (n is concentration of adsorbed particles per unit area,
p is their dipole moment) as a result of the orientation of the intrinsic dipoles of the adsorbed
particles, of their polarization, or of charge transfer between the adsorbed particles and the surface.
A dipole layer alters the work function ϕ of the surface: ϕ = 4πnp.
DIPOLE, MAGNETIC
See Magnetic dipole.
DIPOLE MOMENT

A characteristic of a system of electrically
charged particles is the vector p = ei r i , called
the dipole moment, where ei is charge of the ith
particle, r i is its coordinate, and the sum is taken
over all the particles of the system. For a charge

distribution
 of density ρ(r ) the dipole moment
is p = r  ρ(r  ) d3 r  . If the total charge of the
system is zero then its electric ﬁeld at a distance
which considerably exceeds the dimensions of the
system is approximately determined by the dipole
moment. The value of the dipole moment p does
not depend on the choice of origin of the coordinates. The electric dipole moment per unit volume is called the electric polarization, with the
symbol P (see Polarization of insulator). It may
be formed by the spatial separation of opposite
polarity mobile charges, as well by the presence

of elementary dipoles. The dipole moment of two
charges q equal in magnitude and opposite in sign
separated by the distance l is given by p = ql;
where the vector p is directed from the negative
to the positive charge.
Variations of the electrical dipole moment of
a system system of charges, e.g., brought about
by their motion, results in the emission of electromagnetic waves. The value of a dipole moment
is measured in debyes, where one debye (1 D) is
the dipole moment of two unit electric charges +e
and −e separated by the distance of one angstrom
(e = 1.6022·10−19 C).
DIPOLE RELAXATION of an insulator
Return of a polarized insulator to its equilib-

rium non-polar state after switching off an applied
electric ﬁeld. In the electric ﬁeld the randomness
of the heat induced motion of weakly-bound electrons, ions, and dipoles is weakened, and some
of them appear to be “ﬁxed” by the electric ﬁeld
in positions corresponding to the polarized state.
Unlike liquids and gases where a dipole is a rotator with unlimited rotation angles, in a crystal
the dipole reorientation capability is restrictive: to
only a limited number of stable orientations separated by potential barriers with heights that depend
on the applied ﬁeld. The following events may
bring about dipole relaxation: jumps of weaklybound ions in the vicinity of a defect with opposite charge; redistribution of the electron density
in the vicinity of an anion vacancy (assuming degenerate electron states); jumps of protons in polar crystals between local energy minima along
hydrogen bonds, and other possible mechanisms.
The relaxation time τ usually (for weak dipolar interactions) depends exponentially on the temperature. At 300 K for various dielectrics τ = 10−4 to
10−10 s.
DIRAC MONOPOLE (P. Dirac, 1931)
See Magnetic monopole.
DIRECTOR

A unit vector n, whose directions +n and −n
are equivalent. The term is used for the description
of the molecular ordering in liquid crystals, where
n points along the preferred direction of the axes
of the molecules. For the description of the most

DISCLINATION MODELS OF PLASTIC DEFORMATION

typical liquid crystal, which is the single-axis nematic liquid crystal type, it is sufﬁcient to introduce
only one director, because in this medium only
one of the three molecular axes is oriented along a
common direction, the other two being randomly
oriented. In the two-axis nematics it is necessary to
specify the triplet of directors n, l, and n × l because the three molecular axes are orientationally
ordered. To describe C-type smectic liquid crystals the notion of a c-director is introduced. Smectic C has a lamellar structure and the director n
does not point along the normal to the layers. The
c-director is introduced to designate the direction
of the common slope of the molecules in the plane
of the layers. It is a regular vector because the
states with +c and −c are non-equivalent.
Through the components of the director and its
coordinate derivatives it is possible to express all
the characteristic quantities of a liquid crystal: its
dielectric constant tensor, its elastic energy, its moment of forces, etc.
DIRECT RELAXATION PROCESS

A relaxation transition between two levels with
a splitting of ω accompanied by either emission or absorption of a single resonance frequency
phonon (a single-phonon process). For a direct relaxation process occurring by way of transitions
between the spin sublevels the rate of spin–lattice
relaxation is τ1−1 = a coth[ω/(2kB T )], where a
is a coefﬁcient depending on the value of the
matrix element of the spin–phonon Hamiltonian,
the resonance frequency (or the external magnetic ﬁeld) and certain constants of the material
(material density and the speed of sound). When
ω/(2kB T )  1 we have τ1−1 ∝ T , an important
feature of the direct relaxation process that may be
1
tested experimentally. We have ω/(2kB T )
in the low-temperature limit, so that τ1−1 does not
depend on T , but rather it is controlled by the rate
of spontaneous emission of phonons from the upper spin state. Another important aspect of the direct relaxation process that makes it possible to
clarify the mechanism of spin–lattice relaxation is
the magnetic ﬁeld B dependence of τ1−1 . Consider
the case of the Kronig–Van Vleck mechanism (see
Van Vleck mechanism) where the electric crystal
e ld is modulated by the lattice vibrations. In the
high-temperature limit we have a ∝ B 2 for ions
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with an even number of electrons, and for transitions between Kramers doublets where the number of electrons is odd we have a ∝ B 4 . Direct
relaxation usually dominates at low temperatures
(T < 10 K).
DIRECT TRANSITIONS, crossover transitions,
vertical transitions
Band-to-band electron (hole) transitions in

crystals resulting from the absorption of light
quanta, such that they occur without any appreciable change in the electron quasi-momentum (to
the accuracy of the photon momentum, the latter
being negligibly small within the scale of the Brillouin zone). See Semiconductors.
DISCLINATION MODELS OF PLASTIC
DEFORMATION
They regard plastic deformation as a con-

sequence of the motion of disclinations. Plastic deformation may be realized by three main
mechanisms: diffusion, shear (translational), and
rotational. Point defects, mainly vacancies (see
Diffusion mechanism of crystal creep) are the carriers of diffusion plasticity, dislocations are the
carriers of shear plasticity, and disclinations are
the carriers of rotational plasticity. Disclination
models of plastic deformation describe the generation and development of plastic rotations in solids.
A.F. Ioffe found at the beginning of the 1920s that
during the course of plastic deformation mutual
rotations of crystal microvolumes take place. We
now know that these rotations not only accompany
deformation, but constitute an essential and often
determining factor. The rotation of a microvolume
cannot be smooth because of its interaction with
surrounding volumes. Like shear strain it leads
to the generation and motion of linear defects or
disclinations; see Fig. (b). Disclinations with ratings (Frank vectors) |ω| = 0.1 to 5◦ are observed
in solids. After the rotation of the adjacent microvolumes to such angles their ideal conjugation is
impossible. A ﬂat defect formed along the plane
of a turn together with a linear defect – the line
of the rotation jump – is called a partial disclination. The stresses from a single disclination do
not attenuate, and so screened disclination structures – disclination loops and disclination multipoles – are usually encountered. A dipole is an
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example of such a structure (see Fig. (c)), creating elastic ﬁelds which at great distances are
equivalent to the ﬁelds of an edge dislocation with
Burgers vector b ≈ 2 ω. Dislocation walls are ﬂat
defects of partial disclinations which in turn are
defects of ordered dislocational structures and of
ﬂat boundaries (at Fig. (c) the ends of torn dislocational walls). Disclinations can differ according their rating, geometry, and scale. The smallest disclination loops have diameters of several
angstroms units, and describe, e.g., the rotations of
molecules in polymers. Disclinations with dimensions 0.1 to 1 μm perform the rotations at the level
of blocks and small fragments, 1 to 10 μm – of
rough fragments and small grains, 10 to 1000 μm
– of grains and their groups. Sometimes rotation
is also observed at the macrolevel, associated with
the passage of disclinations of the order of the
body size. The most frequently encountered twisting structures (see Plastic twisting deformation) are
the fragmentation and stripe structures. The fragmented structure consists of equal-axes cells or
fragments disoriented with respect to each other.
After starting a mutual rotation the angles increase
during deformation until they reach a critical value
with the generation of cracks. A hierarchy of fragments according to their size and the spread of
their angles is often observed, with some splitting
into smaller ones. The fragmentation kinetics is
described by models for the generation and motion of dislocation loops. The paths of loops do
not exceed the dimensions of the corresponding
fragment. Stripe structures are formed at the onset of rotation-current instability (see Slip bands).
Their kinetics follows models for the generation
and motion of disclination quadrupoles, dipoles
and their ensembles (see Fig. (c)). For example,
dipoles of size 2Δ = 0.1 to 1 μm can move 100 μm
to several millimeters, possibly intersecting grain
boundaries. The collision of the disclination dipole with a strong obstacle may bring about the
formation of micro- or macrocracks. The generation of disclination multipoles and loops occurs
under conditions of high dislocation density or
ﬂat boundaries, of high local stresses, and especially their gradients, creating torsion moments
in microvolumes. Therefore, rotational structures
form in the presence of strongly non-uniform external forces (active process), retarded shears (relaxation process), and non-uniform strain (passive

Linear defects in solids: (a) dislocations at the points
X1 , X2 and X3 of the displacement jumps u; (b) disclinations at the points X1 , X2 and X3 of the jumps in
turning angle; (c) dipole of partial dislocations, which
causes the layer turn between dislocation walls to the angle ω ≈ b/d.

process). Rotational structures occur in almost
every important type of deformation. These are
drops (macrostriped structures); plastic treatment
of metals (striped and fragmented); creep (manyscale fragmented structures at low stresses and
striped structures at high stresses); fatigue (fragmented and striped structures of stable strips of
slipping); internal friction (fragmented structures
of surface layers); strain hardening at stage III, etc.
In some cases strain processes may be described
within the framework of a dislocation model of
plastic deformation, as well as within the framework of a disclination model of plastic deformation.
DISCLINATIONS (fr. Lat. dis, apart, violation, and
Gr. κλινω , slope)
Defects in solid and liquid crystals which are

lines along and near which the orientational ordering of the atomic planes or molecules is violated. In the Volterra model of defects (singularities) of an elastic continuum disclinations are
formed as a result of a mutual rotation of the
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Fig. 1. Torsional disclination (a, b) and wedge disclination (c) along the axis of a continuous cylinder.

edges of a cut of an initially continuous cylinder to some pregiven vector angle (Frank vector;
see Somigliana–Volterra dislocations) as shown in
Fig. 1. Negative and positive disclinations are distinguished, respectively, by the rotation of the
planes toward each other and in the opposite direction. If a Frank vector is parallel to the disclination line, it is called a wedge disclination (disclination of slope), while if it is perpendicular to it then
it is a torsional disclination. The space containing a disclination acquires the Riemann–Cristoffel
curvature (see Curvature tensor), and space with
translational dislocations has a Cartan torsion. In
crystalline media complete and partial disclinations are singled out depending on whether the
rotation angle satisﬁes the angular symmetry of
the medium or not. Partial disclinations are not
isolated defects, but serve as the edges of defect
planes. Partial disclinations violate the stacking
regularity of the sites of the crystal lattice in one
or several planes, adjacent to the disclination line.
A torn slope boundary is an example of a partial
disclination. In crystals with helical axes of symmetry complete disclinations are combined with
translational dislocations having a Burgers vector equal to the pitch of a screw. Such a defect
is called a dispyration. Any complete disclination
violates the natural crystal symmetry. Thus positive wedge 60-degree disclinations transform sixfold rotation axes into pseudo-ﬁvefold ones, and
the negative ones bring about a transformation
to pseudo-sevenfold axes. Disclinations move either conservatively, or non-conservatively. In the
latter case they emit (absorb) lattice dislocations.
Disclinations appearing as linear singularities are
sources of stress. The stress ﬁeld near rectilinear
disclinations are at the line of the disclination as
well as at inﬁnity. The ﬁeld of stress of disclinational dipoles at large distances from them is an

elastic one, and its dependence on the distance is
similar to that of the ﬁeld of stress of a dipole of
dislocations (see Elastic eld of dislocations). In
crystals of macroscopic size R isolated rectilinear
disclinations are seldom found because their elastic energy is proportional to R 3 . However, disclinations may be present in crystals in the form of
small loops, dipoles, or networks, forming grain
boundaries, whose energy is proportional to r,
where r is the radius of the loop or the distance
between adjacent disclinations. The other possibility for reducing the high disclination elastic energy is by limiting the crystal size, e.g., using twodimensional crystals or liquid crystals.

Fig. 2. Disclinations in nematics: (a, b) distribution of
director near disclinations with m = 1 and m = −1, respectively, (c, d) disclination with m = 2 which is unstable with respect to a transition to the uniform state.
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In liquid crystals disclinations have the form
of ruptures of vector ﬁelds, which describe the
orientational ordering of molecules, as shown for
nematics (see Nematic liquid crystals) in Fig. 2.
These disclinations appear in the form of ﬂexible mobile ﬁlaments within the volume and at
the surface of practically any sample, a circumstance which led to the introduction of term “nematic” itself. Due to the fact that nematics have
a second-order symmetry axis, the rotation angle
of a disclination is restricted to the set mπ , where
m is an integer. All disclinations with odd m are
topologically stable, so to bring about their transition to the uniform state requires an energy that is
considerably in excess of their self-energy. Those
with even m are unstable and readily transform
to the uniform state, as shown in Fig. 2. Disclinations are the dominating defects in liquid crystals, where they are observable by an optical mi-

croscope. They are present in biological objects,
small crystals, and thin crystalline ﬁlms. Disclinations are used to explain the structure of glasses
(see Vitreous state of matter), and sometimes also
for interpretating processes of plastic deformation
and fracture of materials.
DISCONTINUOUS PLASTIC DEFORMATION

Process of irregular, unstable plastic ﬂow (see
Plastic deformation) of crystalline materials. Un-

der conditions of active deformation (extension
or contraction of samples with constant velocity)
spiked or jumpwise strain appears on the deformation diagram (stress versus strain plot, τ (ε)) as a
more or less irregular alternation of spontaneous
increases and decreases of deforming stress taking
place at a constant average deformation rate, so the
diagram acquires a spiked nature (Fig. 1).

Fig. 1. Stress τ versus strain (deformation) ε plot showing regions of deformation of aluminum monocrystals with various
purity values 99.5% (1), 99.99% (2) and 99.9997% (3), illustrating spiked (jumpwise) stress (1, 2) and its disappearance
at high purity (3). The temperature of the experiment was 1.5 K.

DISCOTICS

Fig. 2. Stepwise creep of zinc monocrystal during slipping under exposure to constant stress that exceeds the
yield limit at the temperature 300 K. Various creep
curves, or plots of shear deformation ε versus time t
(curves 1 to 5), correspond to different values of deforming stress.

Under creep conditions this irregular strain appears as an alternation of cycles of higher-speed
and lower-speed creep, so the creep curve acquires a step-like nature (Fig. 2). Stepwise strain at
room temperature and high temperature is mainly
observed in alloys [Portevin–Le Chatelier effect
(A. Portevin, F. Le Chatelier, 1923)] and is explained by the speciﬁcity of the dislocation diffusion processes. In the low temperature range
not only alloys, but also many pure mono- and
polycrystalline metals are susceptible to stepwise
strain, therefore it is considered one of the most
characteristic properties of low-temperature plasticity. At low temperatures the susceptibility of
a material to step strain can be regulated by a
change of shape, size, or surface state, experimental conditions (deformation velocity, hardness of
deforming device, temperature, and requirements
of heat-sink cooling), internal state (change of defect structure, or sample transition from normal
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to superconducting state, see Superconductivity),
and a number of other factors. The variety of the
forms and conditions of its observation provides
the basis for explaining stepwise strain by more
than a single physical mechanism. Several mechanisms are known and actively discussed: mechanical twinning; periodic formation of dislocation
aggregations and breaking of barriers by them;
interactions of volumetric or surface dislocation
sources with a spectrum of initial stresses; onset
of nonlinear waves of dislocation density in sufﬁciently dense dislocation ensembles; warming up
of a sample or individual parts of it and thereby
perturbing the thermal stability of strain processes;
nonmonotonic dependence of dislocation drag on
the velocity; geometric dehardening due to the increasing narrowing of the sample cross-section all
along its length or in separate parts.
The theoretical formulation of a step strain
process assumes the solution of two main problems. The ﬁrst problem involves the derivation of
an instability criterion involving the particular inequality that connects the sample features with the
experimental conditions that exist when the strain
process deviates from a stable mode. The second,
generally more complicated, problem is associated
with deducing the mechanisms that stabilize the
strain after the loss of stability, and delineating the
time evolution of the process within each separate cycle (step). One approach for explaining lowtemperature stepwise strain adapts the hypothesis of thermal instability, whereby the two problems mentioned above are formulated and solved
for speciﬁc approximation conditions. Qualitative
suggestions for instability criteria have been proposed for various mechanisms.
DISCOTICS (S. Chandrasekhar, 1977)
Liquid crystals formed by molecules in the

form of discs. The existence of several liquidcrystalline phases of discotics has been experimentally demonstrated: of nematic phase, of orthogonal columnwise and of tilted columnwise
ones.
In the discotic nematics (see Nematic liquid
crystals) the molecules freely slip with respect to
one another, due to which translational ordering
is absent, but there is orientational ordering of the
normals to the planes of molecules along the common direction of the director n, as shown in Fig. 1.
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DISLOCATION ACOUSTIC RADIATION

Fig. 1. Ordering of molecules in a discotic nematic.

The investigation of the properties of discotics
has wide practical applications because it is known
that during the formation of coke and artiﬁcial
ﬁbers from oil and coal pitch at high temperatures
(400 to 550 ◦ C) the so-called carbonic phases are
formed, which are analogues of discotic nematics,
and consist of large aromatic polynuclear molecules that are plate-like in shape. The quality of the
ﬁnal products is to a large extent determined by the
character of the ordering in this liquid-crystalline
carbonic phase.
DISLOCATION ACOUSTIC RADIATION
See Acoustic radiation by dislocations.
DISLOCATION ANNIHILATION
See Annihilation of dislocations.
DISLOCATION BARRIER, LOCAL
See Local barriers.
DISLOCATION CONTRAST

Fig. 2. Ordering of molecules in the orthogonal columnwise phase of a discotic.

The columnwise phases of discotics, or the discotics themselves, are two-dimensional translationally ordered lattices of long columns formed
by the stacks of disc shaped molecules, as shown
in Fig. 2. Along the axes of the columns there is no
long-range order in the location of the mass centers of the molecules, and the system is liquid in
one dimension and solid in two others (compare
with smectic liquid crystals). This is because the
interaction of the central parts of the molecules
(usually rigid) is considerably weaker than the interactions of the lateral parts which contain ﬂexible hydrocarbon chains. If the molecular planes
are perpendicular to the plane of the column the
discotic is called orthogonal discotic, and if they
subtend some angle to this plane it is a slope
discotic. Depending on the two-dimensional lattice type, hexagonal discotics and rectangular discotics are distinguished.

Local variation of the intensity on an electronmicroscope or X-ray topogram (see X-ray topography), caused by the ﬁeld of dislocation distortions. The value of the local reciprocal lattice vector bh (r) = bh − ∇(bh u) (bh is a reciprocal lattice
vector of the ideal crystal, u is the atomic displacement) changes due to the distortions, which leads
to the variation of local conditions for Bragg reﬂection (see Bragg law), and therefore to the variation of the intensity of transmitted and diffracted
radiation. As a result, the intensity distribution has
an interference nature typical of dislocation contrast; from the number and conﬁguration of the
light and dark interference fringes it is possible
to determine the dislocation orientation within the
crystal and the direction of Burgers vector. Images
of rectilinear dislocations have the form of thin
fringes, whose width is inversely proportional to
the half-width of the Bragg reﬂection, of the order
of an extinction length.
DISLOCATION DENSITY TENSOR

Second-rank tensor which characterizes the
distribution of dislocation lines and their Burgers
vectors in a crystal. In the case of a continuous
medium, it describes the continuum distribution of

DISLOCATION–DISLOCATION INTERACTION

dislocations of inﬁnitely small Burgers vectors of
the form


dr = 
db = dU = β
α ds,
dc

dc

where dc is the inﬁnitely small Burgers contour,
ds is the inﬁnitely small surface which is bounded
by dc, β is the distortion tensor having components
= ∇ × β

α = rot β
βik = ∂Ui /∂xk , and the tensor 
is referred to as the dislocation density tensor. By
deﬁnition the divergence of a curl is zero, hence
div
α = ∇·
α = 0, i.e. the dislocation lines cannot
end inside the crystal. An isolated dislocation line
may be characterized in terms of δ-functions in the
x and y coordinate directions, the dislocation density tensor being in this case ∇·
α = τ · b δ(x)δ(y),
where τ is the unit vector tangent to the dislocation line, and b is the Burgers vector. The state
of internal stresses is deﬁned by the incompatibility tensor 
η, which is expressed through 
α as
α × ∇ × ∇ ×
α ), where 
α is the trans
η = (1/2)(
posed dislocation density tensor. Thus, the speciﬁcation of the dislocation density tensor completely
deﬁnes the ﬁeld of internal stresses. The dislocation density ρ is experimentally determined as the
overall length of dislocation lines in a unit volume:
ρ = L/V . The value of ρ is commonly expressed
in cm−2 .
DISLOCATION–DISLOCATION INTERACTION
The forces which affect a dislocation arising

from other dislocations.
The dislocation–dislocation interaction can be
long-range (through the ﬁelds of elastic, electric or magnetic stresses) or short-range (accompanied by reconstructions in the cores of dislocations at their intersection). The strength of a
dislocation–dislocation interaction depends on the
form of dislocation lines and their spatial distribution. The elastic dislocation–dislocation interaction involving distances between them which are
larger than the core radius r0 are determined by
the ﬁeld of elastic stresses created by these dislocations. The stresses are described by the elasσ , with components σij which
tic stress tensor 
determine the force per unit length F acting on
the dislocation. The components of the vector F
 b , where
are written in the form Fi = εilm τl σmk
k

σmk = σmk − (1/3)δmk σll are the components
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of the deviator tensor (see Stress deviator); εilm
are the components of the so-called Levi–Civita
tensor among which only six differ from zero,
namely ε123 = ε231 = ε312 = +1 and ε132 =
ε213 = ε321 = −1; τ l is the lth component of the
unit vector of the normal to the dislocation line,
bk is the kth component of the Burgers vector of
the dislocation.
The force of interaction between two parallel
rectilinear edge dislocations with Burgers vectors
b1 , b2 is not central; and its projection on the direction of the Burgers vector b1 is equal to
Fb =

μ(b1 , b2 ) cos ϕ cos 2ϕ
,
2π(1 − ν)r

where r, ϕ are the polar coordinates of the second dislocation with respect to the ﬁrst, in which
the axis from which the angle ϕ is measured lies
along the direction b1 . Fb is equal to 0 at ϕ = π/2
(stable equilibrium for the case b1 b2 > 0 corresponds to this) and ϕ = π/4 (this corresponds
to stable equilibrium for dislocations of different signs, b1 b2 < 0). The ﬁeld of characteristic
elastic stresses arising upon the bending of a dislocation line induces the appearance of the dislocation self-action force. The presence of broken or uncompensated interatomic bonds means
that close to dislocation lines, within a region
several angstroms in size, electrical space charge
can accumulate. In metals this charge is strongly
screened, and in insulators and semiconductors
a stable redistribution of space charge can occur. The electrostatic ﬁeld associated with this
charge takes part in the electrostatic dislocation–
dislocation interaction. In ionic crystals containing dislocations, ions with charges of different
signs contribute to this interaction. It is convenient to determine the effective charges at dislocations by counting the dangling bonds. For example, elementary steps at a pure edge dislocation have a charge of ±e/2. For a medium with
dielectric constant ε < 6.12 the electrostatic interaction of steps is stronger than their elastic interaction. In crystals with magnetostriction properties
(see Magnetostriction) a magnetic dislocation–
dislocation interaction is possible. At high temperatures the diffusion dislocation–dislocation interaction can arise through the ﬂux of vacancies
or interstitial atoms between the dislocations.
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DISLOCATION ELASTIC FIELD

DISLOCATION ELASTIC FIELD
See Elastic eld of dislocation.
DISLOCATION EXCITON
An exciton localized near a dislocation line
by the elastic eld of dislocations, which creates

the potential well for the exciton. The electronic
excitations (excitons) in such states may travel
along the dislocation line, undergoing small transverse motions in the plane perpendicular to it.
The quantum state of a rectilinear dislocation is
characterized by a wave vector directed along the
dislocation line, and by a discrete set of quantum
numbers, related to the transverse motion. In semiconductors there are excitons of several varieties,
which differ by the type of bonding of the electron and hole forming the exciton with the dislocation core: excitons localized within the dislocation
core, or far from it in the ﬁeld of the strain potential; excitons of a mixed type with one charge
within the dislocation core and the other in the
deformation potential ﬁeld. Kinks on dislocations
(dislocation steps) on the dislocation line create
traps for the dislocation exciton and disrupt the extension of the longitudinal motion. The exciton introduces speciﬁc features into optical and kinetic
properties of semiconductors.
DISLOCATION-FREE CRYSTALS

Highly perfect monocrystalline samples that
contain no dislocations. Dislocation-free crystals
can be obtained by eliminating the causes that
induce mechanisms of nucleation and multiplication of dislocations in the growing and subsequent cooling of a monocrystal. When producing
dislocation-free crystals, the important factors are
the material purity, the crystal thickness, and the
degree of oxidation of its surface; the most signiﬁcant feature is the thermal stress induced due
to a nonuniform temperature distribution in the
crystal. When priming is used the subboundaries
and dislocations could grow from the priming. The
most advanced results are achieved in obtaining
the dislocation-free crystals of Si and Ge. With the
help of the Czochralski method (see Monocrystal
growth), the dislocation-free crystals of Si and Ge
80 mm and 35 mm in diameter, respectively, were
obtained. The growth of perfect metallic crystals
exerts severe requirements on the heating conditions, since in metals the plasticity decreases at

a lower rate, and the temperature range where
the thermoelastic stresses induce the nucleation
and the multiplication of the dislocations is much
wider. Nevertheless, one can obtain dislocationfree crystals of Cu up to 6 mm in diameter and
60 mm in length by the Czochralski method, provided the temperature regime is maintained with
high precision, a thin (1 mm) neck is created,
and a heater of special design and a system of heat
screens are used. These are to be combined with
other technological procedures to provide for the
necessary conditions for break-off of the crystal
from the melt and for its subsequent cooling.
So-called thread-like crystals (cat’s whiskers,
ﬁbers) up to 20 μm in diameter, with a ratio of
length to diameter not less than 103 , have also
been obtained free of dislocations (see Quasione-dimensional crystals). Such crystals possess a
number of interesting physical properties, in particular their strength being close to the theoretical
value.
DISLOCATION GRIDS

A system of mutually intersecting dislocation
lines. At the point of intersection, a reorganization can be observed resulting in the appearance of
sites whose equilibrium position can be approximately determined by the relation ni=1 τi bi2 = 0.
Here τi is the unit vector tangent to the ith dislocation line, entering the site; bi is the magnitude
of its Burgers vector (summation carried out over
all dislocations passing through the given site). If
the attractive (or repulsive) forces act between the
different dislocations near the site, the dislocation
reactions may result in the appearance of grids
of dislocations with hexagonal cells. Within the
boundaries of purely planar torsion (110) in bodycentered
√ cubic crystals, hexagonal grids with τ =
(1/ 6)112 and b = (1/2)111 appear. In facecentered cubic crystals two types of lattice points
are distinguished. The lattice points are called
K-sites, if they are formed by three dislocations
so that one character A, B or C in notation based
on the Thompson tetrahedron is located in the sector. If a pair of characters A, B or C separated
by an extension of opposite dislocations is located
in each sector, then the lattice points are called
P-sites. The symmetric K-sites, denoted by Ks ,
are characterized by a clockwise sequence of characters A, B, C, and the asymmetric Ka sites have

DISLOCATION MODEL OF PLASTIC DEFORMATION

a counterclockwise sequence. The lattice points
with a counterclockwise sequence A, B, C, A, B,
C are called Ps , and the ones with a clockwise
sequence are called Pa . If only subtraction stacking faults are possible, then K-sites are collapsed
and P -sites are split. The K-sites can split if it is
possible to form defects of implantation stacking
faults. In annealed crystals (see Annealing) stable
three-dimensional Frank networks of dislocations
are possible.
DISLOCATION INTERACTIONS
See Microcrack–dislocation interaction, Point
defect–dislocation interaction, Vacancy–dislocation
interaction.
DISLOCATION INTERLACEMENTS
A relatively isolated group of dislocations, with

lines forming a more or less complex interlacing. The following types of dislocation interlacements can be singled out: those containing an
excess of dislocations of the same sign, which
involve ﬁelds of elastic stresses decreasing with
the distance r as r −1 (see Elastic eld of dislocations), and those with their total Burgers vector equal to zero. The latter elastic stresses decrease with distance at least as fast as r −2 . The
boundaries of disoriented block structures may
consist of closed dislocation entanglements of the
same sign, located in a relatively broad band.
Local non-uniformities of the dislocation density
(dislocation interlacements, tangles and bundles)
form during early stages of plastic deformation at
the second stage of the evolution of dislocation
structures, with a dislocation density of 108 to
1011 cm−2 .
A special type of dislocation interlacement
consisting of a relatively isolated series of parallel dislocations belonging to one system of dislocation slip and located in adjacent slip planes,
constitutes a pile-up of dislocations, which under
the effect of an applied stress become grouped
in front of some obstacle. Such aggregations are
concentrators of stresses (see Stress concentration), creating elastic stresses which are proportional to the applied stress, and to the number of
dislocations near the obstacle. As a result of plastic
creep (transverse slip and climb of dislocations), at
the head of an aggregation near an obstacle there
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may form dislocation tangles, mixed up dislocation lines. Burgers vectors of dislocations in the
tangle are usually of the same sign, and thus the
long-range elastic stress far from the aggregation
may be described as the ﬁeld of a superdislocation
with the total Burgers vector of the tangle. However, at the head of the relaxed aggregation the
elastic stress is lower due to its “bluntness”. The
interlacements may consist of a system of dislocation multipoles (dipoles, quadrupoles, octupoles,
etc.), formed from equal numbers of dislocations
with mutually opposite Burgers vectors. There are
the following special types of dislocation interlacements:
(1) bulk dislocation grids;
(2) walls of dislocation loops in a layer much thinner than the other two dimensions (all the
loops need not belong to one system);
(3) dipole dislocation walls.
DISLOCATION KINK
See Kinks on dislocations.
DISLOCATION LOOP
A dislocation whose line forms a closed curve.

If all the points of this line are conﬁned to a plane
then the dislocation loop is called planar. We can
distinguish a planar slipping dislocation loop with
its Burgers vector b lying in the same plane, and a
planar prismatic dislocation loop with its Burgers
vector perpendicular to this plane.
At large distances r
r L from a dislocation
loop of size r L the displacement vector ui and
the stress tensor σik decrease with distance in accordance with the laws |ui | ∼ b/r and |σik | ∼
Gb/r 2 , where G is the shear modulus, and b
is the magnitude of the Burgers vector. The energy W of the dislocation loop is of the order
W ∼ Gb2 r L ln(r L /r C ), where r C is the radius of
the dislocation core.
DISLOCATION MODEL OF PLASTIC
DEFORMATION
Explains plastic deformation caused by the motion of dislocations within a crystal, including
conservative motion (slipping) in the slip plane,
and non-conservative motion of edge dislocations
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DISLOCATION PILE-UP

Diagram sketching the motion of an edge dislocation.

along the normal to the slip plane (climb). A dislocation can be considered as the boundary between regions shifted during the course of deformation, and the unshifted (undisplaced) regions of
the crystal, so the motion of dislocations in the slip
plane brings about plastic deformation by shearing. Upon the application of an external stress τ
due to the presence of an elastic eld of dislocation, there arises a force which affects each segment of dislocation length: F = τ b, where b is
the Burgers vector. During the dislocation motion in the slip plane interatomic bonds are broken and rebound only near the dislocation core,
but not along the entire slip plane (Fig.). The shear
in the slip plane occurs sequentially in proportion to the dislocation motion. During the passage
of the dislocation through the crystal the magnitude of the displacement is equal to the Burgers
vector b. The atoms near the dislocation core are
almost symmetrically displaced to opposite sides
from the extra semiplane, which involves equal
and oppositely directed forces for the shear. For
some crystals this produces the minor stress (several orders below the theoretical strength) necessary for moving dislocations in a perfect crystal
lattice at 0 K, the so-called Peierls–Nabarro stress
τp . This stress is τp ≈ G exp[−2πw/b], where
G is the shear modulus and w is the dislocation
width (see Peierls–Nabarro model). Upon the slipping of dislocations, rotation (twisting) and bending of interatomic bonds take place, so the Peierls–
Nabarro stress is increased in covalent crystals
with directed interatomic bonds (small w), where
dislocations may be almost immobile at room temperature (see Plastic deformation of covalent crystals). At temperatures above 0 K the motion of
dislocations may be accelerated through the thermally activated overcoming of Peierls barriers (see
Peierls relief), with the accumulation of dislocations lying at the energy minima (Peierls valleys)

of double bends. Quantum-mechanical effects appear necessary for overcoming the Peierls barriers
by dislocations at temperatures close to 0 K (see
Low-temperature yield limit anomalies). Screw sections of dislocations can easily change their slip
plane, which causes the transfer of dislocations to
other planes via double transverse slipping. The
multiplication of dislocations during the course of
plastic deformation is performed via the action of
Frank–Read sources, multiple slipping, and other
mechanisms. The climb of dislocations occurs as
a result of the diffusion of vacancies or interstitial atoms to the extra semiplane at the dislocation
core (or due to their outﬂow), and this becomes
signiﬁcant at high temperatures and long loading
hold times (see Diffusion). The processes of crystal hardening by doping of the solid solution, by
the introduction of dispersed particles of a second
phase (see Precipitation-hardened materials), and
also by strain hardening, are explained by the dislocation model of plastic deformation. This model
has been experimentally conﬁrmed by transmission electron microscopy, by X-ray topography, by
the method of etching of pits, and others. See also
Disclination models of plastic deformation.
DISLOCATION PILE-UP
See Pile-up of dislocations.
DISLOCATIONS (fr. Lat. dislocatio,
displacement, movement)
Defects of a crystal lattice which distort the

correct arrangement of atomic planes. Dislocations differ from other defects in crystals because
they involve a considerable disruption of the regular interlacing of atoms concentrated within a
close vicinity of some line passing through the
crystal, and this line is the edge of an incomplete
displacement of one part of the crystal with respect
to another part through one of the lattice translation vectors.

DISLOCATIONS

Fig. 1. Sketch of the positions of atoms in the core of an
edge dislocation.

Edge dislocations and screw dislocations are
the simplest types. In an ideal crystal adjacent
atomic planes are rigorously parallel, and if one of
these planes is split within the crystal, as shown in
Fig. 1, an edge dislocation occurs, with the edge of
the “extra” vertical semiplane as its axis (z). The
ﬁve irregularly arranged atoms forming the contour of the shaded pentagon called the dislocation
core are pictured in Fig. 1. Regions of irregularly
spaced atoms extend several interatomic distances
along the dislocation line x from the core, so the
atom displacements are perpendicular to the dislocation axis z. The ﬁgure also indicates how this
edge dislocation may be obtained as a result of an
incomplete displacement of the upper part of the
crystal by one lattice spacing along the x direction
at the intersection of the dislocation axis.
The screw dislocation shown in Fig. 2 may be
represented as the result of a displacement through
a lattice period of one part of the crystal with respect to another part along some semiplane, with
the edge of the semiplane playing the role of the
dislocation axis. Therefore, the displacement that
generates the screw dislocation is parallel to its
dislocation axis. In the case of a screw dislocation
the atomic planes, being only approximately parallel, are joined into one helical surface. If the axis of
a helical dislocation reaches the external surface of
the crystal, then at this surface a characteristic step
is formed with a height of one atomic layer. This
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Fig. 2. View of the positions of atoms (cubes) in the
neighborhood of a screw dislocation.

step becomes evident during the process of crystallization because atoms deposited from the vapor or
melt are connected to the step at the surface of the
growing crystal, bringing about an intensive helical growth of the crystal.
Between the limiting cases of edge and screw
dislocations various intermediate cases are possible, including curved dislocation lines. If the displacement generating a linear dislocation is directed at an arbitrary angle to its axis, it is called
a mixed dislocation. The displacement generating a dislocation is designated by a vector that is
constant along the dislocation line (Burgers vector b), and coincides with one of translational periods of the crystalline lattice. The plane passing
through the vector b and tangent to the dislocation line at the point under consideration, is called
the slip plane of the given dislocation element.
The possible systems of slip planes are determined
by the structure of the crystal. Dislocation lines
cannot end within the crystal, but must be either
closed (dislocation loops), or emerge from the surface of the crystal (crystallite), or branch, thereby
forming a dislocation grid. The number of dislocations is characterized by their density (see Dislocation density tensor), meaning the average number of dislocation lines intersecting a unit area of
space. This density varies from 102 –103 cm−2 in
the most perfect monocrystals to 1011 –1012 cm−2
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DISLOCATIONS

Fig. 3. Illustration of a plastic deformation that results from sequential dislocation slip.

in appreciably distorted (cold-rolled) metals. If
the dislocation core is enclosed by some tube,
then outside this tube the crystal may be considered ideal, subjected only to elastic deformation. Therefore, distortions far away may be analyzed by the methods of elasticity theory. Dislocations generate elastic deformations and stresses
in their neighborhood so they are sources of elastic elds of dislocations within the crystal. These
ﬁelds are reminiscent of the magnetic ﬁeld lines
encircling an electric current. The stress ﬁeld determines the inherent elastic dislocation energy
proportional to b2 with a value of about 10−4 erg
per cm of its length, and it also involves interactions between dislocations. A dislocation as a
source of an elastic ﬁeld is subjected to forces arising from the shear stresses within the crystal, reminding one of the Lorentz force of a magnetic
ﬁeld on a conductor carrying electric current. The
value of the force f = bσ applied to a unit length
of a dislocation involves a component of the strain
tensor σik . For example, for an edge dislocation
with its axis lying parallel to the z axis and the vector b directed along the x axis the force component
is fx = bσxy . The external force fairly easily sets
dislocations into motion. A moving dislocation is
capable of emitting elastic (sonic) waves, which
explains the emission of sound during plastic deformation (see Acoustic radiation by dislocations).
Shear forces can move dislocations and thereby
cause plastic deformation. Plastic deformation
brought about by a sequence of individual dislocation slips is sketched in Fig. 3. Plasticity is associated with different types of this motion, as well as
with the motion of pile-up of dislocations. Slipping
occurs at comparably low external loadings, and

the stresses at the onset of slipping determine the
microscopic elastic limit σs of a monocrystal. The
value of σs is 102 to 104 times smaller than the
shear modulus of a monocrystal. This small value
explains why the shear strength of real crystals
with dislocations is several orders of magnitude
smaller than that of monocrystals without dislocations. Some dislocation motions (climb) displace
an edge dislocation to a direction perpendicular
to the slip plane, and the growth or dissolution of
atomic rows at the edge of an “extra” semiplane
is accompanied by the formation or disappearance of vacancies in the vicinity of the dislocation
core. This climb provides the mechanism for dislocational diffusion (see Diffusion mechanism of
crystal creep, Dislocation model of plastic deformation).
The development of dislocational plasticity is
determined by the mobility of dislocations, and
the intensity of their generation. The mobility of
isolated dislocations in a very pure monocrystal
depends on the interatomic bonding forces, and
on the interaction with phonons and electrons (in
metals). The mobility of dislocations in non-ideal
crystals is reduced by their interaction with each
other, and with other defects which can retard or
stop them (dislocation barriers). Impurities can
block dislocation motion and pin a dislocation line
at some points. At high temperatures the barriers
can be overcome by thermal activation, while at
low temperatures quantum tunneling is possible
(see Tunnel effect).
Dislocations mainly affect the mechanical
properties of solids (elasticity, plasticity, strength,
internal friction), for which their presence is often
the determining factor. The elastic ﬁelds induce an

DISLOCATION SLIP

increased concentration of impurities near the axis
and the formation of a Cottrell atmosphere, which
may bring about the coagulation of impurities at
the dislocations (in transparent crystals it “decorates” dislocations). Dislocations change the optical properties of the crystals, which is the basis
of the method of observing isolated dislocations in
transparent materials. At points where dislocation
lines emerge at the external surface of the body the
chemical strength of the crystal is weakened, and
special reagents can destroy the neighborhood of
a dislocation axis, forming visible pits. This is the
basis of the selective etching method which is the
the main method for observing individual dislocations in bulk samples of non-transparent materials.
A system of dangling bonds at the dislocation core
distinguishes the dislocation line from electrical,
magnetic, and optical points of view. Dislocations
may carry or capture electrical charge, and possess
a magnetization that differs from that of the bulk
crystal. They can also increase the electrical resistance of conductors and change the concentration
of free electrons in semiconductors. They play an
important role in magnetic crystals by determining
different relaxation phenomena. While moving, a
dislocation can emit or adsorb vacancies, thereby
changing their total number within the crystal. The
dynamic formation of charged vacancies in ionic
crystals and semiconductors may be accompanied
by a glow (luminescence) of the crystal. The rate
of diffusion of point defects along the dislocation
axis is, as a rule, greater than the rate of their diffusion through the volume of the regular crystal.
The coefﬁcient of linear diffusion along a dislocation can exceed the coefﬁcient of bulk diffusion
by several orders of magnitude. Therefore, dislocations play the role of “drain tubes” along which
point defects can easily travel relatively long distances within the crystal.
See also Edge dislocation, Epitaxial dislocations, Frank dislocation, Helical dislocation, Partial
dislocation, Perfect dislocation, Prismatic dislocations, Screw dislocation, Somigliana–Volterra dislocations, Surface dislocations.
DISLOCATION SIGN

Characteristic (sign) attributed to elementary
(linear) dislocations, determined by the orientation
of the Burgers vector b, and of the vector tangent
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to the dislocation line. In the case of linear dislocations lying in parallel slip planes and having parallel lines, the dislocation sign is associated with the
direction of the Burgers vector. To determine the
direction of b a rule is used which, not withstanding a certain arbitrariness, gives an unambiguous
result in successive applications. Initially a positive direction is chosen (arbitrarily) along the dislocation line; i.e. the direction of a unit vector τ
tangent to this line is assigned at a point, and then
a closed Burgers contour in a crystal with dislocations is drawn so that, when sighting along the
positive τ direction, the tracing of the boundary
is in the clockwise sense. The resulting Burgers
vector b connects the end with the beginning of
the gap in the Burgers contour traced in the initial
ideal lattice. This method of deﬁning b, suggested
by Frank and Bilby, is called the rule of “end to beginning along
$ a right-hand screw”. As a result, we
have b = c (∂u/∂l) dl, where the integral along
the closed contour c that encloses the dislocation
line is taken in the direction determined by a righthand screw relative to τ . If the positive direction
along this line is changed, then the Burgers vector reverses its sign. Sometimes a deﬁnition of b
is used whose sign is changed to the opposite, so
it is necessary to check the rule for assigning the
sign to b. It is important that the Burgers vector
remain constant along the dislocation. In the simplest case of a linear edge dislocation, a positive
(+) sign is assigned to the dislocation, for which
the extra half-plane is situated in the upper part of
the crystal, and the negative (−) sign corresponds
to the extra half-plane located below. “Upper” and
“lower” are relative concepts that are determined
by the crystal orientation relative to an observer.
The sign of elements of a closed dislocation loop,
having a unique Burgers vector, is determined by
the direction of the vector tangent to a given element.
DISLOCATION SLIP, dislocation glide
Dislocation motion along the plane, determined
by a line of dislocations and its Burgers vector b

(slip surface). The slip of dislocations is accompanied by the shear of one part of the crystal relative
to another through b, i.e. the slip of dislocations
causes the shear strain of the crystal. All possible
slip planes and their directions form the slip system. The presence of pencil slip causes twisting
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DISLOCATION STEP

slip lines to appear on surfaces of deformed bodycentered cubic metals, in contrast to the long linear slip lines in face-centered cubic and hexagonal
close-packed crystals. Screw dislocation components (see Screw dislocations) in inhomogeneous
internal stress ﬁelds can exhibit double cross slip.
DISLOCATION STEP

A dislocation segment connecting two sections
of an edge dislocation lying in different parallel
slip planes. If the distance between the slip planes
equals one lattice parameter the dislocation step
is called a unit step, and for larger separations it
is called a superstep. The step at a screw dislocation sector coincides with the kink on dislocation
because in this case the plane where the dislocation is located, is its slip plane. It is possible to ascribe a sign (positive or negative) to a dislocation
step to distinguish steps which transfer the dislocation line from the given slip plane to the plane located above, and to that below. Between two steps
at the dislocation line there is a Coulomb type
interaction whereby steps of the same sign repel
and those of opposite sign attract. In the elasticisotropic continuum approximation (see Isotropy
of elasticity) the modulus of the interaction energy
of two steps, spaced a distance L apart, is given by
the expression
W =A

Gb2 a 2
,
8πL

where b is the magnitude of Burgers vector, a is
the size of the dislocation step in the direction perpendicular to the slip planes, G is the shear modulus, and A is a constant of the order of unity, the
exact value of which depends on the type of dislocation. There are several mechanisms for forming a dislocation step. They may occur at the intersection of two dislocations moving in intersecting slip planes, so the steps on one dislocation are
formed parallel to the Burgers vector of the other
one. The magnitude and direction of the Burgers
vector of the dislocation step are the same as those
of dislocation sections located above (or below)
the slip plane. A pair of steps of opposite signs
appears in the so-called cross slip of edge dislocations. Since in the general case the slip plane
of the dislocation step does not coincide with the
slip plane of the main part of the dislocation line,

the dislocation slip as a whole can occur only during non-conservative motion (climb) of the step,
accompanied by the appearance within the crystal
of chains of vacancies or interstitial atoms. Such a
step motion may only occur when thermal activation strongly contributes to the motion of the dislocations with steps. Due to the diffusion ﬂow (see
Diffusion) of vacancies (or of interstitial atoms) the
step may move along the dislocation line, i.e. the
dislocation step is a source (or sink) for point defects of the crystal lattice. When the Burgers vector of the dislocation being intersected is coplanar
with the slip plane of the initial dislocation then
the step located at it will have the same slip plane,
and such a dislocation with its step may move
conservatively. At the intersection of two dislocations, each of which is split into partial dislocations, there appears a constriction at the stacking
fault connecting the partial dislocations, because
the formation of the step brings about the merging of the partial dislocations accompanied by the
annihilation of the stacking fault at the step. The
intersection of split dislocations involves a stress
that is considerably higher than that at the intersection of unsplit dislocations. In an ionic crystal, at a dislocation with a Burgers vector of the
011 type and a line along 100, at a dislocation
step with a bend height of one interatomic distance
there appears an effective (either positive, or negative) charge, equal to the half of the charge of the
boundary ions. A neutral step appears at such a
dislocation, if the step length is equal to two interplanar distances. Dislocation steps play a very important role in the kinetics of crystal strains since
their appearance and motion to a large extent determine the aggregation of point defects (vacancies and interstitial atoms) during the process of
plastic deformation.
DISLOCATION STRING

Mechanical model which treats a dislocation in
terms of a ﬂexible elastic string with a linear mass
density M and intrinsic linear energy density (linear stretching) C. This model is used for the description of the conservative movement (slip) of
weakly bent dislocations. If the linear deviation of
the dislocation line u (x, t) from some static conﬁguration u0 (x) projected along the x axis is cho-
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Static u0 (x) and instantaneous u0 (x) + u(x, t) conﬁguration of a weakly bent dislocation line.

sen as the dynamic variable (see ﬁgure), then the
equation for the dislocation motion in this string
approximation has the form

M

∂2u
∂2u
∂u
−
C
+B
= F (u, x, t).
∂t
∂t 2
∂x 2

The ﬁrst term in the left represents the force of
inertia, the second represents the stretching force,
and the third is the force arising from viscous friction. The total force per unit length F (u, x, t) on
the right-hand side includes external mechanical
stresses, internal stresses, and the Peierls potential (see Peierls relief). The parameters M and C
provide the approximate effective mass and selfenergy of the dislocation, with values determined
by the Burgers vector of the dislocation b, and by
the material constants of the crystal; they can be
estimated from the expressions M ∝ ρb2 and C ∝
Gb2 , where ρ is the density of the crystal, and G is
the shear modulus along the direction of slipping.
The coefﬁcient B of the equation characterizes the
viscous retardation of the dislocation by elementary excitations of the crystal (by phonons, conduction electrons, etc.) or by mobile point defects.
The string equation replaces the more complex
rigorous equation of dislocation motion where the
inertial force and the self-action force have a nonlocal nature. The condition for the applicability
of the string model is limited by the inequalities
∂u/∂x  1 and ∂u/∂t  c, where c is the speed
of sound. The string model is widely used for the
theoretical analysis of the effect of dislocations on
the speci c heat, thermal conductivity, and electrical conductivity, the acoustical properties of crystals, and also for investigating the processes of
dislocation motion through Peierls barriers, and
through point defects of the crystal structure.

DISLOCATION SUPERCONDUCTIVITY

Non-uniform superconducting state which occurs near a dislocation network at a temperature
and magnetic ﬁeld exceeding the corresponding
critical values for the same material without dislocations. The supercurrent that ﬂows within such
a structure is anisotropic with respect to the axes
of the dislocations. This superconductivity, which
occurs in the vicinity of individual dislocations,
and also of their aggregates, has a localized nature.
The critical magnetic eld in this case is strongly
anisotropic with respect to the dislocation axes.
Dislocations in superconductors very strongly
affect the value of the critical current, which due to
the vortex pinning at the dislocations considerably
exceeds its value in “pure” superconductors.
The critical magnetic ﬁeld of superconductors
with dislocations is signiﬁcantly increased by the
variation of the properties of the material, as well
as due to the variation of the mean free path of the
electrons, which becomes anisotropic. The presence of a gap in the electron spectrum changes the
force resisting dislocation motion, and helps to increase the plasticity of the material in the superconducting state.
DISLOCATION TENSION, LINEAR
See Linear dislocation tension.
DISLOCATION TRANSITION RADIATION
See Transition radiation by dislocations.
DISLOCATION WALLS, dislocation boundaries

One-dimensional ensembles of straight, parallel, regularly arranged dislocations of the same
type with parallel slip planes. Regular equilibrium dislocation walls of edge dislocations do not
create long-range stress ﬁelds since the latter exponentially attenuate at distances of the order of
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the average spacing between dislocations within
the wall. Non-equilibrium dislocation walls, however, may serve as a source of considerable stress.
A wall formed by parallel screw dislocations creates stresses that extend over distances comparable
with the characteristic sizes of dislocation walls. If
the wall is torn it becomes the source of a stress
ﬁeld that is similar to the stress ﬁeld from a disclination, corresponding to the disorientation of a
dislocation wall. These walls play an important
role in the strain hardening of monocrystals because they are sources of both dislocations and the
barriers to them. Dislocation walls have photoresistive (see Photoconductivity) and semiconducting properties in semiconductor crystals.
DISORDERED SOLIDS
A generic name for solids lacking any type of

either short-range or long-range order. Routinely,
one has to specify which particular type of disorder is implied. The destruction of long-range order
in the positions of atoms in a solid, regardless of
the types of atoms in particular positions, is called
a topological disorder. When the term “disordered
solid” is used without specifying the type of disorder, a topological disorder is usually implied. Disordered solids featuring this disorder are classiﬁed
as amorphous solids (see Amorphous state). The
breakdown of order in the relative positioning of
atoms of differing types is called compositional
disorder. Topologically ordered binary alloys may
exhibit this type of disorder, with each type of
atom randomly occupying the sites of a regular
crystal lattice. The breakdown of the relative ordering of magnetic moments of different atoms, or
atomic complexes that display certain short-range
order, represents a magnetic disorder, while that
of the relative orientation of molecules or atomic
complexes is an orientational disorder. An example of solids featuring orientational order while
having no topological order or translational invariance of their structure is represented by quasicrystals. The breaking of topological, compositional, magnetic, orientational, and other types of
symmetry or order may arise from thermal u ctuations or by external actions, such as electromagnetic ﬁelds, mechanical strains, etc. The emergence of order, its breakdown and change in type,
all correspond to order–disorder phase transitions

in solids. See also Long-range and short-range order, Phase transitions.
DISORDERED SOLIDS, SPECTRA
See Elementary excitation spectra of disordered solids.
DISORDER, ELECTRON-INDUCED
See Electron-induced disordering.
DISORDERING OF ALLOYS
See Alloy disordering.
DISPERSE STRUCTURE

The structure of liquid or solid systems consisting of dispersed phase particles distributed in
various ways within the volume of a matrix phase.
The inclusions may be solid, liquid, gaseous. They
are introduced into the matrix as a result of phase
transitions (alloy aging, martensitic transformation, eutectoid alloy decomposition (see Eutectoid
alloys), eutectic crystallization, devitriﬁcation of
amorphous metals and metallic alloys, etc.), by internal oxidation, by introduction of the high-melt
particles into the melt (composite materials), and
as a result of the action of nuclear radiation or ion
implantation. The properties of the inclusions depend on the degree of dispersity of particles, on
the energy of their interaction with the medium,
on shape, state of matter and structure (e.g., presence of atomic ordering of the inclusion lattice).
Depending on their size, the inclusions are classiﬁed as rough (low) dispersed (>0.1 μm) and
ﬁne (highly) dispersed (0.001 to 0.1 μm). Their
shape may be threadlike (needle-like), plate-like,
or spherical. Disperse particles have excess surface energy, which implies thermodynamic instability and a disposition toward coalescence (coagulation). Inclusions formed as a result of phase
transformations have a shape and orientation with
respect to the crystal lattice or matrix that is conditioned by the ratio of the surface energy to the
energy of the internal stresses, which arise during the formation of a disperse structure. The matrix containing the disperse structure is characterized by increased strength and high-temperature
strength (see Alloy aging, Precipitation-hardened
materials). The distribution of particles over the
volume of the matrix may be classiﬁed as regular

DISPERSION GRINDING

or irregular. A regular, quasi-periodic distribution
of particles is called a modulated structure. The
disperse particles create a macrolattice, with a unit
cell which may be cubic, tetragonal etc., depending on the symmetry of the elastic ﬁelds around
the particles (see Crystal symmetry) within the matrix volume. For a low bond energy between the
particles (less than their thermal energy, in order
of magnitude), the so-called thixotropic disperse
structures form, which have low thermodynamic
stability, but recover in time (e.g., disperse structures formed in aqueous solutions of aluminum
or iron hydroxide). (Thixotropic gels liquify when
shaken and solidify when left standing.) Nonthixotropic disperse structures are more stable, but
can be destroyed irreversibly. These are related to
disperse structures of ceramics, binding materials
(cements) and of the dispersion-hardening alloys.
DISPERSION (fr. Lat. dispersus, scattering,
dispersion)

In different areas of the natural sciences dispersion determines the characteristics of the scatter of values of a physical parameter. Its meaning
varies somewhat with the parameter under consideration, and some examples will be given. In
mathematical statistics the dispersion σ of a random variable parameter x determines the intensity of uctuations: σ 2 = x − x2 , where the angular brackets . . . denote an average value. The
wave dispersion relation is the dependence of the
frequency ω(k) on the wavenumber k which provides the magnitude k = 2π/λ and the direction
of motion of the wave, where λ is the wavelength.
The phase velocity v ph = ω/k and the group velocity v g = dω/dk depend on the dispersion law
(see Sound velocity dispersion, Dispersion of light).
In the presence of dispersion the propagation of an
anharmonic wave is accompanied by a variation
of its shape. A dispersive medium is one whose
dielectric constant ε = ε  + iε  , magnetic permeability μ = μ + iμ (or susceptibility χ = χ  +
iχ  ) depend on the frequency (wavelength). When
these quantities are complex, the real (primed)
part is called dispersion and the imaginary (double primed) part is called absorption. The real part
determines the frequency and the imaginary part
determines the losses in a resonator. The singularities of propagation and absorption of elastic (in-
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cluding sonic) and light waves in dispersive media depend on ω and k (e.g., susceptibility, elastic
constants, etc). Spatial dispersion is caused by the
fact that the response of the dispersive medium to
an external disturbance at an arbitrary point r depends on the value of the disturbing ﬁeld not only
at this point, but also at surrounding points (nonlocal response). Temporal dispersion is caused by
the time lag of the response, i.e. by its dependence
on the value of the disturbing ﬁeld not only at the
moment of observation, but also at earlier times.
In addition, the dependence of the frequency ω
or the energy E of a quasi-particle in a solid on
its quasi-momentum k is called dispersion, or
more accurately, a dispersion law. The dispersion
law E(k) determines the structure of the energy
bands of electrons, holes, excitons, and the spectrum of phonons, plasmons, magnons, and other
quasi-particles.
DISPERSION, ANOMALOUS
See Anomalous dispersion of light.
DISPERSION DIELECTRIC CONSTANT
ANALYSIS

One of the methods for determining the frequency dependence of the dielectric constant of
solids from experimental data about the response
of the body to an applied alternating electric ﬁeld.
The simplest model to explain the frequency dependence of the reﬂectivity coefﬁcient is that of a
solid consisting of a set of the non-interacting dispersion oscillators. By variation of oscillator parameters (frequencies, attenuation coefﬁcients, and
also their number), it is possible to attain good
agreement between model calculations and experiment.
DISPERSION GRINDING

Fine grinding of a solid to form disperse structures. The speciﬁc amount of work spent for the
dispersion depends on the cohesion parameters
(see Cohesion), on the structural characteristics of
the pulverized body, on the surface energy, and on
the extent of the grinding. Introduction of surfaceactive agents into the system reduces the energy
expenditure during the course of dispersion, and
increases the dispersity of the ground phase. Depending on the composition and properties of the
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dispersed phase and of the dispersing medium, and
also on the method of dispersion, the lower boundary of particle sizes may range from a fraction of
a micrometer to several dozen μm. In industrial
and laboratory practice the dispersion is carried
out using mills of various types: ball mills, vibratory mills, jet mills, etc.
DISPERSION HARDENING
Improving the strength (hardness) of metallic
oversaturated solid solutions by their decomposition (see Alloy decomposition), and by the sep-

aration of the dispersed phase enriched by the
alloying element (see Alloying). The degree of
dispersion hardening depends on the bulk share
(quantity) of the separation phase, on the size
and shape of its particles, on the character of the
interface between the phases (coherent or noncoherent), on the value of coherent stresses, on
the internal structure (atomically ordered or disordered), on the value of the elastic moduli of the
matrix, and on the extent of the separation. Several theories describe the hardening of alloys and
the yield limit at different stages of decomposition
(see Alloy aging). Dispersion hardening at the early
stages is well described by the Mott–Nabarro theory, which explains it in terms of the interaction
of internal coherent stresses around the particles
and moving dislocations. The hardening at later
stages of decomposition is satisfactorily described
by the Orowan theory of precipitation strengthening (E. Orowan, 1948), where the yield limit of the
aged alloy depends only on the distance between
its non-coherent particles.
DISPERSION LASER RESONATOR
An optical resonator with losses or Q-values

which depend on the frequency ν. This dependence is achieved by the introduction of dispersion elements into the resonator (Fig. 1): refracting prism (a), holographic diffraction grating (b),
Fabry–Perot interferometer (c), interference-polarization ﬁlters (d). The selection of modes is determined by the propagation of the radiation beams at
different angles relative to the axis of the resonator
(see Fig. 1(a, b)), or by the spectral dependence of
the transparency of the dispersion elements (see
Fig. 1(c, d)). The adjustment of the radiation spectrum ν L of the laser with the help of a dispersion

Fig. 1. Dispersion laser resonators.

laser resonator is carried out by moving the curve
of losses γ (ν) along the ampliﬁcation curve α(ν)
of the active laser element (Fig. 2), for δνγ < δνα ,
where δνγ and δνα are the half-widths of the γ (ν)
and α(ν) curves, respectively. For δνγ  δνα the
generation may be of a single frequency. The adjustment of the resonator during the power generation provides for the control the spectral-kinetic
parameters of the radiation (see Tunable lasers).
Using the principle of a dispersion laser resonator,
refractive lasers of the solid and liquid active media types (crystals with color centers, organic com-

Fig. 2. Ampliﬁcation curve of the laser active element.
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pound solutions, etc.) have been designed with a
broad band adjustable output frequency.
DISPERSION LAW

Relationship either between energy ε and momentum p (quasi-momentum in the periodic crystal lattice potential) of elementary excitations
(quasi-particles), or between the frequency ω and
the wave vector k of waves (sonic, electromagnetic, spin, etc.) propagating in many-particle systems (e.g., solids). The dependence of ε(p) on p,
or ω(k) on k, can be rather involved, and sometimes it is multivalued (see Semiconductors).
DISPERSION LAW, KANE
See Kane’s dispersion law.
DISPERSION OF LIGHT

Decomposition of a light beam into its component frequencies during the refraction of light,
interference of light or diffraction of light. It results from the dependence of the refractive index
of a material on the wavelength (frequency) of
the light. The dispersion of light was discovered
by T. Hariot (approx. 1605), then rediscovered by
J.M. Marci (1658), and experimentally studied by
I. Newton (1672). In the classic electronic theory of light dispersion introduced by H. Lorentz
an electron bound to an atom, ion or molecule in
the crystal lattice is modeled by a harmonic oscillator. In the ﬁeld of the light wave Eeiωt with
frequency ω the oscillator performs forced vibrations near its equilibrium position, and this induces an ac polarization of the crystal at this frequency. When the frequency ω approaches the
natural frequency ω0 of the electron’s vibration,
there is a resonance that enhances the light absorption. The frequency dependences of the refractive index n and the absorption index κ of nonconducting crystals are determined by the relations


ω02 − ω2
Ne2
, (1)
n2 − κ 2 = 1 +
mε0 (ω2 − ω2 )2 + γ 2 ω2
0
γω
Ne2
,
(2)
2
2
mε0 (ω − ω )2 + γ 2 ω2
0
where γ is the friction coefﬁcient, N is the concentration of electron oscillators, m is the mass, and
2nκ =

Dispersion of light.

ε0 is the dielectric constant of vacuum. If several
electrons, bound by different elastic forces, take
part in the process, the right-hand sides of Eqs. (1)
and (2) are replaced by summations.
Typical dispersion n and adsorption κ curves
for an individual oscillator are shown in the ﬁgure.
In the region between the peaks n decreases with
increasing ω (region of anomalous dispersion of
light), and outside this region n grows with the frequency. The absorption is strong in the anomalous
dispersion region near ω0 . The frequency range
(ω02 − ω2 )2 γ 2 ω2 corresponds to the region of
transparency (κ ≈ 0). In this region
1
Ne2
.
(3)
mε0 ω2 − ω2
0
For metals the classic Drude–Zener–Kronig theory (P. Drude, C. Zener, R. Kronig) of light dispersion is based on the free electron model. For
this model Eqs. (1) and (2) reduce to the form
n2 = 1 +

n2 − κ 2 = 1 −
2nκ =

1
Ne2
,
mε0 ω2 + γ 2

γ
Ne2
.
mε0 ω ω2 + γ 2

(4)
(5)

Ideal metals with inﬁnitely long average electron
mean free paths should not absorb light, so γ = 0

and
n2 = 1 −

Ne2
.
mε0 ω2

(6)

If 0 < Ne2 /(mε0 ω2 ) < 1, then 0 < n < 1. For
normally incident light the metal is transparent, but beginning with small angles total internal re e ction occurs, characteristic of short
wavelengths. For long wavelengths when Ne2 /
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(mε0 ω2 ) > 1, n has an imaginary value, and total internal reﬂection occurs for all angles of incidence. As the free motion of conduction electrons, limited by their mean free path, only lasts
for very short time intervals, the above extreme
cases are not easily observed. Nevertheless, the
experiments of R. Wood with thin layers of alkali
metals demonstrated their transparency in the UV
spectral range and their strong absorption in the
visible and infrared. The quantum theory of light
dispersion leads to similar results.
DISPERSION OF MAGNETIC ANISOTROPY in
magnetic materials
Dependence of the constants of the magnetic
anisotropy, and the direction of the easy magnetization axis on the crystal structure spatial coor-

dinates. The dispersion of anisotropy constants is
called amplitude dispersion, and that of the easy
magnetization axes is called angular dispersion.
In magnetic lms the angular dispersion leads to
the appearance of the so-called magnetization ripples (or ripple structures).
DISPERSITY

A parameter of a disperse structure associated
with the dimensions of inclusions (e.g., precipitated particles) in a medium. The term dispersity often denotes the average size of scattered
material. More precisely, dispersity is characterized by the distribution function of the dimensions of dispersed inclusions, or by the distribution
function of the dispersive phase volume according
the sizes of particles F (V ). The probability dW
to ﬁnd an inclusion with a volume between V
and V + dV is given by the expression dW =
F (V ) dV . A monodispersed system is characterized by the presence of one narrow maximum
F (V ), corresponding to the most probable dimension of the inclusions. For polydispersive systems,
where the function F (V ) has the form of a diffuse
curve, perhaps with a succession of local maxima,
it is more correct to characterize dispersity by the
speciﬁc surface area of the dispersed inclusions.

displacement of layers to alternate structure positions (e.g., from layers A or B of the wurtzite
hexagonal type structure to layers A, B or C of the
sphalerite FCC structure), and turbostratum stacking faults where the layers are displaced to random
locations. The ﬁrst type of disordering is typical of
SiC, ZnS, and other tetrahedral structures tending
toward polytypism. In this case no turbostratum defects are formed. The largest amount of layer disordering in tetrahedral structures was detected in
lonsdalite, a hexagonal modiﬁcation of diamond.
The second kind of disordering takes place exclusively in strongly anisotropic laminated structures,
such as graphite, graphite-like boron nitride, and
some clay minerals. The concentration of polytype and turbostratum stacking faults is determined from characteristic features in diffraction
patterns of layer-disordered structures.
DISPLACEMENT, ELECTRIC
See Electric ux density.
DISPLACEMENT SPIKE
The region of a solid, which contains atoms

subjected to inelastic displacements and vacant
lattice sites, which are generated as a result of
propagation of the collision cascade of atoms produced by irradiation with energetic particles. Two
zones are distinguished within the displacement
spike: the depletion zone, which is located at the
center of the cascade and contains an excess quantity of vacant sites, and the enriched zone, which
occupies the peripheral region of cascade and contains an excess quantity of interstitial atoms. See
also Seeger zone.
DISPLACEMENT VECTOR, vector of
displacement, vector of a deformation

The difference u of radius vectors of a point in
the solid without (x) and with (x  ) a strain; u =
x  − x.
DISPYRATIONS

The arrangement of Volterra dislocations (see
DISPLACED LAYER STRUCTURES
Crystals with high concentrations of parallel
stacking faults of various kinds, which break the
regular alternation pattern of atomic layers in a lattice. These include polytype defects formed by the

Somigliana–Volterra dislocations) which simultaneously combine disclinations and translational
dislocations subject to the condition that the Frank
dislocation vector of disclination is parallel to
the Burgers vector of the dislocation. Perfect

DISSIPATIVE STRUCTURES

and partial dispyrations are distinguished. Perfect dispyrations can only appear in crystals with
screw symmetry axes, and for the formation of a
linear defect the operation of translation together
with rotation is required. If the onset of a dispyration is associated with an arbitrary screw motion
along the edge of the cut then a partial dispyration
is created. Within the crystal it is necessary for a
stacking fault to be adjacent to it. In a continuum
the separation of a dispyration does not make practical sense, because all the elastic ﬁeld parameters
may be obtained by simply summing those from
the disclinations and dislocations that form the
dispyration. Sometimes what is observed is a special continuum of dispyrations limited to the screw
parameter. A medium with dispyrations possesses
Riemann curvature (see Curvature tensor). The existence of dispyrations in ordinary crystals has not
been experimentally proven, although they probably play some role in organic and biological materials, and they seem especially important for membrane biology (see Membrane). There is a possibility of forming non-crystalline structures within
glasses (see Vitreous state of matter), where they
add a stable curvature.
DISRUPTED SURFACE LAYER

A layer at a solid surface saturated with structural defects. It forms during mechanical processing (cutting, polishing, ﬁnishing, shot-blasting,
broaching, rolling, etc.). Depending on the form
of the structural defects: macrocraks and microcracks, large- and small-angle grain boundaries
and subgrain boundaries, vacancies, micropores,
and dislocations, the disturbed (or perturbed) surface layer is subdivided into various zones. As
a rule, there are three such zones: that of surface roughness, that of macro- and microcracks,
and a transition layer saturated with microdefects.
The disturbed surface layer is usually several microns to several hundred microns thick. This layer
lends fatigue strength and wear resistance to many
industrial materials. Its presence sometimes increases and sometimes decreases their corrosion
resistance. The disturbed layer plays a negative
role in processes of epitaxial deposition of materials onto substrates with such a layer.
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DISSIPATION FUNCTION

Rate of energy dissipation (usually per unit
volume). This is associated with the transformation of part of the energy of ordered motion (e.g.,
motion of a pendulum) into energy of disordered
motion (thermal energy). Dissipation forces bring
about this dissipation (e.g., friction forces).
DISSIPATIVE STRUCTURES

Ordered spatial structures (stationary or changing in time), which appear in open non-equilibrium
systems as a result of self-organization processes.
The name dissipative structure emphasizes the fact
that the system is maintained in the ordered state
by energy dissipation. As a rule, these structures
are stable non-uniform distributions of composition, electron density, electric ﬁeld, temperature
and other physical values, which appear as a result of the development of instabilities in the uniform state with respect to the spatial uctuations
of these values. Examples of dissipative structures are: in chemical kinetics – complex spatial distributions of chemical components in the
Belousov–Zhabotinsky reaction; in hydrodynamics – convection cells (Bénard cells), turbulence,
etc; in solids – structures of domains in semiconductors with N-shaped current–voltage characteristics (Gunn diodes), current lamentation in semiconductors with S-shaped current–voltage characteristics. A particular case is the non-uniform
structures which occur during the relaxation of
a strongly unbalanced system to thermodynamic
equilibrium, which during the course of relaxation
appear to be “frozen” due to the slowing-down
of the kinetics. Another case is long-period structures which appear at the spinodal decomposition
of a solid solution. Non-uniform structures which
are thermodynamically balanced (such as an intermediate state, domain magnetic structure, et al.)
are not related to dissipative structures. Dissipative
structures are studied by non-equilibrium thermodynamics. In many cases the structure type can
be determined by the analysis of the stability of
the uniform state with respect to low level ﬂuctuations, performed by linearizing the equations of
the system kinetics. Beyond the limits of applicability of the linearized equations these structures
may be studied using non-linear differential equations, or by numerical methods.
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DIVACANCY, sometimes called bivacancy

Disturbance of the normal arrangement of
atoms of a crystal in the vicinity of a defect which
lowers the crystal symmetry; a parameter of the
non-uniformity of displacements upon deformation; in optics – degradation of the geometrical
symmetries of an object and its image, caused by
optical system aberrations.

A complex consisting of two vacancies situated at neighboring crystal lattice sites. The appearance of divacancies is especially probable in
crystals containing excessive nonstoichemical or
nonequilibrium vacancies at not too high temperatures determined by the dissociation energy of the
divacancy (as a rule, this is on the order of decimal parts or units of electron-volts). A divacancy
can diffuse as a whole over a crystal with a diffusion coef cient which is much smaller than that
for an isolated vacancy. Well studied are divacancies in silicon crystals where they are one of the
commonest radiation defects. A divacancy in silicon is an amphoteric center, mobile at temperatures T  200–300 ◦ C (the diffusion activation energy is 1.3 eV, the dissociation energy is 1.6 eV).
In crystals of a complicated composition, several
kinds of divacancies consisting of atoms of various elements in the crystal can exist.

DISTORTION, JAHN–TELLER

See Jahn–Teller distortion.
DISTORTION TENSOR

Gradient of the displacement vector U : Uik =
∂uk /∂xi (xi are Cartesian coordinates of points
of the body before deformation). The distortion
tensor in the general case is non-symmetrical.
Its symmetric part gives the strain tensor of linear elasticity theory uik = (Uik + Uki )/2, and
the antisymmetric part is the rotation tensor in
the linear approximation Ωik = (Uki − Uik )/2.
This tensor accompanies the rotation vector ωi =
j k /2 (here eij k is the third(∇ × u)i /2 = −eij k Ω
rank unit antisymmetric tensor). The distortion
tensor and rotation vector are both dimensionless.
DISTRIBUTION FUNCTION

Basis for the statistical description of systems
consisting of a large number of identical objects;
it deﬁnes the probability density used for determining various parameters of a system. In particular, the distribution function deﬁnes the probability density of ﬁnding a particle (quasi-particle)
of a many-particle system in a certain state; and
using this function the statistical averages of concentrations, momenta and other characteristics of
a macroscopic system can be determined. For
a classical system in thermodynamic equilibrium
the Gibbs distribution function is used, while in
particular quantum mechanical cases a Fermi–
Dirac (half-integer spin) or Bose–Einstein (integer
spin) distribution applies (see Fermi–Dirac statistics, Bose–Einstein statistics), Maxwell distribution
and Boltzmann distribution. Nonequilibrium distribution functions may be calculated from the kinetic
equations.

DOMAIN

Regions in an otherwise crystallographically
and chemically homogeneous solid, or other condensed state of matter, which differ one from another in magnetic, electric, and other properties,
or in an order parameter. There are equilibrium
domains which appear when an overall heterogeneous state is thermodynamically more favorable
than a homogeneous one (magnetic domains, domains in superconductors, ferroelectrics, normal
metals involving the de Haas–van Alphen effect,
etc.; see also Intermediate state). There are also
static nonequilibrium domains such as, for example, elastic twins (see Elastic twinning), antiferromagnetic domains, domains in liquid crystals, and
domains which appear in nonequilibrium systems
subject to external pumping (see Gunn effect). Domains are separated from each other by domain
walls.
See also Acousto-electric domain, Antiferromagnetic domain, Diamagnetic domains, Dumbbell domain, Ferroelectric domains, Honeycomb
domain structure, Kittel’s domain structure,
Landau–Lifshits domain structure, Opposed domains, Structural domain, Thermoelectric domain.
DOMAIN BOUNDARY
The same as Domain wall.

DOMAIN WALL DISPLACEMENT PROCESSES
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DOMAIN, MAGNETIC
See Magnetic domain.
DOMAIN SPLITTING IN FERROELECTRICS,
trilling in ferroelectrics
Splitting of a ferroelectric into domains with

directions of spontaneous polarization at an angle of 120◦ with respect to one another. This corresponds to the presence of three crystallographically equivalent directions in the initial hightemperature phase. The domain structure of the
threefold split type may occur in crystals which
undergo a change of symmetry from C3v to Cs or
from C3v to C1 ; the vector of the resulting spontaneous polarization lies in the σv plane, and is
directed transversely to the threefold axis of the
phase of C3v symmetry. See also Twinning of crystals, Twinning structure.
DOMAIN WALL in ferroelectrics
An interface between ferroelectric domains

which is a few lattice constants thick. The center of
a 180◦ domain wall has zero polarization. The appearance of a domain wall is associated with a localized energy loss arising from elastic strain and
electrostatic interactions between dipoles; the establishment of a system of domain walls can provide a state of minimum free energy. The orientation of a wall does not involve any spontaneous
deformation accompanying the polarization of domains in the wall. The thicknesses and energies of
domain walls differ signiﬁcantly in different crystals. A 180◦ domain wall in barium titanate has
a thickness of about (5–20)·10−8 cm and an energy of about 10 erg/cm2 ; while in Rochelle salt
these values are approximately 200·10−8 cm and
0.012 erg/cm2 , respectively. Domain walls can
move under the inﬂuence of an external electric
ﬁeld, and their lateral motion provides one of the
main mechanisms for the process of repolarization.
DOMAIN WALL in liquid crystals

A layer that separates two regions (domains) of
a liquid crystal differing in the direction of the uniform orientation of their molecules; at the wall the
director n changes its direction from one orientation in the ﬁrst domain to another in the second
domain. A rotation of the director is performed

Domain walls in liquid crystals.

about an axis that is either parallel to the wall
(Fig. (a)), or normal to it. In this way the walls
in liquid crystals are similar to classical Bloch domain walls and Néel walls in ferromagnets (see
Magnetic domain walls). However, there is a difference: because liquid crystal walls can be cut at
linear defects, i.e. at disclinations. This topological
feature has an important physical consequence: it
is not necessary to reorient the director in the entire region of a domain in order to remove a wall
from the liquid crystal. It is sufﬁcient to make a
disclination ring which, by expanding, annihilates
the wall (Fig. (b)). This process is energetically
favorable because it brings about a uniform distribution of n. Domain walls often appear when
applying external electric or magnetic ﬁelds (see
Frederiks transition). For their description the term
planar soliton is sometimes used.
DOMAIN WALL BRAKING
See Domain wall drag.
DOMAIN WALL DISPLACEMENT PROCESSES
in magnetization
Initial stage of magnetization process in multidomain ferromagnetic materials, consisting in the
displacement of magnetic domain walls between
domains: the favorably oriented magnetic domain

volume increases because neighboring domains

336

DOMAIN WALL DRAG

have energetically less favorable magnetizing orientations. In this case the domains have magnetized directions close to that of the overall magnetizing ﬁeld. One can distinguish reversible and irreversible displacement processes. At low applied
ﬁelds the initial gently sloping part of the magnetization curve (region of initial magnetic susceptibility) corresponds to quasi-elastic reversible
displacement processes. On this portion of the
curve magnetic hysteresis is almost absent. At
higher ﬁelds irreversible displacement processes
become prominent in the next part of the magnetization curve associated with a maximum magnetic susceptibility. In this region intermitent irreversible displacements of domain walls take place
(see Barkhausen effect), which constitute the main
mechanism responsible for magnetic hysteresis in
ferromagnets. The displacement process contribution to the magnetization is determined by the size
and form of the magnetic texture, by characteristics of defects in crystals, by domain wall structure.
DOMAIN WALL DRAG in a magnetic material,
domain wall braking

This braking or frictional drag is determined
by the energy dissipation of the moving domain
wall, and is described by the frictional force which
acts on and retards the motion of the wall: v·F b =
−dσ/dt , where σ is the wall energy. The domain
wall drag is caused by: defects in crystals (dislocations, impurities); the presence of dynamic braking
(viscous friction) due to the transfer of the domain
wall energy to various subsystems of the magnetic
system which are close to the state of thermodynamic equilibrium (to magnons, phonons, quasiparticles, magnetic impurity atoms, and so on).
The domain wall drag determines the character of the magnetic domain wall dynamics: the velocity of its stationary uniform motion under action of the external force (magnetic pressure Pm ),
or the dissipative characteristics at its nonuniform
motion. At small velocities v, the force is F b =
F0 v/|v| + ηv, where F 0 is the force of friction at
rest relative to the coercive force of the magnetic
material, η is the viscosity coefﬁcient. Therefore,
the velocity is v ∝ (P m − P 0m ), where P m is related to F 0 (see Domain wall mobility). When describing domain wall dynamics in the framework

of the Walker solution, we have η = λvσ (0)/Δ,
where Δ is the wall thickness, an extended phenomenological description gives λ → λeff , where
λeff involves exchange coupling, and relaxation
arising from the spin orbit and dipole–dipole interactions (see Landau–Lifshits equation). When taking into account the domain wall twisting or the
presence of Bloch lines, the value of η increases,
in some cases, quite considerably.
In materials which contain magnetic ions with
strong spin–orbit coupling (e.g., in rare-earth iron
garnets and orthoferrites) the domain wall braking results from the wall energy transfer to rareearth ions. In this case, an ordinary phenomenological description based on the relaxation term of
the Landau–Lifshits equation is in good agreement
with experiment. These materials exhibit, as a rule,
large magnetic losses and the value λ = 1 to 10−2 .
In magnetic materials with small losses, and lacking the ions indicated above, the main contribution
to the domain wall drag arises from the interaction
of the wall with thermal quasi-particles (especially
with magnons). In this case an ordinary phenomenological description does not agree with, experiment: e.g., the values of the relaxation constant λ
determined from measurements of the wall mobility, and from the width of the magnetic resonance
line, can differ considerably from each other. Using a microscopic description, the drag force of
the wall is expressed in terms of the probability
of processes involving the interaction of thermal
magnons or photons with the moving wall.
For magnon relaxation processes there is a
reduction of the domain wall drag or, which is
equivalent, a rise of the domain wall mobility
with decreasing temperature; as a rule η ∝ T n
or μ ∼ T −n , where n = 1 to 4. Such behavior is
readily observed in magnetic materials with small
losses. Relaxation from impurity ions grows with
the decrease in temperature, and becomes substantial at low temperatures (see Fig.).
Upon increasing the domain wall velocity, the
dependence F (v) becomes nonlinear, resulting in
a nonlinear dependence v(Pm ). If the wall velocity is close to the sound velocity vs then phonon
Cherenkov radiation emerges, and induces substantial growth of Fb (v) at v ∼
= vs . In this case,
there appears an anomaly in the dependence v(B)

DOMAIN WALL TWISTING

Temperature dependence of the mobility μ(T ) for yttrium orthoferrite YFeO3 . Curve 1 refers to a very pure
sample for which magnon processes of domain wall drag
dominate, and curve 2 corresponds to a sample with impurities whose contribution leads to a reduction of the
mobility at low temperatures. From F.C. Rossol, Phys.
Rev. Lett., Vol. 24, p. 1021 (1970).

which has the form of a region with small differential mobility. This effect can appear only in magnetic materials in which the domain wall velocity
limit vc is greater than the sound velocity, e.g., in
orthoferrites.
DOMAIN WALL DYNAMICS
See Magnetic domain wall dynamics.
DOMAIN WALL, MAGNETIC
See Magnetic domain wall.
DOMAIN WALL MOBILITY

Ratio between the rate v of magnetic domain
wall motion and the driving magnetic eld B,
which is deﬁned within the linear interval of the
v(B) dependence: μ = v/B. The motion is limited
by the force of viscous friction, which acts upon
the domain wall. In magnetic substances, which
exhibit an appreciable coercive force, domain wall
mobility is deﬁned as follows: μ = v/(B − B s ),
where B s is the starting ﬁeld of the domain wall.
Sometimes the differential domain wall mobility
is introduced, which is deﬁned by the equation
μd = dv/dB (see Magnetic domain wall dynamics,
Domain wall drag).
DOMAIN WALL PEAK VELOCITY

The maximal velocity of the uniform steady
(without change of structure) motion of a twisted

337

domain wall (see Domain wall twisting) under the
action of an applied magnetic ﬁeld. As the velocity reaches its peak value, the breakdown of the
steady-state mode occurs (see Slonczewski limiting velocity). The value of this peak domain wall
velocity is below the Walker critical velocity (see
Walker solution), which is the “peak velocity” for a
spatially uniform boundary. According to J. Slonczewski (1973), the breakdown of the steady-state
mode is caused by structural instabilities in the
twisted boundary, which give rise to dynamic horizontal Bloch lines. By this mechanism, the peak
velocity is inversely related to the ﬁlm thickness.
The question of experimental conﬁrmation of the
above inverse relation, as well as the question of
whether the whole mechanism is suitable or not, is
still not clearly understood. Calculations involving
the Slonczewski equations are suggestive of the
important role of the deﬂections of the boundary
plane across the whole width of the ﬁlm.
The instabilities in the twisted boundary are
eliminated and the value of the peak velocity of
the domain wall increases in the presence of a
strong enough magnetic ﬁeld applied to the ﬁlm
plane, or when high rhombic magnetic anisotropy
is present.
DOMAIN WALL TWISTING
The effect of demagnetization eld on the
structure of a magnetic domain wall in uniaxial
magnetic lms with quality factor Q
1. It re-

sults from the component of the demagnetizing
ﬁeld perpendicular to the plane of the wall arising from the magnetic charges of the domains
on both surfaces of the ﬁlm. The demagnetizing
ﬁeld competes with the local magnetostatic ﬁeld
at the boundary, hindering the transition from a
Bloch wall to a Néel wall. A twisted domain wall
consists of two nearly Néel-type sections of opposite polarities adjacent to each surface of the
ﬁlm, smoothly connected by a quasi-Bloch region
in the middle of which the boundary is of the
purely Bloch type. The size of each isolated Néel
domain wall section makes up about 1/8 of the
ﬁlm width, and decreases with a decrease of the
ﬁlm width or the magnetic domain structure period. The twisted domain wall corresponds to a
minimum of the energy in ﬁlms with perpendicular magnetic anisotropy. However, the contribution
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to the wall energy from twisting is small (∼1/Q)
when Q 1. The twisted wall can contain a number of statically stable horizontal Bloch lines localized in the quasi-Bloch region. The superposition
of magnetic ﬁelds in the basal plane is usually accompanied by the appearance of Bloch lines deﬁning processes of domain wall remagnetization.
In terms of dynamics, the two transition regions from a Néel to a quasi-Bloch section differ
by an increased instability relative to the formation
of dynamic horizontal Bloch lines. Some dynamic
properties of twisted walls are related to this factor
(see Domain wall peak velocity, Slonczewski limiting velocity).
DOMAIN WALL VELOCITY LIMIT

Maximum possible velocity of stationary
domain wall motion in a magnetic substance. For

different types of domain walls this velocity varies
over wide limits, and values from several meters
per second to 20 km/s have been experimentally
observed. For thin magnetic lms of ferromagnets
or of ferrites with an anisotropy axis perpendicular to the ﬁlm surface, and with low magnetic
anisotropy in the basal plane, the domain wall
is usually not one-dimensional (see Domain wall
twisting). In this case its velocity limit is determined by the domain wall peak velocity (see Slonczewski limiting velocity). In these magnetic materials the domain wall velocity limit does not
exceed several tens of meters per second. If the
wall twisting is less signiﬁcant (in the presence
of strong magnetic anisotropy within the plane
of the ﬁeld, upon the switching of the external
magnetic ﬁeld within the ﬁlm plane), the velocity limit sharply increases (up to several hundred
meters per second), and may approach the limiting
Walker velocity (see Walker solution). The domain
wall velocity limit also increases at the approach to
the point of magnetic compensation of a ferrimagnet. For ferromagnets and ferrimagnets a quantitative theoretical explanation of the observed values
has not yet been formulated. In weak ferromagnets
(see Antiferromagnet), experiments in quantitative
agreement with theory show that the domain wall
velocity limit coincides with the spin wave velocity in the linear region of the dispersion law, reaching values of 104 m/s (20 km/s for orthoferrites,
14.5 km/s for iron borate FeBO3 ). See also Magnetic domain wall dynamics.

DONOR

An impurity or structural defect that introduces
into the band gap of a semiconductor one or more
energy states which can supply the conduction
band with electrons. A donor is electrically neutral
when its local states are ﬁlled with electrons; and it
is charged positively if the local states have given
up their electrons. If a donor impurity is dominant then the semiconductor has n-type conductivity in the temperature range determined by the
level depth of the donor states. Donors participate
in the scattering of charge carriers since they can
be either neutral, singly or multiply charged centers. Conventionally, donors are divided into small
hydrogen-like ones (well described by an effective mass), and deeply lying ones. The most characteristic examples of small donors are atoms of
Group V (e.g., P, As, Sb) in atomic semiconductors of Group IV (e.g., Si, Ge). Deep donor states
in Si and Ge are introduced by Mn, impurities of
Group VI, and some amphoteric centers, e.g., Au,
some transition metals, and vacancies (in Si).
DONOR–ACCEPTOR PAIRS

Systems composed of two oppositely charged
centers. In the simplest case, such a dipole system contains a positively charged donor D + and a
negatively charged acceptor A− . The nature of the
pair changes with changes in the distance between
the components. A bound state (D + , A+ ) can
form unless the separation between these centers
is too large. A great deal of experimental information on donor–acceptor pairs in semiconductors
has been obtained by optical methods (luminescence, infrared spectroscopy) and electron paramagnetic resonance.
DOPED AMORPHOUS SEMICONDUCTORS
Amorphous semiconductors obtained by introducing impurities (doping) that strongly affect

their electronic structure. Thin ﬁlms of amorphous
Si doped with elements of Groups III and V are
produced by decomposing mixtures of SiH4 with
PH3 , AsH3 or B2 H6 in a gas discharge. Introducing 10−2 –10−1 % of an impurity increases the
electrical conductivity by 7 to 8 orders of magnitude (from 10−9 –10−10 to 10−2 (·cm)−1 , see
Fig.). In the case of impurities from Group V, 20 to
40% of the atoms introduced are donors, i.e. they

DOPING
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Electrical conductivity at room temperature (left), and conduction activation energy (right), of amorphous Si as functions
of composition of the gas mixture used to form the ﬁlms.

have fourfold coordination in Si. Boron impurities
result in hole conduction. Ion implantation is used
to dope amorphous silicon with H as a donor impurity. The conductivity of amorphous silicon increases from 10−17 –10−18 to 10−11 (·cm)−1
when doped (in a melt) with 2·10−3 % of O as
an acceptor impurity, and up to 10−9 (·cm)−1
when 5·10−2 % of donor Cl is added. Chalcogenide glasses signiﬁcantly increase their conductivity when As2 S3 , As2 Se3 , and As2 Te3 are
doped with Cu, Ag, In, Ti impurities. GeS reacts
similarly to Ca and Ag impurities. The mechanism for the increase in the conductivity of doped
amorphous semiconductors consists in reconstruction of their atomic structure and accompanying
changes in the ratio of their negatively and positively charged free bonds. Transition series and
rare earth ions added to oxide glasses produce
new local electronic levels in the forbidden gap of
the latter. The levels inﬂuence optical absorption,
luminescence, and electron paramagnetic resonance spectra.
Due to low production costs, and the possibility of varying their physical properties over wide
limits, doped amorphous semiconductors present
a promising class of materials for various engineering applications. These doped semiconductors have been successfully used for solar cells

(p–n junction in amorphous Si), solid-state lasers,
etc.
DOPING

Introducing impurity atoms into semiconductors to increase the electrical conductivity of the
material, i.e. to produce donor centers in electron semiconductors and acceptor ones in hole
semiconductors. The corresponding elements are
called doping impurities. Pairs of elements forming centers of opposite types are called compensating impurities. Both doping and compensating impurities also affect the photoelectric, optical, magnetic and other properties of semiconductors. A particular feature of semiconductors is
the high sensitivity of their properties (especially
electric) to the introduction of impurities. As for
pure materials, their electric properties start to alter noticeably at impurity concentrations of 1010 –
1011 cm−3 . Monocrystals may be doped during
the growth process in the following ways; add elements to the melt from which the solid crystallizes;
stimulate thermally activated diffusion from a solid
surface coated with a doping element beforehand;
perform ion bombardment (see also Ion implantation, Ionic synthesis); subject the doped material
to nuclear radiations that precipitate nuclear reactions in it (see Nuclear doping). Diffusion from the
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surface and ion implantation are used to dope surface layers so as to achieve surface hardening of
metal parts, and to change the distribution of electrical resistance in electronic semiconductor devices.
DOPING ATOM
An impurity atom occupying a lattice site (sub-

stitutional), or at an off-site position (interstitial) in
a crystal lattice, e.g., in the empty space between
surrounding atoms located at the neighboring sites
of a crystal lattice (see Interstitial atom, Substitutional atom, Dumb-bell interstitial defect, Crowdion).
DOPING, ION IMPLANTATION
See Ion implantation doping.
DOPING, NUCLEAR
See Nuclear doping.
DOPING, SURFACE
See Surface doping.
DOPPLER EFFECT in solid state physics
(Ch. Doppler, 1842)

A change of frequency ω perceived by an observer when moving toward or away from an oscillating source. The frequency of the waves emitted
by a radiation source which moves in a medium
depends signiﬁcantly on the velocity v of the radiator and the phase velocity v ph of the waves. Any
system can serve as a radiation source if it possesses its own inherent oscillation frequency, e.g.,
atoms, molecules, electrons oscillating under the
action of alternating external ﬁelds, and channeled
(see Channeling) relativistic particles in a crystal.
Not only can light waves be emitted in a medium,
but also plasma (longitudinal) waves (see Plasma
oscillations), sound waves, etc., that is all possible types of waves that can exist in a given crystal. From the conservation laws of energy and momentum for the source before and after emission
the following equations are obtained for the frequency ω of a quantum emitted at an angle θ relative to the direction of motion of the source (in
what follows, for deﬁniteness we will speak of the

emission of photons):
#
⎧
ω0 1 − β 2
⎪
⎪
⎪
⎨ 1 − βn(ω) cos θ ,
ω=
#
⎪
⎪
ω0 1 − β 2
⎪
⎩
,
βn(ω) cos θ − 1

βn(ω) cos θ < 1,
βn(ω) cos θ > 1,

where ω0 is the intrinsic frequency of the radiator at rest in the ﬁxed coordinate system, β = v/c
(v is the radiator speed), and n(ω) is the refractive index (the medium is assumed to be transparent and isotropic). For particles channeling in
a crystal, ω0 is determined by the difference in
the energies of the transverse motion. In the motion of a radiator with a velocity whose projection on the direction of propagation of the photon is smaller that the phase velocity of light in
the medium (e.g., v cos θ < v ph ), the photon emission event takes place at the transition of the system from a more excited state to a less excited
state (normal Doppler effect). In the opposite case
(v cos θ > v ph ), the photon emission is accompanied by excitation of the system (anomalous
Doppler effect). The equations for ω in a medium
with dispersion are not linear with respect to ω.
As a result, for a given ω0 , v, and θ the emission of quanta with different frequencies is possible (complex Doppler effect). If the radiator moves
in a vacuum there is no dispersion, and a quantum
of a single frequency is emitted (simple Doppler
effect). A source with an arbitrary intrinsic frequency cannot overtake the irradiated energy at
any speed and in any refracting medium. It is
for this reason that there is always a wave in the
emission spectrum for which v cos θ/W (ωθ ) < 1,
where W (ωθ ) is the group velocity of the waves
radiated at the angle θ . The inverse condition
v cos θ/W (ωθ )  1 determines the range of existence of a complex emission spectrum. Therefore,
the anomalous Doppler effect is always complicated since, in addition to a frequency for which
v cos θ/W (ωθ ) > 1, there is always a normal component for which v cos θ/W (ωθ ) < 1. In this case
the frequency of the normal component is higher
than the anomalous one. As a result, the normal
component that overtakes the radiator carries away
more energy per unit frequency than the anomalous component. The expressions obtained are
valid for an optically transparent body. Taking into

DOPPLERON–PHONON RESONANCE

account absorption, photon emission accompanied
by system excitation also occurs in a medium with
n < 1. Both complex and anomalous Doppler effects are observable in the X-ray range. In view
of a small departure of the X-ray refractive index
from unity, to observe the effect in this case one
should use channeled relativistic particles For a
non-stationary medium (whose parameters change
with time) a frequency change can occur even
when both the radiator and the acceptor are motionless, and this is called the parametric Doppler
effect.
DOPPLERON

A low-frequency, weakly decaying, slow electromagnetic wave that can appear and propagate
in a metal in the presence of a permanent magnetic ﬁeld B. A doppleron is one of ﬁve known
intrinsic electromagnetic excitations in a dense
electron metal plasma (see Solid-state plasma).
Its existence is caused by the Doppler-shifted cyclotron resonance which is a consequence of the
Fermi degeneracy of conduction electrons in metals. Therefore, a doppleron as a particular feature
of metals, in contrast to a helicon, has no analogues in an equilibrium gas plasma. Being a collective excitation of a metal plasma, a doppleron
nevertheless is closely connected with the local
characteristics of the Fermi surface, and this determines the diversity of information contained in
it. On the one hand, there is a possibility of restoring the local conduction in a magnetic ﬁeld, and on
the other hand, one can extract accurate information about the Fermi surface curvature, the mean
free path of resonance groups of carriers, the state
of the metal surface, and so on. In the case of complicated Fermi surfaces, the existence of several
doppleron modes is possible, including multiple
dopplerons for a non-axial Fermi surface.
Doppleron propagation in pure metals is predominantly along the axis of high crystal symmetry c (k||B||n||c) in strong magnetic ﬁelds B
at low temperatures when ω  ν  Ω, where
ν is the collision frequency of carriers, Ω is the
cyclotron frequency, n is a unit vector normal
to the metal surface, ω and k are the frequency
and the wavevector of the doppleron wave, respectively. Attenuation is characteristic of both
collision (with photons and lattice defects) and
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collision-free types (see Magnetic collision-free
damping). The latter is determined by the resonance cyclotron absorption of the wave by other
groups of carriers at the Fermi surface, and by
the magnetic Landau damping that suppresses the
dopplerons when B is bent away from c. The
propagation of dopplerons is also possible along
open Fermi surfaces in a magnetic ﬁeld parallel to
the metal boundary.
Speciﬁc features of dopplerons are the circular
polarization of the wave in the plane of B, the dependence of the wavelength on the magnetic ﬁeld,
the threshold (in regard to frequency and magnetic
ﬁeld) nature of the spectrum, and, as a rule, anomalous dispersion (dω/dk < 0). These features can
appear, for example, in compensated metals, in the
long-wave limit, or at certain singularities at the
Fermi surface such as saddle points and local minima of curvature.
DOPPLERON–PHONON RESONANCE

A resonance in an applied magnetic ﬁeld involving the interaction of dopplerons with sound.
It is similar to a helicon–phonon resonance. The
doppleron–phonon resonance exists in metals under the conditions needed for the existence of a
doppleron; involving the same circular polarization in the range of intersection of the doppleron
wave and sound wave spectra (assuming no coupling between elastic and electromagnetic subsystems), i.e. for coinciding phase velocities of the ultrasonic and doppleron waves. The wave coupling
results in the removal of degeneracies in the resonance region. However, in the case of the weak
bond that is speciﬁc for the doppleron–phonon
resonance, a mode repulsion does not take place:
the sound wave brings elastic energy to the resonance range, while the doppleron wave brings
electromagnetic energy. The damping of both the
waves in the resonance gives rise to a resonance
maximum. Since the doppleron is circularly polarized the resonance does not exist for a longitudinal ultrasonic wave, appearing only for circular
polarization of the transverse wave. As a result,
for linearly polarized transverse elastic waves in
the region of resonance a rotation of light polarization plane and ellipticity may arise. The transformation of electromagnetic waves into ultrasonic
waves and vice versa can occur in the resonance
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range. For non-axial Fermi surfaces a multiple
doppleron–phonon resonance is possible. For surface (Rayleigh) sound waves, a resonance similar
to the doppleron–phonon one for bulk sound has
been found (subsurface doppleron–phonon resonance) when the external ﬁeld is parallel to the
metal surface.
DOPPLER-SHIFTED CYCLOTRON
RESONANCE
A resonance interaction of the conduction electrons that are drifting along a magnetic ﬁeld B

with an electromagnetic wave propagating in a
metal. This Doppler-shifted cyclotron resonance

appears when the electron velocity ṽ along the
wave vector k averaged over the cyclotron period differs from zero, i.e. if k is not perpendicular to B, or in the presence of open cyclotron orbits on the Fermi surface, and kl 1 , where l is
the mean free path of the free carriers. The propagation of an ultrasonic wave in a metal is known
as a Doppler-shifted acoustic cyclotron resonance,
and it satisﬁes the following condition in the freeelectron model:
|ω ± kB ṽB | = ωc ,

(1)

called the Kjeldaas edge (1959). This means that
electrons drifting toward the wave shift their frequency to the cyclotron value ωc owing to the
Doppler effect. In connection with the high electron velocities (≈108 cm/s) on the Fermi surface,
the Doppler shift of the frequency is very large,
ω  kB ṽB , and the resonance is observed at frequencies ω  ωc . The condition (1) takes the form
ωc = |kB ṽB |

(2)

or
u(pB ) = λB ,
u(pB ) = eB

∂s
,
∂pB

(3)

i.e. those electrons are involved in the resonance
whose displacement along B within a cyclotron
period, u(pB ), is equal to the wavelength λ, where
p is the electron momentum, and s is the area of
the cross-section of the Fermi surface deﬁned by
the plane pB = const. Thus, the Doppler-shifted
cyclotron resonance, similar in many ways to the

Doppler-shifted cyclotron resonance.

usual temporal cyclotron resonance, is, in fact, a
space resonance.
The spectrum of this resonance (see Fig.) in the
coordinates (k, B) represents a straight line that
passes through the origin, and separates the regions (shaded) where the collision-free Dopplershifted cyclotron absorption is present, and where
it is absent. The latter is caused by electrons with
values of ṽB varying from the Fermi velocity v F at
the base point to zero at the central cross-section of
the Fermi surface. The Doppler-shifted cyclotron
resonance results from the electron Fermi–Dirac
statistics and the presence of a sharp velocity distribution of electrons.
In the case of an anisotropic Fermi surface,
the Doppler-shifted cyclotron resonance can exist for a few groups of carriers. Distinguished (or
resonant) are the groups with extremal values of
u(pB ), because in this case a large number of carriers is formed which move in phase, and at the
same time do not contribute to the wave absorption. The contribution of other carriers is insignificant due to their out-of-phase motion, and can be
regarded as providing a background signal.
For a non-axial Fermi surfaces the condition
for the Doppler-shifted cyclotron resonance takes
the form
|kB ṽB | = nωc ,

(4)

u(pB ) = nλ,

(5)

where the integer n is determined by selection
rules. For example, for the resonance with longitudinal sound n = mα; and in the case of transverse
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sound n = mα ± 1, where m = 0, ±1, and α is the
order of the crystal symmetry axis.
The nature, shape, and magnitude characterizing the resonance as a function of the sound absorption coefﬁcient Γ versus B are dependent on
the type of ultrasonic wave (longitudinal or transverse), its frequency and polarization, the multiplicity of the resonance n, the type of resonance
singularity ∂s/∂pB , and so on. Doppler-shifted
cyclotron resonance can manifest itself (converted
to a function of ω, B, etc.) in the form of either
an edge, an absorption step, or a resonance or
antiresonance. At sufﬁciently high ω and l, the
line of the Doppler-shifted cyclotron resonance
can be split (see Eq. (1)). This resonance allows
one to determine the curvature of the Fermi surface (∂s/∂pB )extr , the effective mass of the carriers of resonance groups, the mean free path, and
so on. See also Doppleron.
DOSE, SMALL
See Small-dose effect.
DOSIMETRY

A determination of the effects of nuclear radiation on irradiated objects. A quantitative measure of these effects depends on the case (solids
experience a change of resistance, optical absorption, strength, etc.). However, independently of
secondary effects, the primary cause of radiationinduced effects and the most general physical
value that characterizes the interaction of radiation with the matter is the absorbed energy. The
absorbed energy dose D is the macroscopic value
that best characterizes the absorbed energy:
D=

E
,
m

(1)

where E is the energy absorbed in the bulk, and
m is the mass of the substance. In SI units the
absorbed radiation dose in joules per kilogram is
called a grey (Gy): 1 Gy = 1 J/kg. Let Ein be
the sum of the energies of all the particles that
during time t enter volume V which contains
the mass m, and E out be the energy sum of all
particles that leave this volume during the same
time. If there are no sources of ionizing radiation, and no reactions, then the absorbed energy
E = E in − E out will be expended entirely for
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ionization, excitation, and elastic interactions. If
nuclear reactions and ionizing radiation sources
are present in volume V then E should take
into account the total energies from the nuclear
transformations E n and the sources of radiation
energy E s :
E = E in − E out + E n + E s .

(2)

The macroscopic values determined in this fashion, i.e. the absorbed energy and the dose, do not
reﬂect the stochastic nature of the interaction of
ionizing radiations with matter. Therefore, when
determining the dose, m and t should be, on
the one hand, sufﬁciently large (to exclude the effect of ﬂuctuations), and, on the other hand, sufﬁciently small so as to be able to disregard macroscopic quantitative and qualitative changes in the
incoming radiation (i.e. active spectrum) and in
the radiation-damaged material under consideration.
A determination of the absorbed radiation dose
is related to the measurement of any dose-dependent radiation effect in matter. However, a
radiation-stimulated process convenient for measurement may be lacking in the irradiated material for which the absorbed dose has to be determined. In such cases a standard material is introduced at the detection point, and the absorbed dose
is deduced from the radiative reactions in the extra material The Bragg–Grey probe method which
is widely used to investigate irradiation damage
by both non-charged and charged high-energy particles is based on this principle. A probe, that
is a material introduced at the detection point,
must satisfy the Bragg–Grey conditions: (i) the active spectrum at the probe should be the same at
that detection point in the absence of the probe;
(ii) charged particles generated in the probe by
indirectly ionizing non-charged particles should
not contribute signiﬁcantly to the irradiation dose
absorbed in the probe. These conditions are sufﬁciently satisﬁed if the linear dimensions of the
probe are small compared to the mean free path R
of the charged particles (e.g., 0.1R). If the Bragg–
Grey conditions are satisﬁed, and the mean energy
ε of the active spectrum of charged particles (electrons) at the detection point is known, then with
the help of the Bragg–Grey equation one can ﬁnd

344

DOUBLE LAYER, ELECTRIC

the dose D m in the material with a good accuracy:
Dm = Dp

Sm( ε )
,
S p (ε)

(3)

where D p is the experimentally found dose in
the probe; S m ( ε ) and S p ( ε ) are respectively the
mean braking abilities of the material and of the
probe, which represent the mean charged particle
energy loss per unit of path divided by the material density. A more exact characteristic of the
radiation in the medium (in comparison with the
absorbed dose) can be obtained from the determination of the active spectrum. Knowledge of
this spectrum allows one to calculate the absorbed
dose and the yield of various radiation-stimulated
reactions.
DOUBLE LAYER, ELECTRIC
See Electric double layer.
DOUBLE RESONANCES
Resonances in systems oscillating at two fre-

quencies arising from external effects. In solids
where the constituent microparticles have a set of
discrete energy levels εi , εj , εk , . . . the two resonances are due to transitions (indicated in Fig.
by arrows) between pairs of levels with different
energy separations corresponding to the frequencies νij and νj k . Usually in double resonance experiments there is a coupling between the transitions through interactions which permit one resonance to be recorded through the other one. The
two pairs of levels may have similar or different natures (e.g., magnetic sublevels with one pair
involving an electron ﬂip and the other involving the ﬂip of a nuclear spin), close frequencies

Double resonances.

or frequencies in different ranges of the electromagnetic spectrum, those that belong to spins of
different types (electrons and atomic nuclei), or
to identical particles which differ by some parameter. Double resonances may arise from the
same type of interaction (e.g., electromagnetic
wave) or from different types (e.g., electromagnetic and acoustic waves). The most common are
magnetic in nature: electron–nuclear double resonance (ENDOR), acoustic double magnetic resonance, and optical–magnetic resonance, and these
are all various methods of magnetic resonance
spectroscopy.
In double magnetic resonance there is selective
absorption (radiation) at two resonance frequencies of electromagnetic energy by a spin located
in a constant magnetic ﬁeld. Observation of double
magnetic resonance simpliﬁes the spectrum of one
resonance by suppressing the interaction between
the spins through high power irradiation at the second resonance frequency, and it also increases the
sensitivity or resolution of the low-frequency resonance by recording it as part of the high frequency
spectrum.
In nuclear–nuclear double resonance (NNDR)
the nuclear magnetic resonance (NMR) experiment is carried out simultaneously at two frequencies which belong to atomic nuclei with different
energy spacings between their spin sublevels. It is
used to investigate substances with nuclei (1 and
2) coupled together though the spin–spin interaction, which causes each individual resonance to inﬂuence the other. Homonuclear NNDR involves
two nuclei of the same type and heteronuclear
NNDR involves nuclei of different types. In the
former case the resonance at nucleus 1 is detected
at low power, and then the irradiation of resonance
2 at high power suppresses their interaction. This
simpliﬁes the spectrum of nucleus 1 and enhances
the amplitude of the detected NMR signal, a phenomenon called the Overhauser effect. A second
experiment, called internuclear double resonance
(INDOR), is a method of recording the NMR of
nucleus 2 in a manner similar to double electron–
nuclear resonance. The technique of NNDR permits one to study the NMR of rare isotopes or of
nuclei which provide weak signals disturbed by interaction with other nuclei, to determine the signs

DROP-IMPACT EROSION

of the spin–spin interaction constants, and to obtain information about processes of nuclear spin
relaxation.
In electron–electron double resonance
(ELDOR) the electron paramagnetic resonance
(EPR) is performed simultaneously at two microwave frequencies (of observation and pumping) corresponding to the resonance lines of two
pairs of spin levels. These lines may involve transitions between the spin sublevels of one paramagnetic center, or between two different centers coupled by the spin–spin interaction. In ELDOR the
investigated substance is placed into a special bimodal resonator where it is subjected to the effect of two microwave ﬁelds of different frequencies. Variations are observed in the EPR signal at
the observation frequency when the power level
is changed at the pumping signal frequency. This
experiment provides information about spin–spin
interactions, cross-relaxation, and mechanisms of
EPR line broadening.
DOUBLET

The term is employed in two senses: a double degeneracy of levels (e.g., a Kramers doublet),
and two closely situated lines in the spectrum of
a resonance absorption which are usually of the
same origin (e.g., hyper ne structure in an electron paramagnetic resonance spectrum when the
nuclear spin I = 1/2). In a similar way, one can
speak about a triplet (three), a quadruplet or quartet (four), and a general expression for such terms
is multiplet (many). For a single line or an absence
of degeneracy it is common to use the term singlet.
DOW–REDFIELD MODEL (J. Dow, D. Red eld,
1972)
A description of the light absorption in the case

of direct (i.e. without emission and absorption of
phonons) exciton transitions in a strong uniform
electric ﬁeld E. It was shown that the light absorption coefﬁcient α(ω) near the absorption edge
energy ε0 depends on the photon energy ω according to an exponential law, i.e. as


β(ε0 − ω)
α(ω) ∼ exp −
,
E
where β is a constant, and E is the electric ﬁeld
strength. The light absorption at ω < ε0 becomes
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signiﬁcant when E reaches a value of 106 to
107 V/cm. The Dow–Redﬁeld model was applied
to explain the Urbach rule that involves an exponential law for the α(ω) dependence near the
light absorption edge in amorphous semiconductors. It is assumed that there exist strong local (on
the scale of atomic dimensions) electric ﬁelds in
amorphous semiconductors. These ﬁelds are due
to a local distortion of the atomic structure of the
short-range order inherent in amorphous materials.
DRAG OF DOMAIN WALL
See Domain wall drag.
DRAWING in metallurgy

A method based on metal pressure treatment,
whereby stock of ﬁxed cross-section is introduced
into the channel of the drawing instrument (die)
and is pulled (drawn) through it. The shape of the
channel cross-section is the same or close to that of
the metal being pulled, and it smoothly decreases
from the point of metal entry to its exit. During
the process of drawing the stock is deformed and
its cross-section varies, at the end attaining the
shape and dimensions of the narrowest section of
the channel.
DRIFT, AMBIPOLAR
See Ambipolar drift.
DRIFT, MAGNETIC
See Magnetic drift.
DRIFT OF CURRENT CARRIERS
See Current carrier drift.
DROP-IMPACT EROSION
Failure of a solid surface under the action of

nonstationary ﬁelds of stresses arising at impact
from high-speed drops of a liquid. The threshold
speed vk , below which no failure occurs, is related
to the drop diameter d by vk d = const. The damage results from the stress wave propagation, jettype spreading of a drop, and penetration of a liquid inside the defects of a solid. The mean value
of the pressure in the contact zone is given by
P = ρcv, where ρ is the liquid density and c is the
speed of sound in the liquid. The maximal pressure
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3P is observed after a time t = 2dv/c2 from the
instant of contact, and is concentrated on the contact zone boundary. Corresponding to this instant
is the beginning of the drop spreading over the surface at the speed (3–4)v. Under a single impact at
transonic or supersonic speed depressions appear
in metals and alloys, sometimes with a crater at the
center. In nonmetals, circular cracks arise with a
subsurface zone of failure at the central axis. Under multiple impacts we deﬁne drop-impact erosion at the stage of steady-state failure by the ratio
of mass loss to the area and the amount of liquid
striking the solid surface. The dependence of erosion E on the drop speed v and the angle θ of the
drop speed direction to the normal to the surface
is given by the relation E ∝ (v cos θ − vk )n . The
value of n depends on the properties of the material and the method of testing, and varies within the
range 2.5 to 6. See also Surface erosion.
DRUDE–LORENTZ–SOMMERFELD MODEL
See Macroscopic description.
DUMB-BELL DOMAIN
A kind of rigid magnetic bubble domain, oval-

shaped with a neck. Its speciﬁc feature is the great
number (>100) of vertical Bloch lines in a magnetic domain wall giving the predominant contribution to the wall energy. In the case of a high density of vertical Bloch lines, a corresponding diameter of a cylindrical magnetic domain can become
greater than the diameter of the elliptic instability that is the cause of the formation of an “oval”
domain. The appearance of a neck on the oval is
due to the dependence of the equilibrium distance
between the vertical Bloch lines on the curvature
of the domain wall. A dumb-bell domain is stable over a certain range of magnetizing ﬁeld variation, at the lower boundary of which the dumb-bell
domain transforms into a strip domain; and at the
upper boundary it either collapses (in the case of
very high density of vertical Bloch lines), or transforms into an elliptic domain. The ﬁeld strength
of the dumb-bell domain collapse (unlike the ﬁeld
strength of the collapse of circular rigid cylindrical
magnetic domains with a small vertical Bloch line
density) decreases with an increase in the number
of vertical Bloch lines on its surface. Under a periodic pulsed modulation of the magnetizing ﬁeld,

a dumb-bell domain undergoes a rotation whose
direction is determined by the sign of the vertical
Bloch lines. See also Magnetic bubble domains.
DUMB-BELL INTERSTITIAL DEFECT
A conﬁguration of an interstitial atom in a

monatomic crystal where the interstitial atom displaces one of the adjacent lattice atoms from its
lattice position position O and forms with it a pair
with the center of gravity at O. The energy Ei+
of a dumb-bell depends on the orientation ij k
of its axis. In many face-centered cubic crystals
this is a minimum for orientations 100 while in
body centered cubic crystals the minimal value is
attained for orientations 110. Computer calculations gave the following results: Cu: Ei+  3 eV,
α-Fe: Ei+ = 3–4 eV. A migration of a dumb-bell
involves the displacement of a neighboring atom
from its lattice position followed by the formation
with it a new dumb-bell with another orientation.
The other atom of the initial dumb-bell returns simultaneously to its original lattice position. With
the help of computer calculations, using various
interatomic potentials (see Interatomic interaction
potentials) one can estimate the dumb-bell migration energy, which corresponds to the migration
energy of an interstitial atom; for Cu Eim = 0.05–
0.13 eV, in agreement with the experimental value
0.12 eV. The turning energy of a dumb-bell without a displacement of its center of gravity is 3 to
4 times higher. In substitutional alloys interstitial
atoms can form mixed dumb-bells consisting of
atoms of two kinds.
DURABILITY

Time during which a solid preserves its properties. In the case of strength, durability is an important characteristic for long-term loading when
a creep develops in a solid. Here durability is the
time before fracture. The higher the temperature
and the higher stress, the shorter the time t f before
fracture:


U −γσ
.
t f = A exp 0
kB T
On the other hand, the rate of stationary creep ε̇
increases with increasing stress and temperature:


Q − γ1 σ
ε̇ = B exp − 0
.
kB T
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In these dependences A and B are constants; γ
and γ1 determine the measure of the stress action
on the height of the barrier (activation volumes),
and U0 and Q0 are the activation energies of fracture and quasi-viscous ﬂow, respectively. It has
been shown that U0 = Q0 and γ = γ1 . Therefore,
processes that develop at the second stage of creep
and at fracture have the same nature, i.e. fracture
occurs at the second stage of creep, which conﬁrms the earlier ﬁnding
t f ε̇ = AB = const.
The validity of this relation was established using
alloys with various compositions and structures.
However, it should be realized that this expression
starts to be violated at elevated temperatures and
small σ values due to the change of the fracture
mechanism. This relation suggests the possibility
of predicting the durability of a loaded solid long
before it begins to fracture from short-time tests
of creep. There are also other methods of durability prediction. Examples are parametric methods
based on semi-logarithmic diagrams of durability
versus T or 1/T dependences. However, in order
to ensure the validity of the extrapolation it is important not to try and predict durability beyond an
order of magnitude of the time for a short term
test.
DYES

Organic compounds of low molecular weight
with semiconductor-type electrical conductivity
and photoconductivity, capable of dyeing other
materials (see Organic semiconductors). The classic representatives of dyes with semiconductor
properties are phthalocyanines, molecules which
are planar, rather large, and contain a system of
conjugated bonds. They are close in structure to
the porphyrin molecule. In terms of conductivity, dyes fall into electron (crystal fuchsin – violet, aqueous fuchsin – blue) and hole (uranine,
erythrosin, phosphine, etc.) types. Dyes are used
to build solar energy transformers. They are also
used as photosensitizers of organic and inorganic
materials, and as active laser media (dye lasers).

character of a process is not speciﬁed by its u ctuations (noise), but rather by its inherent complex dynamics. Dynamic chaos, or chaos for short,
possesses the properties of a random process: the
autocorrelation function is reduced (see Correlation function) and the power spectrum is continuous. The instability of trajectories in the phase
space of the dynamical system serves as the criterion of chaos. The Lyapunov exponent, often taken
for the index of disorder, is the quantitative index of this instability. In Hamilton’s dynamical
systems chaos occurs as a set of non-zero measure within the phase space where the motion has
the property of ergodicity. There is, in particular, a strict proof of chaos in the system of elastically colliding spheres, which permits substantiation of the ergodic hypothesis for this system.
In typical situations, within the phase space there
are regions of chaos which coexist with regions of
regular (quasi-periodic) behavior. Hamilton’s dynamic chaos appears in the dynamics of non-linear
chains (lattices) of atoms, during the movement of
particles in external periodic ﬁelds, and in problems of celestial mechanics.
In dissipative dynamical systems chaos corresponds to a set of non-zero measure in phase space
referred to as the strange attractor. As a rule,
the transition from regular behaviour to chaos involves changes in one or more control parameters.
Some scenarios for this transition (e.g., through an
inﬁnite succession of bifurcations or period doublings) involve universal numerical constants, and
they are described with the help of renormalization
group methods. Chaos has been experimentally
observed in such systems as lasers, spin-wave (see
Spin waves) turbulence, non-equilibrium electronhole plasmas in solids (see Electron–hole liquid), non-linear electronic chains, etc. In quantummechanical systems the local instability of motion
is absent, thus, strictly speaking, there is no dynamic chaos. However, quantum systems that are
stochastic in the classical limit do possess some
features of dynamic chaos.
DYNAMIC COOLING
See Dynamic nuclear polarization.

DYNAMIC CHAOS

Irregular, quasi-random vibrations in otherwise
deterministic dynamical systems. The stochastic
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DYNAMIC MIXED STATE

A state that occurs in type II superconductors
and all superconducting thin ﬁlms upon the application of a magnetic ﬁeld exceeding the lower
critical e ld, B > B c1 , and a current exceeding
the critical vortex pinning current. The ﬁeld penetrates into the superconductor in the form of vortices, which effects the Lorentz force arising from
the superﬂuid component of the transport current.
When this force exceeds the vortex pinning force
then the vortices begin to move and dissipate energy. They are generated at one edge, move across,
and disappear at the other edge of the superconductor. Since encircling a vortex changes the order parameter phase by 2π , their motion involves
time variations of phase and the appearance of a
potential difference, i.e. a ﬁnite resistance (superconductor resistive state). In superconducting thin
ﬁlms at some critical speed of vortex motion the
uniform dynamic mixed state becomes unstable to
the formation of lines of phase slip.
DYNAMIC NUCLEAR POLARIZATION

The totality of methods for orienting the nuclear spins of a material along a speciﬁc direction (ordinarily along a constant applied magnetic
ﬁeld B 0 ) under the action of ultra-high frequency
electromagnetic ﬁelds. Unlike static methods of
nuclear polarization (see Nuclear orientation), the
dynamic methods do not require extremely low
temperatures or very strong ﬁelds B 0 ; and with
their use almost 100% nuclear polarization can be
achieved. The basic methods of dynamic nuclear
polarization in solids are the Overhauser effect,
solid effect and dynamic cooling.
The dynamic cooling method involves the following: the width of the electron paramagnetic
resonance line arises from the dipole–dipole (d–d )
interaction of the electronic spins, and saturating, non-strictly resonant (Δ ≡ ω − ωs = 0) microwave power is applied to the sample. For this
case, in the elementary act of absorption of the
quantum of energy ω by the electronic subsystem the d–d energy ED of spins with the inverted temperature βd = 1/(k B Td ) play the role
of compensating for the unbalanced energy Δ.
This causes the system to cool (ω < ωs ) or heat
up to a negative temperature (ω > ωs ). In both
cases there occurs a reduction of |βd | by the factor ωs /ωd , where ωd is the “quantum” of energy

ED (for a sufﬁciently high spin concentration ωd
is comparable to the electron paramagnetic resonance line width). The nuclear spins I of a matrix
with ωI  ωd are in effective heat contact with
the cooled subsystem D, so the absolute value of
their temperature is reduced by the factor ωs /ωd ,
which brings about the nuclear polarization.
DYNAMIC RADIATION SCATTERING

Diffraction of radiation (X-rays, electrons, neutrons, gamma quanta etc., see Diffraction of waves)
taking into account the multiplicity of scattering
and of the interference interaction of the scattered
waves. Dynamic radiation scattering is observed
only in sufﬁciently perfect crystals; the condition
for it to occur is l  Λ (l is the size of the coherent scattering region, Λ is the extinction length). In
other words for the condition l  Λ it is necessary
to study multi-wave scattering, which provides
more information about defects in a material than
single wave scattering. The multi-wave scattering
is divided into two-wave and many-wave (threewave, etc.) types. The total wave ﬁeld within the
crystal is a Bloch wave (see Bloch theorem), for
the wave vector K δ with δ = 1, 2, . . . , n for the
nth order dispersion equation of wave diffraction.
If the radiation beam propagates at the Bragg angle (see Bragg law) the various K δ differ by a
value of the order of 1/Λ, so the total ﬁeld is
space-modulated with the period Λ. This provides
a series of interference scattering effects in ideal
and weakly-distorted crystals, such as the anomalous passage of X-rays, pendular oscillations of
intensity, dynamic extinction, etc. The two-wave
approximation is usually realized in the case of
X-rays, neutrons, and channeling charged particles.
For distorted crystals the amplitude of the wave
ﬁeld A(r) is ordinarily represented as the superposition of smoothly modulated plane waves:
A(r) = G AG (r) exp[2πi(K + G)r] (K is the
wave vector, G are the reciprocal lattice vectors
for the strong reﬂections). Substituting A(r) into
the corresponding wave equation and considering
that amplitudes AG (r) are slowly changing, the
following system of equations is obtained:
∂AG (r) 
=
BGG (r)AG (r),
∂SG

G

(1)
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where SG is the coordinate along K + G, and the
coefﬁcient BGG contains information about the
distortions. These equations are solved by computer or analytically using successive approximations, depending on the distortions. In particular
cases Eq. (1) transforms to the system of equations
for the many-wave diffraction of electrons, and to
the system of Takagi equations (S. Takagi, 1962)
for the two-wave diffraction of X-rays (G assumes
two values: 0, H ). These equations provide practically complete solutions for electron-microscope
or X-ray contrast of defects (clusters, dislocation
loops, etc.) or their complexes. For very smooth
distortions the approximation of geometrical optics applies, and Eqs. (1) may be transformed into
the usual equations for beam trajectories.
The exact solution of system (1) in the twowave approximation is obtained for the important
case of X-ray diffraction in a uniformly bent crystal. This allows one to follow the variation of the
mode of X-ray scattering with the growth of the
degree of distortions (the transition from purely
dynamic scattering to the mode characteristic for
a mosaic crystal, and from this to the kinematic
mode), to clarify the limits of applicability of the
geometric optics approximation, to investigate the
focusing of plane wave X-rays, or of point sources
by bent crystals, etc. The other case of regular distortions involves deformation ﬁelds created by ultrasonic waves (see Diffraction of radiations in ultrasonic ﬁeld). For the case of statistical distortions the statistical dynamic theory of two-wave
diffraction of X-rays in the limit lc  Λ (lc is
the correlation length of the distortion ﬁeld) is
applicable, and closed form equations of energy
transfer of the type (1) for the coherent and incoherent components of the scattered intensity are
obtained. These equations describe the following
effects: weakening of the reﬂecting ability of the
distorted atomic surfaces; increasing of the absorption coefﬁcient of coherent and non-coherent
radiation due to the scattering from the random
distortions, and the redistribution of the coherent
component intensity to an incoherent one. Besides
this, the Takagi equations have been successfully
applied for the determination of deformations in
thin (<Λ) disrupted surface layers, and in perfect
crystals from X-ray diffraction data.
The equations of dynamic radiation scattering
may be written in the Fourier representation for
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the amplitudes, which is especially convenient for
consideration of diffraction of radiation distortions
in crystals with randomly distributed defects. The
dependences of integrated reﬂections of X-rays
on the thickness of the plane-parallel sample,
calculated by this method, correlate well with experiment. According to the experimental data it is
possible to determine the statistical Debye–Waller
factor L (with accuracy ∼10−3 ) and the effective
addition μ to the adsorption coefﬁcient due to
the diffuse scattering, and these provide such parameters of defects as their concentrations, and the
average size of clusters or dislocation loops.
DYNAMIC RECOVERY
The recovery of the properties of crystals in the
course of plastic deformation. This includes the dynamic restoration of crystals, dynamic polygonization and dynamic recovery with reorientation. The
initial stage of dynamic recovery involves healing of defects of a point type (interstitial atom,
vacancy) formed during the course of plastic deformation, and it is accompanied by anomalous
mass transfer. The partial annihilation of dislocations and their redistribution during the course of

deformation bring about dynamic polygonization.
These processes play an important role in creep
with recovery, and also at the third stage of the
strain hardening of the crystals. The dynamic recovery with reorientation occurs in crystals with
a high degree of plastic deformation under conditions which bring about dynamic polygonization.
Reorientation of separate sections of a deformed
crystal accomplishes their dehardening, and prevents the formation of cracks. Dynamic recovery
is observed also at temperatures of 0.1 times the
absolute melting temperature, and is enhanced by
increasing the strain temperature.
DYNAMIC SCALING, dynamic similarity
hypothesis, dynamic scale invariance
In the theory of critical phenomena it is a generalization of the scaling invariance hypothesis to

the function, which determines the critical behavior of kinetic (dynamic) characteristics of the system: thermal conductivity, coefﬁcient of sound absorption, etc., which have anomalies at the point
of a second-order phase transition. It was initially
introduced in the works of R.A. Ferrell, N. Menyhard et al. (1968), and also of B.I. Halperin,
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P.C. Hohenberg (1969). By analogy with the static
similarity hypothesis, wherein the critical behavior
of the system is determined by a single parameter with the dimensions of length, namely the correlation length, in the case of dynamic scaling it
is the characteristic parameter with the dimension
of frequency which determines the dynamics of a
system in the vicinity of the phase transition point.
In particular, this involves the so-called critical retardation of the kinetic processes.
DYNAMICS OF IMPERFECT CRYSTALS
This ﬁeld of crystal lattice dynamics is devoted

to the study of internal motions of real crystals (i.e.
those containing defects). It includes the theory of
lattice vibrations with defects, and the dynamics
of defects.
Vibrations of a crystal with defects. The normal vibrations of a real crystal are not plane waves
as they are in an ideal crystal. New vibrations may
appear that are completely localized in the vicinity
of defects (local vibrations). Frequencies which lie
above the limiting frequency of an ideal crystal or
are found in a band gap between bands correspond
to these vibrations. If there are many point defects of the same type then resonance transitions of
the local vibrations from one defect to another are
possible. In this case the defective crystal has an
impurity band of vibrational frequencies. The local
vibrations of extended defects (e.g., dislocations or
stacking faults) spread along them without penetrating into the crystal volume, corresponding to
an inherent spectrum of dislocational or surface vibrations, different from those of the bulk. In addition to these local vibrations so-called quasi-local
vibrations are possible which embrace the crystal
as a whole, but with amplitudes which considerably exceed those of the regular lattice vibrations.
The frequencies of such vibrations are found in the
continuous spectrum of the ideal crystal, but most
often in the vicinity of the edges of these bands.
Local and quasi-local vibrations show themselves
also in the appearance of additional lines in infrared adsorption spectra, at singularities of neutron scattering, and of Mössbauer spectra.
Dynamics of defects. Point defects such as impurity atoms, vacancies and interstitial atoms are
capable of moving through the crystal by means
of diffusion, and also via quantum tunneling (see

Tunnel effect) from some position to an adjacent

one. As a result of this latter possibility the crystal
can transform to having the quasi-particle, called
a defecton, moving slowly through it. An interstitial atom migrates with mechanical motion even
in a classic crystal if it is in the so-called crowdion conﬁguration (see Crowdion). Often the mechanical movement (slip) is characteristic of the
speciﬁc linear defect called a dislocation. The displacement of its line along the slip plane does not
violate the continuity of the crystal and thus it occurs comparatively easily. It appears that the dislocation motion is always associated with an uncontrollable variation of the shape of the crystalline
sample, therefore the dislocation is the unit carrier
of crystal plasticity. The atomic rearrangements
that accompany dislocation motion do not require
very high loads, and this is why plastic deformation of a crystal starts at stresses that are far below the theoretical strength of the crystal. The motion of dislocations is accompanied by the emission of elastic (sound) waves, which is similar to
the manner in which moving (accelerated) electric
charges bring about the emission of electromagnetic waves. Besides this, while interacting with
the lattice vibrations the dislocation takes part in
the oscillator dissipative motion, and thereby contributes to the internal friction.
Two-dimensional defects of the twin type (see
Twinning of crystals), cracks or martensite inclusions may manifest themselves as dynamic formations. Together with dislocations, they play some
role in the plasticity and strength of crystals.
DYNAMICS OF LIQUID CRYSTALS

Hydrodynamics of anisotropic liquids. In the
case of nematic liquid crystals, besides the common hydrodynamic variables like speed v(r, t)
and pressure p(r, t) there is also the director
n(r, t). Therefore, the usual hydrodynamic equations should be supplemented with the equation of
motion for the director. In addition it is necessary
to take into account that the shear stresses within
the nematic (stress tensor components) may be of
three types:
(1) purely ﬂuid stresses associated with the gradients of the velocity of the liquid ∇v,
(2) stresses not depending on the orientation or
speed of the rotation of n, and
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(3) stresses involving the interaction of the orientation of molecules n with the non-uniform
ﬂow (∇v).
To treat these shear stresses coefﬁcients of viscosity are introduced, called Leslie coefﬁcients. The
viscosity (or friction) associated with the motion
of the director may be of two types: purely orientational and hydrodynamic, corresponding to the
second and third types of shear stresses. The dynamics of cholesteric liquid crystals and smectic
liquid crystals is similar to that of nematics (nematodynamics), but its formulation appears to be
more complex (see also Nematic liquid crystals).
DYNAMICS OF QUANTUM VORTICES
The equation of quantum vortex motion within

a superconductor has the form M∂v/∂t + ηv =
f L , where M is the vortex mass per unit length,
η is the viscosity coefﬁcient, and f L is the force
(Lorentz force) exerted on the vortex magnetic
ﬁeld B in the core by a transport current j : f L =
j × B. Ordinarily it is possible to neglect the
inertial term because the motion is so slow and
the viscosity associated with energy dissipation by
the current ﬂow in the normal state core is very
high. Therefore, the velocity of Abrikosov vortices
ν = |j × B|/η is proportional to the average current which leads to Ohm’s law for the resistivity
generated by moving vortices ρ f = ρB/B c2 .
The motion of the vortex lattice in a somewhat irregular (non-uniform in thickness) ﬁlm
due to the interaction of the vortices with the
nonuniformities produces radiation that appears
at the frequency ω = 2πν/a, where a is the lattice period. Irradiating the system by an external high-frequency ﬁeld causes singularities to appear in the current–voltage characteristic, similar to Shapiro steps (see Josephson radiation) in
superconducting tunnel junctions (see Tunnel effects in superconductors), thereby producing highfrequency interference in superconducting ﬁlms.
The dynamics of vortices in superconducting
tunnel junctions (Josephson vortices) is characterized by a low viscosity, so inertial effects play
an important role and induce a variety of dynamic
phenomena. The motion of vortices along the surface of the tunnel junction induces radiation with
the frequency ω = 2eV /, where V is the average voltage at the barrier, which can be looked
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upon as corresponding to the dc Josephson effect.
The interaction of vortices with the ﬁelds within
a superconductor resonator (in the high density
limit they are considered as a “density wave of
Josephson current”) brings about the appearance
of Fiske steps (or Shapiro steps) on the current–
voltage characteristic of the junction. The interaction of two ﬂuxons of opposite polarity (“vortex–
antivortex” system) can involve the formation of a
dynamically bound state, etc.
DYNAMIC SPIN HAMILTONIAN
See Spin–phonon Hamiltonian.
DYNAMIC TRANSFORMATION OF MAGNETIC
BUBBLE DOMAINS
Irreversible variation of the domain wall structure of magnetic bubble domains (cylindrical re-

gions of magnetization) during the process of motion. It is observed when the drop of the magnetic
biasing ﬁeld at the domain diameter exceeds some
critical value, i.e. for a sufﬁciently high speed of
motion. To characterize the state of a magnetic
bubble domain the notions of chirality of magnetic
bubble domains and average topological index S
are used. The variation of chirality and of the average index can occur only in the mode of nonstationary motion (spins within the domain wall
precess) due to the breaking through the dynamic
horizontal Bloch lines to the surface of the plate
(ﬁlm), to annihilate or generate pairs of Bloch
points in the process of interaction with defects
in crystals, or under the effect of thermal excitation. It is possible to control the processes of magnetic domain transformations using a pulsed magnetic ﬁeld, oriented parallel to the developed surface of the ﬁlm, which ﬁnds its application in the
storage devices at the hexagonal lattices of magnetic bubble domains with information coding according the average index S (see Magnetic bubble
domain devices).
DYSON EQUATION (F. Dyson, 1948)
The equation connecting the full Green’s function, the zero-order Green’s function and the mass
operator of quantum mechanics. The equation has

the form G = G0 + G0 MG, where G is the full
(exact) Green’s function, G0 is the zero-order
(without taking account of the interaction) Green’s

352

DYSON–MALEYEV REPRESENTATION

function, M is the self energy operator (sometimes
called mass operator). Using the diagram technique (see Feynman diagrams) the Dyson equation
is obtained by summing an inﬁnite series of diagrams. The solution of this equation with respect
to the full Green’s function is
1
.
G = −1
G0 − M
This solution is formal as the self energy operator
in its turn contains Green’s functions, but it is useful for investigating general properties of Green
functions, as well as for their approximate calculation. In the spectral representation G(ω) is given
by
G(ω) =

1
,
ω − Ω − M(ω)

where Ω is determined by the zero-order Hamiltonian.
DYSON–MALEYEV REPRESENTATION
See Spin operator representations.
DYSON SHAPE (F. Dyson, 1955)
The line shape of electron paramagnetic resonance arising from conduction electrons in metals.

It is determined by the following parameters: electron mean free path l, thickness of skin-depth δ
(see Skin-effect), time of electron passage through
it, and times of spin–lattice relaxation and spin–
spin relaxation. The shape differs for regions of
normal (l < δ) anomalous (l > δ) skin effect, and
in the general case the shape is asymmetric.
DYSPROSIUM, Dy

A chemical element of Group III of the periodic table; atomic number 66, atomic mass
162.50; it is a lanthanide. 21 isotopes are known
with mass numbers from 147 to 167. Natural
dysprosium consists of the mixture of 7 stable isotopes with mass numbers 156, 158, 160
to 164. Outer electronic shell conﬁguration is
4f 10 5d 0 6s 2 . Successive ionization energies are
5.93, 11.67, 22.8 eV. Atomic radius is 0.177 nm;
radius of the ion Dy3+ is 0.091 nm. Oxidation
states are +3 (the most characteristic), +4. Electronegativity is ≈1.19.
In the free form dysprosium is a silvery-gray
metal. There are α and β modiﬁcations. α-Dy

is hexagonal close packed with parameters a =
0.3591 nm, c = 0.5649 nm at room temperature
4 ). Above 1661 K
(space group P 63 /mmc, D6h
up to T melting = 1681 K β-Dy is stable with
body centered lattice and parameter of cubic conventional unit cell a = 0.398 nm (extrapolated
value) after hardening (space group I m3m, Oh9 ).
The density is 8.54 g/cm3 , T boiling ≈ 2700 K.
Heat of melting is 16.6 kJ/mole, heat of sublimation 280.5 kJ/mole and heat of evaporation is
283 kJ/mole, speciﬁc heat is 0.170 kJ·kg−1 ·K−1
at room temperature; Debye temperature ≈185 K;
linear thermal expansion coefﬁcient of a monocrystal is 16.6·10−6 K−1 at 400 K along the main
axis 6 and 6.0·10−6 K−1 in the perpendicular direction, and of the dysprosium polycrystal 8.6·10−6 K−1 (at room temperature); coefﬁcient of thermal conductivity is 10.1 W·m−1 ·K−1 .
Adiabatic coefﬁcients of elastic rigidity of an
α-Dy monocrystal: c11 = 74.66, c12 = 26.16,
c13 = 22.33, c33 = 78.71, c44 = 24.27 GPa at
298 K; adiabatic modulus of uniform compression is 41.1 GPa, isothermal modulus of uniform compression is 39 GPa; Young’s modulus is
63.08 GPa; tensile strength is 0.263 GPa, elongation is 6%; Vickers hardness is 42 HV. Dysprosium is easily subjected to mechanical treatment. Effective thermal neutron cross-section is
1050 barn. Resistivity of a monocrystal at 298 K is
of 774 n·m along the main axis 6 and 1003 n·m
in the perpendicular direction; temperature coefﬁcient of electrical resistance of polycrystalline
dysprosium is 0.00119 K−1 . Work function of
a dysprosium polycrystal is 3.09 eV. In dysprosium two temperature regions of magnetic ordering are observed: in the temperature range T c
to TN – helicoidal antiferromagnetism with screw
axis along the main axis 6, and in the range 0 K
to T c – collinear ferromagnetism, and in both
magnetic structures the magnetic momenta are located in the basal planes of α-Dy. Transition from
the paramagnetic to the anti-ferromagnetic state at
the Néel point TN = 178.5 K is a second-order
phase transition (according to the other data, a
“weak” rst-order phase transition). At the Curie
point T C = 86 K there is a ﬁrst-order phase transformation to the low-temperature ferromagnetic
state, and when the α-Dy crystal is subjected to
jumpwise small distortions its symmetry is lowered to orthorhombic. According to other data, the

DZIALOSHINSKII INTERACTION

dysprosium transition from the antiferromagnetic
state to the ferromagnetic state upon cooling is observed at 88.0 K, and the reciprocal transformation
upon heating at 90.6 K. Magnetic susceptibility is
0.102 CGS units, nuclear magnetic moment of the
24.97% abundant isotope 163 Dy is −0.53 nuclear
magnetons. Dysprosium is a component of some
magnetic alloys (with iron, nickel, copper and aluminum), of phosphors, ﬁreproof ceramic materials, et al.
DZIALOSHINSKII INTERACTION
(I.E. Dzialoshinskii, 1957)
A part of the spin–spin interactions and spin–
orbit interactions in two-sublattice antiferromagnets, leading through a phenomenological de-

scription to the appearance of terms of the form
wD = Dik Mi Lk , where M is the magnetization,
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and L is the antiferromagnetism vector. The form
of the tensor Dik is determined by the symmetry
of the crystal which enters the expression for the
magnetic energy. The added terms are introduced
for the explanation of the weak ferromagnetism of
antiferromagnets (see Antiferromagnetism). As a
rule, the Dzialoshinskii interaction is small due to
the smallness of the spin–orbit interaction in comparison with the exchange interaction. The case
when wD = D[M × L]z is in practice the most
important, where z is the symmetry axis direction, because in this case the Dzialoshinskii interaction is enhanced due to the exchange interaction (T. Moriya, 1960), an enhancement which
is also referred to as antisymmetric exchange. The
Dzialoshinskii interaction is found only in crystals
whose magnetic symmetry group allows the presence of the tensor Dik .
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Ee
EASY MAGNETIZATION AXIS

The direction of the magnetization vector of a
ferromagnet, M, which corresponds to the minimum of the magnetic anisotropy energy, or the direction of possible alignment of the vector M in
an inﬁnite magnetic material with neither an external magnetic ﬁeld nor an elastic strain present.
If the magnetic anisotropy is not unidirectional,
the easy magnetization axes are axial directions,
so their number is always even, depending on the
symmetry and nature of the magnetic anisotropy.
In the case of unidirectional anisotropy, the easy
magnetization axes represent polar directions. The
direction corresponding to the absolute minimum
of the magnetic anisotropy energy is sometimes
referred to as the easiest magnetization axis. See
also Hard magnetization axis.

Edge angle.

liquids (see Wetting). When the surface of the solid
is deformed, the equilibrium of a droplet is characterized by two angles, θ0 and α, as shown in the
ﬁgure. These angles are related to surface tensions
σ L , σ S , and σ SL of the liquid, solid, and solid–
liquid interface, respectively (see Surface tension),
by the following expressions:
σ S = σ L cos θ0 + σ SL cos α,
σ L sin θ0 = σ SL sin α.

ECHELETTE

See Diffraction grating.

By measuring θ0 and α and knowing σ L , one may
calculate σ S and σ SL .

ECHO, ELECTROACOUSTIC
EDGE DISLOCATION
A dislocation line which is normal to a Burgers vector. In an inﬁnite isotropic elastic medium
(see Isotropy of elasticity) a linear edge dislocation creates a plane strain inversely proportional

See Electroacoustic echo.
ECHO, PHONON

See Electroacoustic echo.

to the distance from it, and independent of the
position along the dislocation. The Burgers vector in a crystal coincides with one of the lattice vectors. An edge dislocation can be represented as an edge of an incomplete (removed)
lattice plane normal to the Burgers vector. The
plane surface parallel to the Burgers vector and
passing through an edge dislocation line is referred to as a glide plane. An edge dislocation
can move along this plane, remaining parallel
to itself without any diffusion of atoms (con-

ECHO, SPIN

See Spin echo.
EDGE ANGLE, wetting angle

The angle θ0 between the contacting surfaces
of a liquid and a solid (or another liquid), measured
from the side of the liquid that is in a state of thermodynamic equilibrium (see Fig.). Depending on
the value of θ0 , there are wetting and non-wetting
355
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EFFECTIVE ATOMIC CHARGE

of a σ e versus E dependence, and a nonlinear
current–voltage characteristic. In terms of macro-

scopic considerations, anisotropic conductors are
described by an effective electrical conductivity
tensor that is not symmetric in the presence of a
magnetic ﬁeld.
EFFECTIVE ENHANCEMENT OF SPACE
DIMENSIONALITY

Edge dislocation.

servative motion). The ﬁgure shows a model
of an edge dislocation in a simple cubic lattice.
EFFECTIVE ATOMIC CHARGE

Difference in electron density between a crystal and a free atom (ion) integrated over the
volume per atom. Due to the ambiguity of the
shape of the indicated volume, an effective atomic
charge is an estimated value. Sometimes the concept of a dynamic effective charge is used; this is
equal to the ratio between the dipole moment of
displaced atom and the magnitude of this displacement. In this case, the polarization of the atomic
electron shell is also taken into account. The dynamic charge is dependent on the wave vector of
the vibrational motion, and is different for the various phonon branches.
EFFECTIVE ELECTRICAL CONDUCTIVITY

Coefﬁcient of proportionality between applied
external electric ﬁeld E and an average value of
current density J (see Electrical conductivity) in an
isotropic heterogeneous conductor: J  = σ E.
In the case of a weakly heterogeneous medium,
(σ − σ 2   σ 2 and the effective conductivity
is given by σ e = σ  − (σ − σ )2 /(3σ ). In the
case of a strongly heterogeneous medium, σ e is
calculated from percolation theory. In the general
case, σ −1 −1  σ e  σ  and σ −1 −1
 ⊥ 

−1
σ s  σ −1
⊥  where the brackets . . . and
. . .⊥ mean averaging over Cartesian coordinates
parallel and normal to the current direction J , respectively. In semiconductors, an increase of E
results in changes in the nonuniformity of the spatial distribution of current carriers, the presence

A phenomenon in which physical characteristics of low-symmetry crystals associated with
dipole-active excitations are the same as those
of crystals in a d-dimensional space with d > 3.
Long-wave dipole-active excitations in crystals
(polar optical phonons, excitons, plasmons) are
accompanied by a longitudinal macroscopic electric ﬁeld. In low-symmetry crystals (uniaxial crystals and biaxial crystals), along with transverselongitudinal splitting of the energy spectrum, this
ﬁeld brings about directional dispersion which
means the dependence of the energy of such excitations on the direction of a quasi-momentum k
with respect to the optical axes of a crystal:
E = E(k/k) as k → 0. For example, the energy
spectrum of excitations with the polarization vector parallel to the optical axis of a uniaxial crystal,
has the form
E(k) = E0 −

2 k 2
− α sin2 ψ,
2m

(1)

where ψ is the angle between k and the optical
axis. For such excitations, the main contribution
to the density of states



1
δ E − E(k) d3 k
ρ(E) =
3
(2π)
is that of excitations with θ ≈ 0, π . The volume element is d3 k = 2πk 2 dk sin ψ dψ . We must
take sin ψ ≈ ψ and thus obtain the quasi-ﬁve-dimensional volume element d3 k = 2πk 2 dk ψ dψ .
Then the density of states has also the form corresponding to the dimension d = 5 of the space:
ρ(E) = const(E0 − E)3/2 θ(E0 − E),

(2)

where θ(E) is a step function. In another geometry, the effect of dimension d = 4 may arise. Such
an enhancement of dimension changes the character of singularities of the density of states that are
different from the Van Hove singularities. When

EFFECTS OF RETARDATION

ferroelectric phase transitions are studied, due to
the effective enhancement of the space dimensionality, uctuations near the point of the phase transition appear to be damped. This alters the localization laws of elementary excitations at point defects, at plane stacking faults, and at composition
ﬂuctuations in solid solutions.
EFFECTIVE IMPURITY-ATOM CHARGE

Difference between the electric charge of an
impurity atom and an intrinsic atom in a solid. The

value of the effective impurity-atom charge arises
from the redistribution of the electron density of a
chemically foreign atom when it is embedded in a
solid. The same difference with respect to an elementary charge is called impurity valence. This
differs from the valence of an isolated atom, and
from a difference in valences of impurity and intrinsic isolated atoms. In the general case, this is
speciﬁed by a non-integral or fractional number
(so-called fractional valence).
EFFECTIVE MASS

A value that characterizes quasi-particles with
a quadratic energy dispersion law E(p) where p is
the quasi-momentum. Formally, it is the quantity
m∗ present in the formula E(p) = p 2 /(2m∗ ) that
is called the effective mass. A differential deﬁnition is m∗ = 2 (∂ 2 E/∂k 2 )−1 , where p = k. The
concept of effective mass results from solving dynamical problems (Newton equation, Schrödinger
equation, or Euler–Lagrange equation) in which
the process of taking into account the interaction
of a given particle with the environment is reduced
to the substitution of a certain effective mass for its
ordinary mass. For example, the effective mass of
a polaron is related to the electron–phonon interaction. In the band theory of charge carriers in a
crystal, the concept of effective mass is introduced
near the extrema of the band energy En (p) where
n is the band number. If there is a minimum (electrons) or a maximum (holes) at a particular point
p 0 , En (p), then in the vicinity of p0 = k 0 we
have the expression
2 m−1
ij (ki − ki0 )(kj − kj 0 )
,
En (k) = En (k0 ) +
2
(1)
where the second-rank tensor m−1
ij is called the
inverse effective mass tensor. In its principal axes
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−1
system the tensor m−1
ij has three components mi
(mi > 0 is associated with electrons, and mi < 0
corresponds to holes). The anisotropy of the dispersion law (1) as well as the presence of a few
maxima result in a great diversity of galvanomagnetic effects in semiconductors and metals. There
also exist other kinds of effective masses, e.g., a
cyclotron effective mass which is measured with
the help of a cyclotron resonance experiment, and
the effective masses of rotons, excitons, etc.

EFFECTIVE RYDBERG (after J.R. Rydberg)

Ionization energy of a small Coulomb impurity
center with a hydrogen-like energy spectrum in
a semiconductor. For a nondegenerate band with
an isotropic parabolic dispersion law in the vicinity of a minimum, the effective Rydberg Ry∗ =
[m∗ /(mε 2 )]Ry, where m∗ is the effective mass,
m is the mass of a free electron, ε is the dimensionless static dielectric constant of the crystal, Ry
is a Rydberg with the value Ry = me4 /(8ε02 h2 ) ≈
13.60 eV corresponding to the ionization energy
of a hydrogen atom. Values of the effective Rydberg in germanium and silicon are of the order
of 0.01 eV. The expression “effective Rydberg”
is also used in the broader sense to designate
the binding energy of a system with an electrostatic interaction (sometimes with a more general type of interaction), in particular to describe
Wannier–Mott excitons. For such excitons, Ry∗ =
2 )]Ry, where μ is the electron and hole
[μ/(mε∞
reduced effective mass, and ε∞ is the dimensionless optical dielectric constant.
EFFECTS OF RETARDATION

Effects stemming from the ﬁnite velocity of
propagation (light velocity) of an interaction implemented through the electromagnetic ﬁeld. Unlike the instantaneous Coulomb interaction which
depends only on the positions of charges, the retarded interaction depends also on the distribution
of their velocities. It is caused by the solenoidal
portion of the electromagnetic ﬁeld, and corresponds to the exchange of virtual transverse photons. The effects of retardation can be described by
the dimensionless parameter α = τ/T , where T is
the characteristic time of the motion of the interacting particles, and τ is the time of the ﬁeld propagating between them. For instance, if applied to
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EINSTEIN–DE HAAS EFFECT

atomic electrons, 1/T ∼ e2 /(4πε0 a) is the Bohr
frequency of the electron; e is its charge; a is the
radius of its orbit; τ ≈ a/c, and α = e2 /(4πε0 c)
is the ﬁne structure constant. In the case of a crystal with excitonic excitation there is an interaction
between electrons that are much farther from one
another than in an atom, at a distance on the order
of an exciton wavelength λ, i.e. τ ≈ λ/c. Also, the
time for an appreciable displacement of charge is
T ≈ 1/ω, where ω is the frequency of the exciton
wave. The result is α ≈ 1/n, where n is the refractive index of the electromagnetic wave accompanying the exciton. Thus, the effects of retardation are signiﬁcant as long as n (or the wave vector k = nω/c) is not too large. The latter holds in
the region of the intersection of the spectral curves
of photons and excitons, where effects of retardation are appreciable, and a mixed electromagnetic
wave or polariton (photoexciton) appears.
EINSTEIN–DE HAAS EFFECT (A. Einstein,
W.J. de Haas, 1915)

Variation of the mechanical angular momentum of a magnetic material as a result of its magnetization in an external magnetic ﬁeld. For a magnet, the induced mechanical momentum is proportional (neglecting magnetic anisotropy) to the
variation of its magnetic moment, and it is directed along the magnetization axis. Experimentally a twisting motion is observed for a sample
freely suspended in an alternating magnetic ﬁeld
with a frequency close to the frequency of the intrinsic oscillations of the sample. The Einstein–de
Haas effect is a complement of the the Barnett effect (slight magnetization induced by rapid rotation), and it is an example of a magnetomechanical phenomenon.
EINSTEINIUM, Es

Chemical element of the actinide group of
the periodic system with atomic number 99 and
atomic mass 252.0828. There are 14 isotopes
known with mass numbers from 243 to 256, none
of which are stable. Outer shell electronic conﬁguration is 5f 11 6d 0 7s 2 . Radius of Es3+ ion is
0.0953 nm. Oxidation state is +3, more rarely +2.
Electronegativity is 1.27.
Einsteinium is a metal characterized by high
volatility, it has a face-centered cubic lattice, space

group F m3m (Oh5 ); a ≈ 0.558 nm at room temperature. The existence of a metastable modiﬁcation of einsteinium is possible with a hexagonal close-packed lattice, space group P 63 /mmc
4 ), having a two atom basis and a primitive
(D6h
unit cell volume 0.08916 nm3 (at room temperature); with T melting = 1130 K. Einsteinium is
paramagnetic, with no known magnetic ordering.
Targets of isotope 253 Es with 20.47 day half-life
are used for synthesis of heavier transplutonium
elements.
EINSTEIN RELATION (A. Einstein, 1905)

An expression which relates the diffusion coef cient Di of particles i (electrons, holes, ions,
etc.) possessing an electric charge ei and the mobility μi in an electric ﬁeld E: ei Di = k B T μi .
The Einstein relation is valid when the Boltzmann
distribution is satisﬁed by the particles. In the case
of electric ﬁeld heating of current carriers then the
Boltzmann distribution applies using the electron
(hole) temperature T ∗ , so the Einstein relation remains valid when T ∗ is substituted for T .
ELASTIC ENERGY, strain energy

The energy due to the elastic strain of a solid
body (see Elasticity theory). The elastic free energy density F can be expressed in terms of the
distortion tensor uik :
F=

1
2


cik,lm uik ulm dV ,

where cik,lm is the fourth-rank elastic modulus
tensor of the crystal,
uik =



1 ∂ui
∂u
+ k ,
2 ∂xk
∂xi

and ui = ui (x, t) is a displacement vector at the
point x. This free energy can also be presented
in terms of the strain tensor σik as these quantities are connected with each other by Hooke’s law:
σik = cik,lm ulm .
ELASTIC ENERGY, STORED

See Stored elastic energy.

ELASTICITY

ELASTIC FIELD OF DISLOCATION
Field of internal stresses (and strains) created
by a dislocation in a solid. The nature of the stress

ﬁeld depends strongly on the degree of curvature
of the dislocation line in the case of a bent dislocation, and on the magnitude of the angle α between
the Burgers vector and the dislocation line direction for a linear dislocation.
In an elastically-isotropic inﬁnite medium (see
Isotropy of elasticity), only shear stresses are produced by a screw dislocation (α = 0). In the case
of a screw dislocation that is directed along the
z-axis of an orthogonal xyz coordinate system we
have the stress tensor components
σxz = −
σyz =

y
Gb
,
2π x 2 + y 2

Gb
x
,
2π x 2 + y 2

where G is the shear modulus, and b is the magnitude of the Burgers vector.
An edge dislocation (α = 90◦ ) generates both
shear and normal stresses. Consider an edge dislocation aligned along z, with the Burgers vector
directed along the Ox-axis:
σxx = −

y(3x 2 + y 2 )
Gb
,
2π(1 − ν) (x 2 + y 2 )2

σyy =

Gb
y(x 2 − y 2 )
,
2π(1 − ν) (x 2 + y 2 )2

σxy =

Gb
x(x 2 − y 2 )
,
2π(1 − ν) (x 2 + y 2 )2

where ν is Poisson ratio. When the dislocation line
makes an arbitrary angle α with Burgers vector b,
the total stress ﬁeld is deﬁned as the sum of stress
ﬁelds produced by an edge dislocation with the
Burgers vector b sin α and a screw dislocation with
the Burgers vector b cos α.
The stresses generated in a solid by a line dislocation decay away from dislocation as 1/r, where
r is the distance from dislocation. The ﬁeld of
stresses produced by a bent dislocation is of a
more complicated nature. The free surface of a
solid of ﬁnite sizes exerts a certain inﬂuence on the
stresses around the dislocation by virtue of the action of image forces. This inﬂuence is stronger, the
closer the dislocation is to the solid surface. The
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calculations of internal stresses, which are produced by dislocations in an elastically anisotropic
medium, are rather complicated. However, the results based on the assumption that the medium under consideration is isotropic are often appropriate
for most practical applications.
ELASTIC INTERACTION OF DEFECTS in a
crystal

The coordinate-dependent contribution to the
interaction of defects in a crystal lattice. This interaction is conditioned by nonuniform ﬁelds of
static elastic strains, which are produced by defects. Generally, the elastic interaction energy between two defects falls off as the distance between
these defects becomes sufﬁciently long (in comparison to their characteristic sizes and the radius
of interatomic interactions in the lattice). For a
broad variety of point defects, dislocation lines,
dislocation and disclination dipoles and loops (see
Dislocation, Disclination, Dislocation loop), and
particles of a precipitated phase in the lattice, the
energy decays with distance as a power function,
in particular as ∝ 1/r 3 for the case of point defects
in a slightly elastical isotropic medium. When the
spacing between the defects is of the order of
their sizes, the energy of the elastic interaction
of defects may be determined by calculations carried out in the context of a microscopic (discrete)
model. The value of the defect elastic interaction
energy depends on the elastic properties of the
crystal lattice, on the orientation of defects with respect to one another, and on the orientation of the
radius vector r connecting the defects with respect
to the crystallographic axes of the lattice. By virtue
of its long-range action, the elastic interaction of
defects plays a noticeable role in processes involving the approach to equilibrium or to metastable
conﬁgurations in a crystal with defects.
ELASTICITY

The property of a solid to change its shape and
size under action of external loads, and to resume
its original conﬁguration upon removal of the load.
An elastic strain is completely reversible; in other
words, the positions of all points of the solid during the loading process coincide with the positions of these same points during the course of
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ELASTICITY ANISOTROPY

the load removal. Elastic deformations in a crystalline solid may be related not only to the action of external forces, but also to the presence of
structural defects (dislocations, disclinations, second phase particles, etc.). Elasticity of solids results from interatomic (intermolecular) interaction
forces which tend to restore the body to its initial equilibrium state that had been previously disturbed by external forces which altered the original mutual arrangement of atoms.
ELASTICITY ANISOTROPY
See Anisotropy of elasticity.
ELASTICITY ISOTROPY
See Isotropy of elasticity.
ELASTICITY OF LIQUID CRYSTALS
The capability of liquid crystals to resist a
change of translational order and orientational order on being subjected to external actions (me-

chanical loads, electric and magnetic ﬁelds), and
the ability to return to their initial conﬁguration
spontaneously when the said actions have ceased.
The speciﬁc nature of liquid crystals consists in
the fact that no forces counteracting the separation of neighboring points arise in these materials
at deformation. Owing to this, Young’s modulus
and the shear modulus of nematic liquid crystals
are both equal to zero. Molecules of nematics are
aligned with a particular common direction speciﬁed by the director n, and deformation of these
materials brings about only rotational moments
that obstruct the change of the n direction. Similar to Hooke’s law, the free-energy density for slow
spatial changes of the director, called the Frank energy, is a quadratic function of the deformations
∇n:
2
1 
1
f = K1 (∇n)2 + K2 n × (∇ × n)
2
2
2
1 
+ K3 n × (∇ × n) ,
(1)
2
where the factors K 1 , K 2 , K 3 , called Frank
moduli, or Oseen–Frank moduli (C.W. Oseen,
F.C. Frank), associated respectively with transverse bending, twisting, and longitudinal bending
strains (see Fig.), have the values K 1 ∼ K 2 ∼
K 3 ∼ 10−11 N for the majority of nematics. For

Deformations involving (a) transverse bending, (b) twisting, and (c) longitudinal bending.

p-azoxyanisole, e.g., K1 = 0.7·10−11 N, K2 =
0.43·10−11 N, and K3 = 1.7·10−11 N at 120 ◦ C.
Frank moduli are temperature-dependent, e.g., K 2
and K 3 increase indeﬁnitely in the neighborhood
of the nematic–smectic transition (see Cybotaxic
clusters).
The molecules of cholesteric liquid crystals do
not exhibit bilateral symmetry, and hence the following term K2 q(n × rot n) linear in the deformation (q is the cholesteric spiral wave vector) appears in Eq. (1). This cross-product term is present
because the equilibrium state of a cholesteric is a
spontaneously curled structure.
Other properties of smectic liquid crystals of
A-type also exhibit speciﬁcity. On the one hand,
the requirement of equidistant layers causes the
moduli K2 and K3 to become inﬁnite (the modulus K1 remains approximately equal to that of a
nematic). On the other hand, there arises the necessity of introducing an elastic modulus B, which

ELASTICITY THEORY

is similar to Young’s modulus, and characterizes
the change of interlayer distance under the action
of an external force. In this case, the free-energy
density is given by
 2
∂u
1
1
,
(2)
f = K1 (∇n)2 + B
2
2
∂z
where B ∼ 106 N/m2 , and u is the displacement
of the smectic layers. In the case of smectic C the
free energy (2) must include a term for the energy of the C-director elastic distortions, as well
as terms to take into account the interactions of
the deformations of layers and the C-director (see
Wave-like modulation). In the presence of an electric ﬁeld E and a magnetic ﬁeld B the energy
terms Π e and Π m are added to the free energy f :
εa
Π e = − (n · E)2 ,
2
χa
Π m = − (n · B)2 .
2
These terms depend on the dielectric constant εa
and the magnetic susceptibility χ a (see Anisotropy
of liquid crystals).
ELASTICITY THEORY
Branch of continuum mechanics concerned
with reversible strains of solids. Elasticity theory

is used in solid state physics for describing structural distortions which vary only slightly over distances on the order of interatomic spacings. This
theory provides the basis for a continuum theory
of dislocations, grain boundaries, cracks, pores,
point defects, for physical theories of plasticity,
strength, failure and acoustical phenomena.
The basic concepts of elasticity theory are related to internal stresses and deformations, described respectively by the stress tensor σik and
the strain tensor uik . In linear elasticity theory the deformation tensor is given by uik =
(1/2)(∂ui /∂xk + ∂uk /∂xi ), where ui is a displacement vector, and the stress tensor σik is related to uik by Hooke’s law: σik = ciklm ulm ,
where ciklm is the elastic modulus tensor. The
condition for applicability of linear elasticity theory is that the stresses be small compared with
elastic moduli. Elasticity theory assumes that the
equilibrium state of an elastic solid at given temperature T is unambiguously determined by the
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deformation tensor uik (deformations are coordinate-dependent), and hence the free energy of a
deformed solid is a functional of the deformations.
The free energy of a unit volume of the deformed
solid may be represented as a series in terms of
powers of uik , where only quadratic terms (harmonic approximation) of this series are employed
in linear elasticity theory:
1 T
uik ulm ,
(1)
F = F0 (T ) + ciklm
2
where F 0 (T ) is the free energy of the undeT
are temperatureformed solid, and the terms ciklm
dependent isothermal elastic moduli. The remaining (anharmonic) terms of the series are used for
describing effects that are left out in the linear
approximation (e.g., volume effects in a crystal
with dislocations, nonlinear effects occurring at
the propagation of elastic waves, etc.).
Thermodynamic deﬁnitions of stresses and
elastic moduli in linear elasticity theory are as follows:


∂F
,
σik =
∂uik T


∂2F
.
ciklm =
∂uik ∂ulm T
The dynamic equation of elasticity theory is of
the form:
∂σ
ρ∂ 2 ui
= ik + fi ,
∂xk
∂t 2

(2)

where ρ is the density of the material, and fi is
the force acting on a unit volume of the solid. This
equation presumes the applicability of Hooke’s
law with certain elastic moduli, and it involves adiabatic elastic moduli in the case of high-frequency
(sound) vibrations. The boundary conditions for
Eq. (2) are established either by speciﬁed surface
forces σik ni = fis (ni is the unit vector of the
outward-directed normal to the surface, fis is the
force acting on a unit surface area of the deformed
solid), or by speciﬁed shifts of the outer surface of
a solid. The applied force fi may be that of gravity
ρgi (where gi is the gravitational acceleration), or
the force arising from the difference between the
local temperature and the volume-averaged temperature of the body under nonuniform heating.
The distribution of forces fi may be generated
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ELASTICITY THEORY CONTACT PROBLEM

by defects in the solid when the net applied force
(summation taken over the volume), and the total
moment of the forces both equal zero.
The static equilibrium equation (equation of a
solid in equilibrium), which follows from the dynamic equation of elasticity theory, admits unique
solutions under speciﬁed boundary conditions.
The majority of technical applications of elasticity theory are based on applying these solutions.
The wave solutions, which describe sound vibrations in solids, are of greatest interest among the
various dynamic solutions of the elasticity theory
equation. The main characteristic of wave solutions is the dispersion law (the relationship between wave frequency and wave vector). There
exist three branches of sound vibrations in solids
(three different sound waves associated with each
value of a wave vector). In the case of an inﬁnite isotropic (see Isotropy) body, these three
branches correspond to one longitudinal wave, and
two transverse ones.
All elasticity theory expressions are long-wave
limits of the corresponding results of crystal lattice
dynamics.
ELASTICITY THEORY CONTACT PROBLEM
See Contact problem of elasticity theory.
ELASTICITY THEORY INVARIANTS

The deforming state of a solid is characterized
by the strain tensor


∂uj ∂uj
1 ∂ui
∂uk
,
uik =
+
+
2 ∂xk
∂xi
∂xi ∂xk
where ui is a displacement vector, or by the stress
tensor σik . For the tensor uik (σik ) of an isotropic
body there are some invariants independent of the
choice of a local coordinate system (i.e. quantities that do not change under rotations of the coordinate system through uniform angles, or under
uniform displacements). The invariants I are: to
ﬁrst order I1,u = uii , I1,σ = σii , to second order
I2,u = uik uki , I2,σ = σik σki , and to third order
I3,u = det |uik |, I3,σ = det |σik |. These invariants
are sufﬁcient for the construction of the Helmholtz
free energy F of an isotropic solid body

2
1
1
F = Kuii + μ uik − δik ujj .
2
3

Table 1. Number of second-order elasticity invariants
for various crystallographic systems
Crystallographic system

Number of invariants

Triclinic
Monoclinic
Orthorhombic
Tetragonal
Rhombohedral
Hexagonal
Cubic
Isotropic

21
13
9
7, 6
7, 6
5
3
2

Here K is the bulk modulus, and μ is the shear
modulus. The tensor uik = (uik − δik ujj /3)2 ,
called the strain deviator, characterizes a shear
 = (σ − δ σ /3)2
strain, and the tensor σik
ik
ik jj
is called the stress deviator. These tensors have
nonzero invariants to second and third order (the
 are
ﬁrst-order invariants for both uik and σik
zero):
 = u u = u u − 1 u2 ,
I2,u
ik ki
ik ki
3 jj
 = det |u |,
I3,u
ik
 = σ σ = σ σ − 1σ2 ,
I2,σ
ik ki
ik ki
3 jj


I3,σ = det |σik |.

The deformed state in a crystal is characterized
by the strain tensor, where the scale of inhomogeneities involved in the deformations is much
larger than the lattice parameters. The number of
invariants in a crystal exceeds the number in an
isotropic body. This is because, due to its symmetry, a crystal only has certain discrete axes of
rotation and certain discrete displacements (see
Crystal symmetry). For example, to construct the
Helmholtz free energy F one needs the invariant
to second order in uik . For a cubic crystal these
invariants are:
I2,1 = u2xx + u2yy + u2zz ,
I2,2 = uxx uyy + uyy uzz + uzz uxx ,
I2,3 = u2xy + u2yz + u2zx .
The general method of any invariant construction makes use of the second-order invariants of irreducible representations of the symmetry group.

ELASTIC MODULI

The number of second-order independent invariants for the various crystallographic systems are
given in Table 1.
ELASTICITY THEORY, NONLINEAR
See Nonlinear elasticity theory.
ELASTICITY THEORY PLANE PROBLEM
See Plane problem of elasticity theory.
ELASTICITY THEORY POTENTIALS

The scalar potential ϕ of the irrotational part,
and vector potential ψ of the solenoidal (circulation) part of a strain ﬁeld u, permit one to represent u in the form u = ∇ϕ + ∇ × ψ . If the
mass density of the bulk force F can also be represented as the sum of irrotational and solenoidal
parts, F = ∇Φ + ∇ × Ψ , then the equations of
motion of an isotropic elastic body
μ∇ 2 u + (λ + μ) grad div u + ρF = ρ

∂2u
∂t 2

are satisﬁed if the potentials ϕ, ψ are the solutions
of wave equations
2 ∇2φ −
cL

∂2φ
= −Φ,
∂t 2

2 ∇2ψ −
cT

∂2ψ
= −Ψ ,
∂t 2

2 =
cL

λ + 2μ
,
ρ

2 =
cT

μ
.
ρ

Here λ, μ are the elastic Lamé coef cients, ρ is the
density, and cL , cT are the speeds of propagation
of the longitudinal and transverse waves.
ELASTIC LIMIT

The maximum stress causing strain of a body,
such that after its removal the body can still recover its initial size, i.e. it is the largest or limiting
stress for which a strain is still elastic (see Elasticity). The elastic limit may coincide with the proportionality limit, or it may be higher than it. In the
ﬁrst case within the region of elastic strain Hooke’s
law is valid, in the second case at stresses close to
the elastic limit a deviation is observed from the
linear dependence between applied stress and relative elastic strain.
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ELASTIC MODULI

Characteristics of elastic properties of materials under small strains. Elastic moduli are coefﬁcients of expansion which form the stress tensor σij in terms of components of the strain tensor
uki : σij = cij kl ukl + bij klmn ukl umn + · · · (summation is over repeated indices that denote Cartesian coordinates). Considering only the ﬁrst term
of this expansion, we obtain Hooke’s law: σij =
cij kl ukl . Elastic moduli cij kl , i, j, k = 1, 2, 3,
form a tensor of fourth rank, which is called the
second-order elastic modulus tensor. Elastic moduli with 2n indices form a tensor of rank 2n, which
is called an elastic modulus tensor of nth order.
Elastic modulus tensors exhibit a certain symmetry with respect to permutation of indices: if
sequential indices are grouped into pairs, then
the tensor is symmetrical for index permutations
within these pairs, e.g.: cij kl = cklij = cj ikl =
cij lk . In certain cases, e.g., in magnetic materials, this permutation symmetry may be partially
broken. For an isotropic medium (see Isotropy),
the tensors are constructed of unit tensors δij . For
example, the second-order elastic modulus tensor for an isotropic medium is cij kl = λδij δkl +
μ(δik δj l + δil δj k ), and thus has two linearly independent moduli λ, μ, called Lamé coef cients.
The third-order elastic modulus tensor bij klmn for
an isotropic medium has three linearly independent moduli.
For a crystal, elastic modulus tensors have a
more complicated structure that depends on the
point group of the crystal symmetry. The number of linearly independent components, and the
canonical form, of the tensor for a crystal are determined either by the so-called method of direct
inspection, or by the application of group theory.
In particular, the number of linearly independent
elastic moduli of nth order is described by the
equation
  
 



1
χ Ql1 χ Ql2 · · · χ Qlr ,
k=
NF NP
g∈F p∈P

where F is the point group of crystal symmetry,
NF is the order of the group, χ is the character of the vector representation of group F, P
is the tensor symmetry group with respect to index permutations, NP is the order of the group
P , l1 , . . . , lr are the lengths of permutation cycles
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ELASTIC MODULI, COMPLEX

p ∈ P . For instance, the number of linearly independent second order elastic moduli equals 21 for
the triclinic system, 13 for the monoclinic system,
and 9 for the orthorhombic system; for the tetragonal system, the number of moduli is 7 for symmetry classes 4, 4 and 4/m, and 6 for classes 422,
42m, 4mm and 4/mmm; for the trigonal system:
7 for classes 3 and 3, and 6 for classes 32, 3m,
3m; the number of linearly independent secondorder elastic moduli is 5 for the hexagonal system and 3 for the cubic system. The number of
linearly independent elastic moduli of third order
equals 56 for triclinic, 32 for monoclinic, and 20
for orthorhombic; for the tetragonal system: 16 for
classes 4, 4, 4/m and 12 for classes 422, 42m,
4mm, 4/mmm; for the trigonal system: 20 for
classes 3, 3 and 14 for classes 32, 3m, 3m; for the
hexagonal system: 12 for classes 6, 6, 6/m and 10
for classes 622, 6m2, 6mm, 6/mmm; for the cubic system: 8 for classes 23, m3̄ and 6 for classes
432, 43m, m3m. The components of higher-order
elastic modulus tensors of crystals are determined
in a similar manner.
If the deformation occurs so slowly that the
material temperature remains unchanged, the moduli are called isothermal elastic moduli (see Elastic
moduli, relaxed), and if it is so rapid that no heat
exchanges between nearby regions of the body
then the moduli are called adiabatic elastic moduli. Isothermal λ(i) , μ(i) and adiabatic λ(a) , μ(a)
Lamé coefﬁcients for an isotropic body are related as follows: λ(i) < λ(a) , μ(i) = μ(a) . If the
rate of deformation is comparable to that of relaxation processes (see Stress relaxation) that take
place in the body, the relation connecting stress
and strains at a given instant of time is replaced
by the rheological equation whereby stresses and
strains are related not only at a given time, but also
at prior times. Elastic moduli of a polycrystal depend on the location in the medium. However, if
the characteristic deformation length signiﬁcantly
exceeds the sizes of crystallites, then it is convenient to treat the polycrystal as a homogeneous
medium with constant effective elastic moduli, derived from elastic moduli of individual crystallites
by averaging over various orientations (e.g., Voigt
averaging, Reuss–Voigt–Hill approximation). The
above effective medium method is used for calculating effective characteristics of mixtures, com-

posite materials, etc. The units of elastic moduli
are gigapascal, GPa.
ELASTIC MODULI, COMPLEX
See Complex elastic moduli.
ELASTIC MODULI, RELAXED AND
UNRELAXED

Factors of proportionality between stress and
deformation under an inﬁnitely slow (rapid) deformation process when relaxation processes in
the medium have sufﬁcient (inadequate) time to
take place. A relaxed elastic modulus is an isothermal elastic modulus, used if the relaxation of the
medium has time to take place, and, therefore,
equilibrium with respect to all degrees of freedom is established. An unrelaxed elastic modulus is an adiabatic elastic modulus, used if the
system undergoes no irreversible processes under deformation. To describe the relation between stress and deformation in partial relaxation, the rheological equation of the medium
is used. For a standard linear material (Zener
model), the rheological equation is of the form
σ + τε (dσ/dt) = M R (ε + τσ (dε/dt)), where σ
and ε are the rates of variation of stress and
strain, and τσ and τε are the relaxation times at
constant stress and constant strain, respectively.
When we expand stress and deformation into
Fourier integrals, we obtain the following equation
for the ratio of their complex Fourier amplitudes
(this ratio is the complex elastic modulus M ∗ ):
M ∗ = σ (ω)/ε(ω) = M R (1 + iωτσ )/(1 + iωτε ).
For ω = 0 we have M R = σ (0)/ε(0), where M R
is the relaxed elastic modulus, and for ω = ∞ we
have M UR = σ (∞)/ε(∞) = M R τσ /τε , where
M UR is the unrelaxed elastic modulus. Typically,
M R < M UR .
ELASTIC MODULUS TENSOR

Tensor of fourth rank cij kl , which relates the
stress tensor σij and the strain tensor uki in
the linear Hooke’s law σij = cij kl ukl . The elastic

modulus tensor possesses the following symmetry
properties with respect to the permutation of indices: cij kl = cj ikl = cij lk = cklij . Values of tensor components for crystals often lie in the range
1011 –1013 dyn/cm2 .
The number of linearly independent components of this tensor is determined by the crystal

ELASTIC SCATTERING

system and cannot exceed 21. An isotropic medium (see Isotropy) is described by two elastic moduli, a cubic crystal by three, and so on. Sometimes,
the Voigt notation is used, where the ﬁrst pair of
tensor indices is replaced with one index according to the scheme: 11 → 1; 22 → 2; 33 → 3;
23, 32 → 4; 31, 13 → 5; 12, 21 → 6. A similar
replacement is also done for the second pair; as a
result, the matrix cik , i, k = 1, 2, 3, . . . , 6, is introduced instead of the fourth-rank tensor; this matrix
has the same number of independent elements, as
does the tensor ciklm .
The tensor sij kl , that is reciprocal to cij kl , is
called the compliance tensor, uij = sij kl σkl . The
concept of elastic modulus tensor is important not
only in static elasticity theory, but also in dynamic
elasticity theory, since the elastic modulus tensor
enters the wave equation to describe the propagation of elastic waves in crystals:
 2

∂ ui
∂ 2 ui
=
c
ρ=
,
ij
kl
∂xj ∂xk
∂t 2

where ρ is the crystal density. When the nonlinear Hooke’s law applies (σij = cij kl ukl +
cij klqr ukl uqr + · · ·), the nonlinear acoustic equations (see Nonlinear acoustic effects) involve a tensor of sixth rank cij klqr , the so-called third-order
elastic modulus tensor.
ELASTIC POLARIZABILITY OF DEFECTS
The ability of defects to produce additional
mechanical stresses σ̂ d (ε̂) in a crystal which

has been exposed to external mechanical stresses
and related strains ε̂. The initiation of σ̂ d (ε̂) in
the presence of defects is related to the fact that
the magnitudes of interatomic interaction forces
in a crystal undergo additional changes when the
ε̂ ﬁeld is established in this crystal. The induced
stresses σ̂ d (ε̂) die out as the ﬁeld of external deformations is turned off. In the ﬁeld of small crystal deformations (smooth ﬁeld of atomic displacements), the ε̂-dependence of σ̂ d (ε̂) for a single
defect is linear:
σ̂ijd (ε̂) ≈ V −1 αij kl εkl ,

|εkl |  1,

where V is the crystal volume, and indices i, j, k, l
represent the coordinate axes x, y, z. The fourthrank elastic polarizability tensor of the defects α̂
exhibits permutation symmetry identical to that of
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the coefﬁcients of the elastic rigidity tensor, and
of the tensor of elastic moduli cij kl with respect
to permutations of the indices i, j, k, l, and hence
it has the same number of independent components. It is related to the change cij kl of the
cij kl moduli. For the case of N d uniformly distributed point defects, with a small relative concentration c = N d /N (c  1), we have cij kl ≈
Vc−1 cαij kl , where V c is the primitive unit cell volume, and N is the number of such cells in the
crystal. The components of α̂ are of the order of
1–10 eV, and higher.
ELASTIC POTENTIAL OF A DEFECT

A phenomenological parameter that characterizes the displacement ﬁeld in a medium containing
a point defect. In an unbounded isotropic medium
the elastic potential determines the displacement
u(r) produced by a single point defect at the point
characterized by radius vector r, where u(r) =
−A∇(1/r), and A is called the elastic potential of
the defect. This elastic potential is analogous to the
value of an electrostatic point charge that produces
around itself an electric ﬁeld E = −∇V , where
V (r) = k/r is the Coulomb potential. In contrast
to the electrostatic charge case, A is determined by
the elastic properties of the medium, and the force
constants of the defect.
ELASTIC RECOVERY

Spontaneous decrease of elastic macrostresses
that occurs in a solid on the removal of an external
load. After being exposed to elastic deformation
(see Elasticity), the material completely resumes
its original shape during the course of elastic recovery (e.g., a spring returns to its original shape).
If the applied load exceeds the yield limit, then only
partial recovery of the original shape takes place,
the degree of recovery being lower, the higher the
degree of plastic deformation. In such cases, elastic recovery can be observed by cutting the deformed solid into parts, or by partial dissolution
of the solid (see Recovery).
ELASTIC SCATTERING

See Elastic scattering of radiation.
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ELASTIC SCATTERING OF RADIATION

ELASTIC SCATTERING OF RADIATION

ELASTIC TWINNING

The elastic or kinematic scattering of radiation
(X-rays, gamma rays, electrons, neutrons, etc.) by
condensed media in which a single interaction of
each quantum with the matter is dominant, and the
scattered “particle” undergoes no change in energy
or frequency. The condition for elastic scattering
by crystalline solids is the inequality: λ  l  Λ,
where λ is the radiation wavelength, l is the dimension of the coherent scattering region, and Λ
is an extinction length. The opposite case (l  Λ)
corresponds to the regime of inelastic or dynamic
radiation scattering. A useful aspect of elastic scattering is that the scattering intensity, I , is related
in a straightforward way to the atomic structure of
the material under investigation. Thus for Fraunhofer diffraction when the scattered radiation is
recorded at a large effective distance from the object, I reproduces the Fourier transform of the distribution of nuclei, of electron density, or of electric potential in the material, viz., it actually yields
the Fourier transform of the spatial distribution of
the atoms. Based on this principle is the crystallographic structure analysis of solids which can determine the lattice type, and the number and positioning of atoms in a unit cell. For Fresnel diffraction the detector or photographic plate is situated closer to the object under study, and an image
of the distribution of strains in the object can be
recorded for this type of radiation (the kinematic
contrast) which provides information on crystal
structure defects, such as their type, positioning,
density, etc.
For X-rays, Λ amounts to 1–10 μm, hence
the kinematic regime is often realized in practice.
In the case of electron diffraction, Λ is smaller,
therefore, the dynamic scattering regime shows up
more often; nevertheless, in many cases the scattering pattern can be reduced to an elastic type by
introducing an effective potential instead of the actual one, by taking into account the electron beam
absorption, etc. The elastic scattering regime can
be easily obtained for thermal neutron scattering
and gamma ray scattering; so these radiations can
provide data that are easy to interpret.

The initial stage of mechanical twinning of
crystals, at which a wedge-shaped twin is gener-

ELASTIC STRAIN, FINITE
See Finite elastic strain.

ated in a crystal. This twin undergoes a reversible
change of size when the external load is varied: it
increases with increased load and decreases when
the load is reduced, “exiting” the crystal when the
load is removed. Elastic twinning is commonly
observed near the vicinity of a crystal surface in
nonuniform elastic ﬁelds (e.g., under a localized
load, see the ﬁgure).
The phenomenon of elastic twinning was discovered by R.I. Garber (1938). This process has
been observed in calcite, sodium nitrate, antimony,
bismuth, iron silicate, etc. It has been concluded
that elastic twinning is an essential stage of mechanical twinning, common to all crystals. The
elastic twin is extremely sharp-tipped and, as a
rule, very thin; the ratio between its thickness and
height is of the order of 10−4 –10−3 , which enables one to treat elastic twinning as a planar agglomeration of twinning dislocations. The physical causes of elastic twinning, i.e. the factors responsible for the initiation of the restoring force,
are elastic energy due to inhomogeneous deformation about the twin wedge, and the surface energy
of the twin boundary (see Twinning structure). The
direction of twin propagation is deﬁned by the relation between the external load, the surface tension forces which act on the tip of twin and tend

Schematic representation of a wedge-shaped twin near
the crystal surface, which is brought about by application
of a localized load (arrow).

ELECTRETS

to reduce its length L, and the decelerating forces
(similar to dry friction forces) which retard the motion of the twin boundary.
The equilibrium value of L monotonically increases with increased external load. In the case
of a crystal of ﬁnite dimensions under considerable load, the twin becomes unstable and “slips
through” the crystal, extending all the way through
it, forming a plane-parallel residual twin interlayer. If the concentrated applied load provides the
twin with some stability, then the twin may remain
in the crystal after the load has been completely
removed (wedged twin). This is related to the fact
that the total surface tension force, which acts as
a buoyant one, is proportional to L−1/2 , while the
retarding force is L-independent. The presence of
the dry friction forces is the reason for a hysteretic
dependence of L on the external load (see Hysteresis). The temperature dependences of the friction
and the surface tension γ determine the conditions
under which elastic twinning and allied phenomena are realized. The dynamic motion of elastic
twins is accompanied by acoustic emission.
The quantitative description of elastic twinning, which permits detailed correlation with experimental results, is given in the context of dislocation theory, the latter being extended to related
phenomena: thermoelastic martensitic transformation, superelasticity effects, behavior of domains in
ferroelastics.
ELASTOMERS
Polymers and polymer-based materials which

possess highly-elastic properties over a wide temperature range of their application. Typical elastomers are rubbers, or materials with rubber-like
properties. See also Polymeric materials.
ELASTOOPTIC TENSOR
See Photoelastic tensor.
ELECTRETS

Amorphous and crystalline insulators with permanent electric polarization P ; electrical analogue
of a permanent magnet. In other words, the electric
polarization (so-called residual polarization; see
Polarization of insulator) remains a long time after removing the external action (electric ﬁeld, mechanical stress, and so on) that produced it. Electrets in the polarized state possess all the properties of pyroelectric materials. When cutting an
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electret along its center (neutral) line, two electrets
are formed, as is the case of magnets. The name
“electret” originally appeared in formal analogy
with the term “magnet”. One should differentiate electrets from ferroelectrics which are electric
analogues of ferromagnets. In ferroelectrics the
macroscopic electric moment is a result of a structural phase transition accompanied by the formation of regions of spontaneous polarization (see
Ferroelectricity), namely domains, whose orientation induced by the electric ﬁeld results in the
residual polarization.
The electret state of an insulator is determined
by the long-term persistence of an electric dipole
moment per unit volume in it. Electrets bring about
an electric ﬁeld in their surroundings. A dipole
moment can be induced by positioning an insulator which contains polar molecules (i.e. molecules
with intrinsic dipole moments) in an electric ﬁeld
at an elevated temperature, thereby orienting the
initially randomly directed molecules, with subsequent cooling. The partially oriented polar molecules become quenched (frozen in position); then
the external ﬁeld is switched off. The electron–
hole mechanism for the appearance of the electret
state is the spatial redistribution of charge carriers
that leads to their separation. Electrons and holes
captured at a deep local electron level aligned in
accordance with the direction of the polarizing
electric ﬁeld, i.e. nonuniformly over the sample,
with sufﬁcient cooling conserve their induced dipole moment for a long time. In crystals with a lattice possessing a spontaneous dipole moment, the
presence of free charges results in electric charge
screening. The lack of free electrons (either external or internal ones) or other mechanisms of
shielding (e.g., the formation of oppositely directed domains) leads to the electret state in such
crystals. In the case of orientational polarization as
well as at the displacement of charge carriers from
inside the sample to the surface, the direction of
the induced ﬁeld is opposite to the inducing ﬁeld
direction (electrets with heterocharge). In the case
of the external injection of charge carriers, both directions coincide (electrets with homocharge). The
electret can be either electrically neutral overall, or
it can have a certain charge. Depending on their
method of formation, such as heating and cooling, strong electric ﬁeld, illumination, nuclear ra-
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ELECTRIC-ACOUSTIC INTERACTION

diation, etc., one can distinguish thermoelectrets,
electroelectrets, photoelectrets and radioelectrets.
A number of methods are known for the preparation of electrets. Thermoelectrets are obtained
by cooling a melt of dielectric (such as wax, parafﬁn wax, resins) in a strong electric ﬁeld. This
was the method used by the Japanese physicist
M. Eguchi who had made the ﬁrst electret (1929).
Highly mobile polar molecules of the melt quite
easily acquire a predominant alignment in an electric ﬁeld. This orientation sometimes remains stable for several years after the solidiﬁcation, i.e.
the electret state is metastable but quite persistent.
Residual polarization of the lattice can appear as
a result of the orientation in the electric ﬁeld of
so-called quasi-dipoles: two vacancies of different
sign, or an impurity ion with a vacancy of opposite sign (e.g., in alkali-halide crystals, in rutile).
When evolving toward a thermodynamic equilibrium state, the electret gradually loses its induced
dipole moment. This process is accompanied by a
depolarization current (or, at heating, by a thermodepolarization current).
Electret properties are well pronounced in wax,
parafﬁn wax, glass ceramics, corundum Al2 O3 ,
rutile TiO2 , and so on. In good electrets, such as
carnauba wax, the polarization persists for several decades. An attainable potential difference between opposite surfaces of polymer ﬁlms a few
microns thick is a few hundred volts. Electrets
are applied as membranes in microphones, telephones, vibration and piezoelectric transducers,
and in the area of electric photography (photoelectrets).
ELECTRIC-ACOUSTIC INTERACTION
See Acousto-electronic interaction.
ELECTRICAL CONDUCTANCE

Reciprocal G = 1/R of the electrical resistance of a material. Sometimes the dimensionless
variable G/G0 is called the conductance, where
R0 = h/(4e2 ) is the quantum of resistance, and
G0 = 1/R0 .
ELECTRICAL CONDUCTIVITY, electric
conduction, conductivity

Measure of the ability a material to allow the
passage of (to transmit) an electric current in re-

sponse to the application of an electric ﬁeld; a coefﬁcient that speciﬁes this property. The electric
conduction current is a result of the current carrier drift in an electric ﬁeld. In an alternating electric ﬁeld, a displacement current which is not connected with the carrier drift arises. In weak electric ﬁelds of strength E, current density J and E
are related linearly in accordance with Ohm’s law:
Ji = σik E k , where σik is the (electrical) conductivity tensor; i, k = x, y, z are Cartesian coordinates. Ohm’s law can be rewritten in the inverted
form Ei = ρik Jk where ρik is the resistivity tensor. In a magnetic ﬁeld B we have σik (B) =
σki (−B) by the Onsager principle of the symmetry of kinetic coefﬁcients (1931). More generally, in a magnetic ﬁeld the tensor σik is divisible
into symmetric and asymmetric parts Sik and Aik ,
respectively: σik = Sik + Aik , where Sik (B) =
Sik (−B), Aik (−B) = −Aik (B). The tensor Sik
describes the effect of magnetoresistance, Aik is
related to the Hall effect (see Galvanomagnetic effects). Crystal symmetry reduces the number of
independent tensor components. In particular, in
a cubic crystal with B = 0 the conductivity is a
scalar, i.e. isotropic: J = σ E, E = ρJ where σ is
the electrical conductivity, ρ = 1/σ is the speciﬁc
resistance (resistivity).
Electronic conductivity by the transport of electrons (or holes) has been explained in terms of
band theory. In an electric ﬁeld the electrons are
accelerated, thereby passing to higher energy levels in the band. According to the Pauli principle,
this is possible only if the band is not completely
ﬁlled with electrons, as is the case in metals. In
metals free current carriers exist at any temperature, and their concentration does not depend on
the temperature. If the upper ﬁlled (valence) band
(at temperature T → 0 K) has no unoccupied levels then the crystal is a semiconductor or an insulator. An equilibrium conduction in such a crystal
arises through the thermal excitation of electrons,
e.g., from the valence band to the conduction
band, in this case σ = eμn n + eμp p where e is
the electron charge, μn and μp are the mobilities,
and n and p are the concentrations of electrons
and holes in the conduction and valence bands, respectively. In an intrinsic semiconductor (n = p),
the conduction results from the intrinsic conductivity. In doped semiconductors the excitation of

ELECTRICAL PROBES

electrons and holes to bands from local electronic
levels of defects takes place and brings about an
impurity conductivity. If the excitation is induced
by an external action, the resulting conduction
is called nonequilibrium conduction. Depending
on the kind of action, one distinguishes photo-,
X-ray, gamma conduction, and so on. Electron
(hole) injection also induces a nonequilibrium
μp p the conduction is
conduction. For μn n
called (n-type) electronic conductivity in contrast
to (p-type) hole conductivity at μn n  μp p. If
the carriers of one sign contribute to the conduction much more than the carriers of the opposite
sign, the conduction is predominately monopolar
conduction; in the case when both contributions
are comparable then one speaks about bipolar conduction.
In highly-doped semiconductors (see Doping)
and amorphous semiconductors, a type of hopping
conductivity might predominate. In cases when the
percolation properties of the conductive medium
play the dominant role then the electrical conductivity is described in terms of the percolation
mechanism.
If the period of an alternating electric ﬁeld is
of the order or less than the quasi-momentum relaxation time, then the current transport is characterized by a high-frequency conductance that has a
complex value and depends on the frequency (see
High-frequency conductance).
ELECTRICAL CONDUCTIVITY, SURFACE
See Surface electrical conductivity.
ELECTRICAL CONDUCTORS
See Conductors.
ELECTRICALLY ACTIVE EXTENDED DEFECTS
Dislocations and grain boundaries which possess local electronic levels. Such defects can have
a dominant effect on the concentration of current
carriers, and the electrical properties of a material.

In a monopolar semiconductor with shallow impurity levels of point defects and deep levels at dislocations and grain boundaries, the number of localized current carriers increases as the density nd
(per unit area) of extended defects increases, and
when a particular (critical) density ndc is reached
all the existing current carriers become localized
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on them. At the same time, the degree of ﬁlling
the levels of extended defects remains low due
to the Coulomb repulsion of charges localized at
them. When the energy bonding the carrier with
the defect, E k B T , does not depend on the temperature T or the density of levels localized on
the defect, then the critical density is given by
ndc = [3ne2 /(εE)] ln[0.163εE/(e2 n1/3 )] where
n is the current carrier concentration, e is the
electron charge, and ε is the dielectric constant.
Typical values of ndc are 1011 –1012 m−2 . The
charge per unit length of a dislocation is q L =
en/nd for nd  ndc (nd is the dislocation density per unit area), and q L = en/ndc for nd  ndc .
Complete localization of carriers at grain boundaries corresponds to a speciﬁc defect size l c =
(6εE/πe2 n)1/2 . Typical values for l c are 1 to
10 μm. The charge per unit boundary area q A =
l c (here l is the grain size), and
0.577enl c at l
q A = enl/3 at l  l c . In the case of nd = ndc or
l = l c in n-type semiconductors, then all the electrons in the conduction band are localized at defects, and are capable of transferring to defects in
the valence band as their density increases; this
leads to an inversion of the conductivity type. In
the case of localization of all the carriers at dislocations and grain boundaries, the Mott law of conductivity is valid. The electrostatic ﬁeld around the
charged dislocation line causes the band bending
that makes possible the inversion of the conduction type in the range adjacent to the dislocation
axis. Thus, a semiconductor junction can arise. In
the case of amphoteric extended defects (see Amphoteric center), a pinning of the Fermi level between the donor and acceptor levels is possible
(e.g., for dislocations in p-type silicon and germanium).
ELECTRICAL PROBES

Contacts attached to a sample for determining
the potentials of various points at its surface. In
many cases the electrical probes are prepared in
the form of thin pointed wires made of a hard conducting material. Thin electrical probes branching from the surface, manufactured by a common
technological process and made of the same semiconductor material as the sample, are also used.
The probes terminate at large contact areas to
which the wires of the control circuit are attached.
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Samples of these probes are made in the form
of dumb-bells, and in the form of a clover leaf.
The input resistances of the devices connected to
probes are chosen so that the current uptake by
them does not distort the electric ﬁeld in the sample, and there is a negligibly small potential drop
at the transition resistance between the sample and
the probe. Probe methods used for speciﬁc resistance measurements of semiconductors include:
the two-probe method, the four-probe method, and
the van der Pauw method (1958). In these methods
the speciﬁc resistance value is determined from
the potential drop between two probes at a known
current. The four-probe method is applicable for
determining the speciﬁc resistance of semiconductor bars; the van der Pauw method is useful for
plates of arbitrary shape. If a contact between the
probe and the sample is undesirable, one can use a
vibrating capacitive probe which utilizes an electrode vibrating above some point of the sample
surface. If the potentials of this point and the probe
are different, an alternating current runs in the circuit between the point and the probe. The lack of
current ﬂow means that the potential of the point
is equal to the potential of the probe. A vibrating
capacitive current is used when measuring the contact potential difference. In the case of an alternating electric ﬁeld in a sample (e.g., the Gunn effect),
immobile capacitive probes are employed.
ELECTRIC BREAKDOWN in a solid

Sharp increase of electric current through a
non-conducting (insulator) or weakly conducting (semiconducting) crystal in a strong electric ﬁeld exceeding a certain critical ﬁeld E cr
(see Breakdown of solids, Impurity breakdown,
Streamer breakdown). This disruptive process involves complete failure under electrostatic stress,
and can do irreversible damage.
ELECTRIC CHARGE SCREENING, electric
charge shielding

Effective reduction of the Coulomb interaction
of charges in a medium as a result of its polarization. In insulators the electric charge screening
is reduced by the factor ε0 /ε(here ε is the static dielectric constant of the material, and ε0 is
its free space value) in the electrostatic interaction
for distances exceeding the lattice constant value

owing to the polarization (displacement) of bound
charges, i.e. electrons and ions.
In any material (metal, semimetal, semiconductor, electrolyte, and gas-discharge plasma) with
a ﬁnite concentration of free current carriers, the
electric charge screening is determined by the redistribution of the current carrier density in the
ﬁeld of a given charge. In the simplest approximation of a constant (independent of energy and
momentum) linear response of the medium this is
described by the (Yukawa) exponential law as


e2
r
,
(1)
V (r) =
exp −
r
re
where V (r), called the Yukawa potential, is the potential energy of two charges of value e separated
by a distance r; here r e is the screening radius
that is equal to either the Debye–Hückel shielding radius (see Debye–Hückel theory) in a classical (nondegenerate) plasma of a semiconductor
or gas discharge and in weak solutions of electrolytes, or it is the Thomas–Fermi shielding radius in a degenerate electron plasma (Fermi gas or
Fermi liquid) in metals, doped semiconductors, and
semimetals.
A more detailed quantum-mechanical calculation demonstrates that the static linear response
(polarization operator) of the ideal Fermi gas depends on the transfer of momentum q, and has a
singularity at the point q = 2k F (k F is the Fermi
momentum, setting  = 1) which corresponds to
a sharp discontinuity of the fermion distribution
function at the Fermi surface (see Fermi–Dirac statistics), and depends on the type and dimensionality of the electronic spectrum. So for an isotropic
three-dimensional (3D) system with a quadratic
dispersion law and an isotropic (spherical) Fermi
surface, the static polarization operator Π in momentum space takes the form:


4k 2 − q 2
q + 2kF
,
ln
Π3D (q) = N3D (0) 1 + F
4kF q
q − 2kF
(2)
where N 3D (0) is the density of electron states
at the Fermi level. As follows from Eq. (1),
dΠ 3D (q)/dq at q = 2k F has a logarithmic singularity, which leads to the fact that the Fourier component of the shielded potential of the Coulomb
interaction
4πe2
V (q) = 2
,
(3)
q + 4πe2 Π3D (q)
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when transformed to coordinate space, is no longer
described by an exponential law, but rather by
an alternating in sign oscillating function of distance r which decays at r
(2k F )−1 according
3
to the power law cos(2k F r)/r (see Friedel oscillations). For the case of a two-dimensional (2D)
spectrum (cylindrical Fermi surface) in layered
metals (see Quasi-two-dimensional crystals), or in
inversion layers of semiconductors, we have instead of Eq. (2) the following expression:

%
 &

2kF 2
,
Π2D (q ) = N2D (0) 1 − Re 1 −
q
(4)
where q is the transferred 2D-momentum.
A square root singularity Π 2D (q ) at the point
q = 2k F leads to the oscillating dependence of
the shielded interaction on r with the asymptotic
of Friedel oscillations in the form sin(2k F r)/r 2 in
the layer plane.
In chain crystals (see Quasi-one-dimensional
crystals) with planar areas on the Fermi surface,
and a one-dimensional (1D) spectrum of electrons,
we have
2kF
qx + 2kF
Π1D (qx ) = N1D (0)
ln
,
(5)
qx
qx − 2kF
where qx is the component of the momentum q in
the direction of the chains (i.e. along the x axis).
The logarithmic singularity Π 1D (qx ) at the point
qx = 2k F leads to alternating-sign Friedel oscillations in the form cos(2k F x)/x. Similar Friedel
oscillations appear in the case of the shielded
Coulomb interaction of charged particles adsorbed
on the metal surface (see Adsorption). As a result of the space separation of the external charge
and the electron cloud that screens it inside the
metal, simultaneously with the oscillating component, the dipole–dipole repulsion (see Image
forces) is present in the electrostatic potential of
the lateral interaction of adsorbed particles:
B −2kF x
A
+
e
cos(2kF R + θ), (6)
R3 Rn
where A and B are constants, x is the distance
from the adsorbed atom to the surface, θ is the
phase of the Friedel oscillations, and n varies
from 3 to 1, depending on the shape and orientation of the Fermi surface with respect to the metal
surface.
V (R) =
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Directed motion of electrically charged particles, i.e. mobile current carriers (electrons, holes,
ions).
Free carriers undergo random thermal motion.
In the absence of an external action, such as an
applied electric ﬁeld, the particle ﬂuxes moving
through an arbitrarily chosen area in opposite directions are, on the average, balanced, i.e. their
algebraic sum equals zero (no current). When an
electric ﬁeld is applied the equality of contercurrent ﬂuxes is disturbed. An excess charge carrier ﬂux (directed along the ﬁeld in an isotropic
medium) determines the magnitude of the electric
current. The moving current carriers are scattered
by collisions in the medium (see Current carrier
scattering), so when a constant ﬁeld is switched
on, the current rapidly builds up to a ﬁnal steadystate value limited by the scattering. Relaxation
processes cause the energy obtained by charge carriers from the ﬁeld in a solid to be transferred
to the atomic system (vibrational motions) of the
solid, and it appears as heat. The scattering determines the resistance of the electric current (electric resistance). A particular case is the effect of
superconductivity for which the resistance vanishes.
Another cause of electric current ﬂow may be
the presence of a gradient of a mobile-currentcarrier concentration. For example, one can induce
a concentration gradient of electrons and holes in a
semiconductor by exciting them from their ground
states by a spatially nonuniform (or nonuniformly
absorbed) light beam. Under these conditions, a
photoelectromotive force and corresponding current can arise in a closed circuit (photovoltaic effect). The energy expended producing the ﬂow of
current comes from the energy of the absorbed
photons. In non-metallic crystals without a center
of inversion, uniform illumination can induce an
electric current in the absence of an electric ﬁeld
due to the unipolarity of the photoexcitation and
scattering processes. The appearance of a current
is also possible as a result of the difference in the
mobilities of the individual charge carriers (e.g.,
electrons and holes), or due to nonuniform heating
of the conductor (thermal electromotive force).
The mechanism of transport of charged particles may be related not only with their quasifree motion (delocalized states of electrons and
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holes), but can also involve jumps of current carriers between localized states (e.g., electronic hopping conductivity and ionic conductivity). In this
case the current carrier spends most of its time as
a stationary particle localized at a defect, but from
time to time this carrier makes a jump to a similar neighboring site. In an electric ﬁeld the jump
probability (frequency) along the ﬁeld direction is
higher than in the opposite direction; and this determines the magnitude of the current.
Quantitatively the current is characterized by
a current density j , i.e. by the charge transported
per unit time unit through a unit area normal to
the current ﬂow. The direction of positive charge
ﬂow is accepted to be the direction of the current.
The value of the current I = J S (S is the traverse
area) is measured in amperes, 1 A = 1 C/s, and
the current density J is measured in A/m2 . The
current density includes an applied electric ﬁeld
term J drift = σ E, where σ = enμ is the speciﬁc
conductivity (reciprocal to the resistivity or speciﬁc resistance); e is the electron charge, the concentration of current carriers n is averaged over
the length dx, μ is the mobility; and E(x) is the
electric ﬁeld strength. The action of concentration
gradients, mobility, and temperature leads to a second term J diff . These terms are referred to as drift
current and diffusion current, respectively.
ELECTRIC DIPOLE MOMENT OF A
PARAMAGNETIC CENTER
Matrix element of the electric dipole moment

operator D evaluated using wave functions ψi of
the main electronic term, as follows:

β Ψj dτ.
(1)
(Dβ )ij = Ψi∗ D
Electric dipole moments of paramagnetic centers
are used for describing electric eld effects in electron paramagnetic resonance since the initial operator for the interaction of paramagnetic centers
with the electric ﬁeld E has the form (E · D).
Taking into account the symmetry of the localized paramagnetic center and its behavior under
time inversion makes it possible to identify matrix elements which vanish, and to establish interrelationships between non-zero matrix elements
without actually calculating them. In particular,
for paramagnetic centers with a center of symmetry the wave functions of the main electronic term

have the same parity, and due to the polarity of the
D vector operator we have (D β )ij = 0 for any i
and j . As a result, linear electric effects do not occur. If the states ψi of the main term are pure spin
states then only diagonal matrix elements of operator D should exist, and they are all equal to each
other so electric effects are still lacking. Therefore,
for the appearance of an electric effect it is necessary to have an admixture of orbital states in the
main term. In other words, two circumstances play
a signiﬁcant role in the appearance of the electric
effects: the spin–orbit interaction, and an interaction with the crystal resulting in the contribution
of an admixture of orbital states and states with
different parity.
The matrix elements (D β )ij are related to the
parameters of the of the electric–spin interaction
Hamiltonian, and they differ (in contrast with the
spin Hamiltonian method) in their description of
electric effects in terms of the perturbation matrix
method.
ELECTRIC DOUBLE LAYER

Electric charges of opposite signs (ions, polar
molecules), distributed along the boundary at the
interface of two phases. An electric double layer
appears at the surface of a solid (electrode), submerged in a solution of electrolyte. We can distinguish a dense part of this double layer [Helmholtz
layer (G. Helmholtz, 1879)] located directly at
the surface of the electrode and a diffusion part
[Gouy–Chapman layer (C. Gouy, 1910; D. Chapman, 1913)] located within the solution behind
the Helmholtz layer (see also Semiconductor–
electrolyte boundary). The effective distance between the layers is the order of a molecular dimension so this double layer has a high electrical
capacitance (about 10 to 100 μF/cm2 ), it is electrically neutral, and within the layers the electric
ﬁeld intensity may reach very high values. The
formation of an electric double layer inﬂuences
electrokinetic phenomena, as well as the course
of electrochemical reactions (e.g., in the chemical sources of current, in electrolysis, etc.). For investigations of the double layer structure different
methods are used: measuring the capacitance with
an alternating current, adsorption methods including radioisotope investigations, optical methods
(e.g., electrore ection, Raman scattering of light,
etc.).

ELECTRIC FIELD EFFECTS
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ELECTRIC FIELD EFFECTS in radio-frequency
spectroscopy
Various actions of an electric ﬁeld on a paramagnetic center, or at a nucleus, in a spectrum of
electron paramagnetic resonance (EPR), nuclear
magnetic resonance (NMR), and electron–nuclear
double resonance (ENDOR). The electric ﬁeld

can be either constant or alternating, and either external or internal (crystal e ld). The most notable
indication of an electric ﬁeld effect is a splitting
of an EPR line by an externally applied electric
ﬁeld (see Fig.). Other cases correspond to: transitions between magnetic sublevels under the action
of the electric or magnetic component of an electromagnetic wave, these are called electric dipole
transitions; transitions induced by electric or magnetic components of the electric wave in the system of energy level splittings produced by the external electric ﬁeld; magnetic ux density and spin
echoes, that is the excitation of the electric dipole
moment precession of paramagnetic centers by a
single pulse or a series of pulses of the electric or
magnetic component of the electromagnetic wave
with a subsequent response of the system to this
excitation; the modulation of the spin echo signal by an external electric ﬁeld; the paramagnetic
magnetoelectric effect; and the EPR line broadening (see Line (level) width) induced by the electric
ﬁeld of crystal defects. As a rule, classed among
electric ﬁeld effects in EPR is a linear electric ﬁeld
effect which appears as a linear dependence of the
EPR line on the electric ﬁeld strength. A necessary
condition for observing this is the presence of an
electric dipole moment on the paramagnetic center in its ground state, which is only possible when
the location of the paramagnetic center does not
coincide with a center of inversion. The origin of
the electric ﬁeld effects is the inﬂuence of the electric ﬁeld on the energy levels of paramagnetic centers (displaces and splits them, and induces transitions between them). A spin Hamiltonian which
describes these effects is proportional to the components of the electric ﬁeld Ei . Its most important
terms can be represented as
 
WE =
Ei
Rij k (Sj Sk + Sk Sj )
i

j k

+


jk


Sk (Tij k Bj + Fij k Ij ) , (1)

Splitting of an EPR line into two components under
the action of an electric ﬁeld (B is the magnetic ﬁeld
strength; E is the electric ﬁeld strength).

where Sk and Ij are the operators of the electron
and nuclear spins of the paramagnetic center, and
the tensors R, T and F characterize the inﬂuence
of the electric ﬁeld on the energy of interaction of
the paramagnetic center with the intracrystalline
ﬁeld, the Zeeman energy (see Zeeman effect), and
the hyper ne interaction, respectively. The spin
Hamiltonian can also include higher power terms
of the operators Si for these interactions, as well as
additional terms to describe them. The number of
tensor components to be included is determined by
the local symmetry of the paramagnetic center (the
higher the symmetry, the smaller the number). The
operator WE containing the components Ei and
Sk describes a complicated mechanism of interactions of the electric ﬁeld with the spin system, one
called the electric–spin interaction. In EPR (excluding zero- eld magnetic resonance) the degeneracy of the energy levels has already been raised
by the external magnetic ﬁeld, so the extra electric
ﬁeld only shifts the levels of the lines corresponding to the EPR spectrum. However, if there exist
inversion-inequivalent positions in the crystal, the
shift can appear as a splitting (due to the shift of
lines in opposite directions for various nonequivalent positions). Since this arises from the shifting
rather than the splitting of terms it is often called
the Stark pseudoeffect.
As a rule, electric ﬁeld effects are studied in
the linear range of the line shift dependence on the
electric ﬁeld strength. However, at a sufﬁciently
high ﬁeld strength (∼1000 kV/cm) the interaction energy of the paramagnetic centers with the
electric ﬁeld can be comparable with the Zeeman
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energy or the intracrystalline electric ﬁeld energy.
In this case, in addition to ﬁrst-order perturbation
theory terms (linear in Ei ), nonlinear effects are
also possible: a quadratic effect, and even a cubic electric ﬁeld effect, despite the linearity in the
ﬁeld of the original operator WE . In contrast to
this situation, there are possible cases when the
original operator already contains terms ∼Ei Ej
(or Ei Ej Ek ), which appear in EPR spectra, and
are speciﬁc for strongly polarized crystals such as
ferroelectrics. As a result, the observation of electric ﬁeld effects for them is available even when
the site of the paramagnetic center is a center of
inversion.
The most important applications of electric
ﬁeld effects are the following: unambiguous determination of the symmetry group of paramagnetic
centers, and uncovering the nature of defects and
the character of their distribution over a crystal.
Electric ﬁeld effects in nuclear magnetic resonance and electron–nuclear double resonance are
similar to those of electron paramagnetic resonance, consistent with the use of the same phenomenological description for EPR and NMR
spectra: the nuclear Zeeman energy corresponds
to the electron Zeeman energy, and the quadrupole
interaction energy corresponds to the intracrystalline electric ﬁeld. The energy operator for the
interaction of the nucleus with the electric ﬁeld
differs from the electronic operator only by the interchange S ↔ I where S and I are the electron
and nuclear spins, respectively. The most speciﬁc
features of the effects are the shift (splitting) of
lines in the NMR and ENDOR spectra under the
action of a constant electric ﬁeld, and the quantum transitions between nuclear magnetic levels
under the action of an alternating electric ﬁeld. To
observe the linear electric ﬁeld effect, the site of
the nucleus should not be a center of inversion. In
the presence of inversion-nonequivalent positions,
the shift of lines of the NMR (ENDOR) spectrum appears as a splitting. The observation of the
electric ﬁeld effect in ENDOR provides new approaches for studying paramagnetic centers. Thus,
ENDOR expands signiﬁcantly the class of objects
that might be investigated, since nuclei of paramagnetic centers are generally situated at sites that
are not centers of inversion; this is true whether
or not the paramagnetic center possesses inversion

symmetry. (An exception is when the impurity ion
nucleus belongs to a paramagnetic ion at an inversion center.)
ELECTRIC FIELD GRADIENT

A tensor of the second rank with components
qj k ≡ ∂Ej /∂xk characterizing the spatial nonuniformity of an electric ﬁeld, E. The electric ﬁeld
vector can be written as the gradient of a scalar
potential E = −∇V , or in component form Ej =
−∂V /∂xj . In the absence of charges Laplace
equation holds ∇ 2 V = 0, and there is a system
of principal axes of a tensor where the qj k tensor is diagonal and traceless, i.e. qxx + qyy +
qzz = 0. If the choice of axes is made so that
|qxx |  |qyy |  |qzz | then we can deﬁne qzz ≡ q
and (qxx − qyy )/qzz ≡ η, where the quantity η
is called the asymmetry parameter of the electric
ﬁeld gradient. For axial symmetry qxx = qyy and
η = 0.
ELECTRIC FIELD, LOCAL

See Local electric eld.
ELECTRIC FIELD MODULATION METHOD

One of the methods employed to observe electric e ld effects in electron paramagnetic resonance (EPR) spectroscopy. It is often used in cases
when electric effects are small, or other special
conditions arise to hinder the direct observation
of the shift of EPR spectral lines in an electric
ﬁeld. The method consists in comparing EPR lines
that are recorded with the help of two different
techniques: an ordinary technique (using magnetic
ﬁeld modulation) and a special technique (using
electric ﬁeld modulation). The comparison provides the shift of lines due to the applied electric
ﬁeld.
ELECTRIC FIELD PENETRATION DEPTH

See Penetration depth of electric eld.
ELECTRIC FIELD, QUANTIZED

See Quantizing electric eld.

ELECTROCAPILLARY PHENOMENA
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One of the technological methods of material processing based on using an electric pulse
discharge between the processed item (as a rule,
anode) and the other electrode (i.e. instrument,
cathode) separated from it by a high electric potential. The electric discharge is accompanied by
heat generation and a directed explosion which
produces surface erosion of the material. Electric
pulse machining is employed mainly for electrically conducting materials (for cutting, hardening
the instrument, alloying the surface, and so on).

between the ﬁrst and the second pulses. Hence at
t = 2τ the averaged electric ﬁeld produces the signal of a two-pulse echo. The vibrational phases of
a third pulse applied at moment T become coincided at T + τ , and the signal of a three-pulse
echo appears. Electroacoustic and other nonlinearities of different orders take part in the parametric
processes of the birth of reﬂected vibrations occurring in the dielectric material; in piezoelectric
powders where the echo appears at the acoustic
resonance of powder particles, the main contribution is often provided by elastic nonlinearities.
The relaxation time of the two-pulse echo T2 is inversely proportional to the absorption coef cient
of the acoustical vibrations. It has been found that
in piezoelectric crystals and powders the threepulse echo might be observed when applying the
third pulse after attenuation of the sound induced
by the ﬁrst and the second pulses, i.e. there exists a long-term persistent memory with a storage
time of a few months. The long-term storage is due
to nonuniform distribution of electric charge and
residual strain in the bulk crystal; the latter takes
place under the action of a resulting stress induced
by the nonlinear effects from the pair of recording
pulses. In powders, a contribution to a record can
also be provided by particle orientation processes
stimulated by ponderomotive forces.
The electroacoustic echo is used for studying
phase transitions and sound attenuation in solids.
The method may be promising for storage and correlation processing of radio-frequency signals.

ELECTROACOUSTIC ECHO, phonon echo

ELECTROCAPILLARY PHENOMENA

Phenomenon involving the restoration of the
coherence of acoustical vibrations at certain instants of time after their impression onto a piezoelectric material via pulses of alternating electric
ﬁeld. After application of radio-frequency pulses
at times t = 0 and t = τ , the acoustical vibrations
excite the piezoelectric, but they lose their phasing
during the time interval 0 < t < τ and soon decay.
As a result of the nonlinear interaction between
the vibrations induced by these two pulses, there
appear reversed vibrations from the second pulse
with phases opposite in direction to the phases
of vibrations produced by the ﬁrst pulse. These
phases of reversed vibrations coincide after an additional time interval τ which equals the interval

Phenomena caused by a change of the surface
tension σ of a liquid at the boundary between two
phases, where a discontinuity occurs in the electric potential ϕ at the interface. An example is a
change of the shape of this interface. The electrocapillary phenomenon was discovered by G. Lippmann (1875). The Gibbs equation for the electrocapillarity takes the form:

Γi dμi ,
(1)
dσ = −q dϕ −

ELECTRIC FLUX DENSITY, electric
displacement

A vector D which characterizes the electric
ﬁeld, and equals a sum of electric ﬁeld strength E
(the main ﬁeld characteristic) and dielectric polarization P (see Polarization of insulator). In the
CGS system of units D = E + 4πP = εE; in SI
units D = ε0 E + P = ε0 (1 + χ e )E = εE, where
χ e = P /(ε0 E) is the electric susceptibility, ε0 is
the dielectric constant of free space with the value
ε0 = 1/μ0 c2 = 8.8542·10−12 F/m, and μ0 is the
magnetic permeability of vacuum.
The relation between D and E is called a material equation. In a static electric ﬁeld ε is a tensor
for anisotropic media, in particular, crystals. For
an alternating ﬁeld in a medium with space and
time dispersion, the relation between D and E is
not local, and ε is a function of the frequency ω
and wave vector k.
ELECTRIC PULSE MACHINING

i

where q is the surface electric charge density, Γi is
the adsorption coefﬁcient of ith component of the
solution (excess of ith component in bulk of surface layer expressed in moles per unit interface
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area), μ is the chemical potential. At constant
composition we obtain the Lippmann–Helmholtz
equation for the surface charge density σ :
d2 σ
= −C,
dϕ 2

(2)

where C is the differential capacitance of the electric double layer at the conductor boundary expressed per unit area. At a smooth surface of
metal in aqueous solutions of electrolytes, C = 0.1
to 0.4 F/m2 , in melts of alkali-halide salts C ≈
0.4 F/m2 . From Eq. (2) we have
σ = σ0 −

C(ϕ − ϕ0 )2
.
2

(3)

This is the electrocapillary curve equation, where
the factor ϕ0 takes into account measuring the potential relative to an auxiliary unpolarizable standard electrode. In accordance with Eq. (3), in the
case of electrochemical polarization of the metal–
electrolyte interface the measurement of σ over
the range of eϕ from 100 to 200 mJ/m2 is feasible. Electrocapillary phenomena are employed for
degreasing metal surfaces in electrolytes, for electrical amalgamation of gold, coating deposition on
conducting and insulating surfaces in electrolytes,
for accelerating the drop reﬁning of metals in slag,
etc.
ELECTROCHROMIC EFFECT

A change of the frequency (spectral) dependence of the light transmitted through a material
(ordinarily a solid, sometimes a liquid) brought
about by the application of an electric ﬁeld, which
is perceived visually as a color change. An electrochromic effect can be either due to the polarization of molecules, due to the orientation of dipoles
or domains (e.g., in ferroelectrics), or caused by
the injection of electrons and holes from electrodes. It can also arise from the injection of hydrogen ions or alkali metal ions (e.g., lithium)
through special electrodes in the form of solid or
liquid electrolytes. An electrochromic effect obtained by polarizing large domains or by injection
usually remains in place after the ﬁeld is switched
off. Sometimes it can be “erased” by applying a
ﬁeld reversed in direction.

ELECTROCRYSTALLIZATION

Transition of a material from an ionized state
in solution (or melt) to a crystalline state as a result of an electrochemical reaction. Electrocrystallization is the basis for all types of electrical
deposition of metals, as well as the formation
of oxide layers and barely-soluble compounds at
the anode. An example is the formation of electrolytic protective-decorative coatings in chemical
fabrication processes. Electrocrystallization differs from ordinary crystallization from vapor or
solution by the fact that the charge transfer from
the electrode to the ion either occurs prior to the
development of a crystalline structure, or both
processes take place simultaneously. The emergence of nuclei of a new phase (see Crystal nuclei)
during the electrocrystallization requires a certain
oversaturation that is determined by the overpotential at the electrode. The higher the overpotential, the greater the number of nuclei emerging per unit time at a given area. The nuclei increase in size as a result of the layer-by-layer
growth of faces. The process can include the formation of bidimensional nuclei, or it can develop
through layering-spiral crystal growth at screw
dislocations. As a result of linear growth in crystals, their coagulation takes place with the formation of a continuous layer of electrolytic coating.
The ratio between the rate of nucleation of new
crystals and their linear growth rate determines the
morphology of the surface of crystalline deposits,
and their properties. The size of crystals in the
coating, their habit and their orientation, depend
on the overpotential at the cathode. A particularly
strong inﬂuence on the nucleation and growth of
crystals is exerted by surface-active agents and
other impurities in the reaction zone. The adsorption of surface-active agents reduces the surface
energy, decreases the work of formation of new
crystals, and lowers the linear growth rate. As a
result, monocrystal coatings (sometimes brilliant)
are formed. Crystalline deposits obtained from the
baths with additives of surface-active agents are
less porous and hence possess superior protective properties. Such coatings themselves, however, are more active electrochemically since they
contain some impurities, i.e. their lattice is characterized by a high dislocation density.

ELECTROHYDRODYNAMIC INSTABILITIES

ELECTROGYRATION

Appearance or change of particular optical
properties (e.g., optical activity) under the action
of an electric ﬁeld on a crystal (see Gyration), an
effect that was ﬁrst observed in quartz. A quantitative description of the electrogyration can be
obtained by expanding the electrooptical tensor
gij in a power series of the electric ﬁeld components Ei :
0 +γ E +β
gij = gij
ij k k
ij kl Ek El + · · · ,
0 is this tensor in the absence of an elecwhere gij
0 = 0),
tric ﬁeld (in centrosymmetric crystals gij
γij k and βij kl are axial tensors of the third and
fourth ranks which describe a linear electrogyration (Pockels effect) and a quadratic electrogyration (Kerr effect), respectively. The quadratic effect occurs in crystals of all symmetry classes with
the exception of the cubic classes m3m, 43m, and
432; while the linear effect occurs only in crystals without a center of symmetry (no inversion
operation). Twenty of the 32 crystal classes can
exhibit the Pockels effect (crystals in these same
classes can also exhibit piezoelectricity). As a rule,
optical activity is measured experimentally by the
linear Pockels effect in a parallel applied electric
ﬁeld, or by the quadratic Kerr effect in a perpendicular ﬁeld. Crystals with inversion symmetry, as
well as liquids, do not exhibit the linear Pockels effect, but they can display the quadratic Kerr effect.
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When there is inversion symmetry the larger Pockels effect masks the weaker Kerr effect for low
values of the applied electric ﬁeld. Ferroelectric
crystals exhibit temperature-dependent electrooptical anomalies in the neighborhood of a phase
transition. At a transition from a centrosymmetric
phase to a non-centrosymmetric phase optical activity can arise spontaneously; and repolarization
of the crystal is accompanied by hysteresis. Electrooptical effects are employed to investigate ferroelectric phase transitions, for controling light polarization, in optical modulators, controlled ﬁlters,
and optoelectronics devices. See also Electrooptical effects.
ELECTROHYDRODYNAMIC INSTABILITIES
in liquid crystals
Instabilities in liquid crystals arising as a re-

sult of charge (ion) transport in an applied electric ﬁeld E. The ion current causes the liquid to
ﬂow, and the intrinsic anisotropy of the electrical conductivity σa = σ − σ⊥ and the dielectric
constant εa = ε − ε⊥ in the liquid crystal (see
Anisotropy of liquid crystals) brings to the convection some properties speciﬁc for liquids. In nematic liquid crystals, the electrohydrodynamic instabilities are especially pronounced for εa < 0
and σa > 0 in the original planar texture. A method
for observing these instabilities is described in
Electrooptical effect. The instabilities appear when
the electric potential U reaches a certain threshold

Electrohydrodynamic instabilities in liquid crystals.
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value Uc = 5–10 V. They are seen under a microscope as alternating dark and light bands caused
by the periodic variation of the orientations of liquid crystal molecules, and hence variations in the
distribution of liquid crystal optic axes (director)
(see Fig.). For a further rise in the applied potential the motion in the liquid crystal takes on a turbulent character, with a sharp increase of the light
scattering at spatial distortions of the optical axis.
This effect, called dynamic light scattering, is utilized in the production of liquid-crystal displays.
ELECTROLUMINESCENCE
Luminescence excited by an electric ﬁeld capa-

ble of changing the potential and/or kinetic energy
of electrons and holes. The mechanism of excitation is divided into injection and prebreakdown
types of electroluminescence.
Injection electroluminescence arises when applying the electric potential to an semiconductor junction, Schottky barrier, or metal–insulator–
semiconductor structure which lowers the potential barrier and stimulates the injection of minority
carriers, whose recombination with majority carriers leads to the emission of photons. Electroluminescence was ﬁrst observed by O.V. Lossev (1923)
in crystals of SiC (see Lossev effect). More recently the effect has been observed in many semiconductors (Si, Ge, AIII BV , AII BVI , and so on).
Its speciﬁc features are the following: low exciting electric potential 1.5 to 5 V; proportionality
of the radiation intensity to between the ﬁrst and
second power of the current over a broad region;
internal quantum yield close to unity; fast response
(<10−7 s). Injection electroluminescence is the
basis for the action of light emitting diodes and
semiconductor lasers.
Prebreakdown electroluminescence arises in
strong electric ﬁelds (>105 V/cm) as a result
of: (a) impact ionization (excitations) of lattice
or impurity atoms by the free carriers, in most
cases by electrons which have obtained sufﬁcient kinetic energy from the ﬁeld (impact electroluminescence); (b) eld ionization or thermal
ﬁeld ionization (tunneling electroluminescence).
It is observed in inversely shifted p–n junctions and Schottky barriers, capacitors ﬁlled by
crystal-phosphor powder dispersed in insulating
powder and subjected to an alternating electric

ﬁeld, e.g., ZnS:Cu, Cl (Destriau effect); thin-ﬁlm
structures as metal–semiconductor–metal, metal–
semiconductor–insulator–metal, and metal–insulator–semiconductor–insulator–metal, where the
n-layer of high-ohmic (105 –1012 ·cm) semiconductor or semi-insulator contains luminescent
centers, e.g., ZnS:Mn, CdF2 :Eu, SrS:Ce, Cu, Br,
etc.; moving high-ﬁeld domains, acoustic-electric
domains, Gunn domains (see Gunn effect) etc.
(domain electroluminescence). Depending on the
sample design, prebreakdown electroluminescence
can be excited by either a constant or an alternating ﬁeld.
Impact electroluminescence is the most widespread and important type of prebreakdown electroluminescence. It includes the following main
stages (see the ﬁgure):
(a) either the injection of free carriers into strong
ﬁelds from electrodes (1, 1 ) or surface
states (2), or their generation by the impact or
tunnel ionization of deep donors, traps, and so
on (3, 3 );
(b) acceleration of carriers. Effective electroluminescence is possible if every electron is capable of being accelerated to the required energy,
i.e. its energy increment during a mean mean
free path exceeds losses due to the scattering
on phonons;
(c) excitation (4) or ionization (4 ) of luminescence centers directly at an inelastic collision
or through some intermediate stages, e.g., the
impact ionization of the lattice atom (5) with
subsequent trapping of the hole onto the center (6);
(d) radiation (7, 7 , 8). Particularly effective are
intra-center radiative transitions (7 ), e.g., in
transition-metal and rare-earth ions (Mn2+ ,
Tb3+ , and some others) since in a strong electric ﬁeld the probability of radiative recombination is sharply reduced due to forcing the
electrons and holes to separate at opposite
sample boundaries.
The strong ﬁeld can cause: an increase of the
probability of radiative dipole-forbidden transitions, a change of the band shape and structure
due to the Franz–Keldysh effect and Stark effect,

ELECTROMAGNETIC GENERATION OF SOUND

379

semiconductor–insulator–metal structures which
exhibit high brightness (to 104 cd/m2 ), longevity
(>104 hours), and adequate efﬁciency (4–8 lm/W).

ELECTROLYTE, SOLID
See Solid electrolytes.
ELECTROLYTIC POLISHING

Phenomenon of smoothing an anode surface
during the electrolysis of electrically conducting
media which causes them to shine. The electrolytic polishing process provides a luster to the
surface without deforming the adjacent layer below; in addition it reduces the friction coefﬁcient
and the electronic emission, increases the corrosion resistance and, consequently, improves several important working characteristics of hardware. Electrolytic polishing is also widely utilized
in structure studies (see also Polishing).
ELECTROMAGNETIC-ACOUSTIC EFFECT
See Acousto-electromagnetic effect.
ELECTROMAGNETIC GENERATION OF
SOUND

Scheme of the main electron transitions associated with
impact electroluminescence in a reversed biased metal–
semiconductor junction (barrier).

the appearance of broad-band radiation caused by
intraband transitions of hot electrons (8). The intensity of impact electroluminescence is proportional to the carrier current density, the luminescence center concentration, and the quantum yield
of the radiative transition. Its internal yield can be
greater than unity. Impact electroluminescence is
the basis for the operation of various indicators
and screens used in devices to display information. Especially promising are thin-ﬁlm electroluminescence devices based on metal–insulator–

Exciting acoustic vibrations by electromagnetic (EM) waves incident on a metal surface. The
EM generation of sound in metals involves forces
exerted on a crystal lattice by conduction electrons. Along with the direct action of the electromagnetic ﬁeld on lattice ions, an essential contribution comes from the action on the lattice
of forces exerted by electrons whose equilibrium
has been disturbed by the electric ﬁeld E(r, t)
of the EM wave. A complete set of equations
that describes the EM generation of sound comprises Maxwell’s equations, the kinetic equation
for the electron distribution function, and the elasticity equation. The latter has the form of the equation of forced vibrations:
ρ

∂ 2 um
∂ 2 ui
− Kiklm
= Fi ,
2
∂xk ∂xl
∂t

where u is the ion displacement, ρ is the metal
mass density, Kiklm is the adiabatic elastic modulus tensor (without taking into account electron
renormalization), F is the force exerted by the
electrons on the lattice (a functional of the ﬁeld
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E(r, t)). Various mechanisms of the electron–
lattice interaction make additive contributions
to F . For non-magnetic metals these are the inertia mechanism, the induction mechanism, and the
strain mechanism. The contribution of the inertia
force term F 1 = −(m0 /e)∂J /∂t is usually small
in comparison with other mechanisms, where −e
and m0 are the charge and the mass of a free electron, respectively; and J is the total current density taking into account the electrical neutrality.
The induction mechanism is determined by the
average Lorentz force F 2 = [j × B 0 ] where B 0 is
the external uniform magnetic ﬁeld.
The strain mechanism is due to the electron–
lattice interaction through a strain potential λ̂(p):
F 3i =

∂
Λik χ,
∂xk

Λ(p) ≡ λ̂(p) −

λ̂
,
g

where χ is the nonequilibrium addition to the electron distribution function; the angular brackets denote averaging over the Fermi surface; and g is
the density of states. The role of various components of the force F depends on external parameters: the wave frequency, the temperature, the
magnetic ﬁeld, and the metal characteristics. For
semimetals the EM generation of sound is due to
a strain force F 3 . For typical non-magnetic metals
with a normal (classical) skin-effect, the EM generation of sound is caused by the induction mechanism. At low temperatures under the conditions of
the anomalous skin-effect, this generation of sound
takes place due. mainly, to the strain force F 3 . The
efﬁciency of this generation depends essentially
on the character of the electron reﬂection from the
metal surface: for boundaries with diffusive scattering the EM generation is more signiﬁcant than
it is for mirror reﬂecting boundaries. The transformation of a metal to the superconducting state
strongly reduces the intensity of the sound generation since this transformation causes a pronounced
decrease of the penetration depth of electromagnetic e ld into the metal. A particular feature of the
EM generation is the strain mechanism which involves various resonance effects intrinsic in electromagnetic and magnetoacoustic effects in metals: cyclotron resonance, geometrical oscillations,
and so on. The intensity of the sound increases in

the manner of a resonance phenomenon when the
sound interacts with collective vibrations of the
metal electron–hole plasma: helicons, dopplerons,
and cyclotron waves.
In magnetic metals, in addition to the above
mentioned mechanisms, the magnetostriction electromagnetic generation of sound occurs (see
Magnetostriction). This is caused by forces that act
on the lattice due to the magnetoelastic interaction
of the magnetization with the lattice. The induction mechanism of sound generation is modiﬁed
by magnetization currents. The magnetoelastic interaction can be enhanced by ferromagnetic resonance.
The highest intensity of EM sound generation is reached in lm s by exciting standing sound
waves. This generation method is employed in
practical applications in laboratory practice and
engineering. It does not require direct contact with
the material, in contrast to routine transformers,
and it has no major restrictions in frequency and
temperature.
ELECTROMAGNETIC WAVES WITH DISCRETE
SPECTRUM IN A METAL

Electromagnetic waves which are weakly attenuated only in the neighborhood of discrete values of the wave vectors kn . Such waves are observed in metals in magnetic ﬁelds satisfying the
condition kR
1, where R is the cyclotron radius of the electron orbits, and kn is given by
the expression kn = π(n + 1/4)/R, where n =
0, 1, 2 . . . . The physical cause of the weak attenuation at these discrete kn values is associated with
oscillations of the dissipative conductivity σ diss as
a function of the magnetic ﬁeld B. There are minima at k = kn where σ diss becomes small in comparison with the Hall conductivity. The effective
dielectric constant of the electron gas in this case
becomes mainly real-valued, which makes possible the propagation of weakly decaying electromagnetic waves.
ELECTROMECHANICAL EFFECTS

Reciprocal causality and correspondence between electrical and mechanical states (properties)
in solids. In ferroelectrics the electromechanical
effects are much more pronounced compared to
ordinary insulators, piezoelectrics, and semiconductors; this is characterized by abnormally large

ELECTRON AFFINITY

values of piezoelectric constants (e.g., piezomoduli dik and coefﬁcients of electromechanical relations kik , see Piezoelectricity) and strong dependence of material parameters (dielectric constant εij , elastic compliances Skk  , and piezomoduli dik ) on temperature T , electric ﬁeld E, and mechanical stress σ (or uniform pressure). The main
cause of strong electromechanical effects is the existence of a ferroelectric phase transition that, in
a certain range of variation of T and σk , stimulates the appearance (disappearance) or change
of magnitude or direction of the spontaneous polarization vector P s which is accompanied by a
signiﬁcant deformation of the crystal lattice (see
Ferroelectricity). In the vicinity of a phase transition, i.e. in the neighborhood of the loss of ferroelectric thermodynamic stability, one can observe
an abnormally high pliability (strong response) to
an external electric and mechanical action, a gain
of reciprocity of thermal, elastic (mechanical) and
electric properties, and their nonlinearity. Outside
the phase transition region these phenomena are
less pronounced, however, both the pliability and
the electromechanical effects in ferroelectrics remain greater than they are in ordinary crystals.
Similar phenomena can be observed in ferroelastics and, in general, in the majority of cases of
structural phase transitions which are related to
a symmetry change of a crystal lattice. A quantitative description of the indicated effects can be
obtained by differentiating the thermodynamic potential Φ(T , Di , σk ) with respect to Di and σk
(here Di is the electric ux density (polarization
Pi ), and σk are the mechanical stresses) to obtain
the fundamental equations:
∂Φ
= αij Dj + ηij l Dj Dl + βij lm Dj Dl Dm
∂Di
− gik σk − κij k Dj σk =

Ei
,
4π

∂Φ
= Skk  σk  + gik Di + κij k Di Dj = uk ,
∂σk
where uk is the strain tensor. The summation is
carried out over repeated indices i, j, l, m = 1,
2, 3; k, k  = 1, 2, . . . , 6; the quantities αij , Skk  ,
gik , κij k are, respectively, the tensors of reciprocal
electric susceptibility, elastic compliance, reciprocal piezoeffect, and electrostriction. To simplify
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these expressions, the series is limited to terms of
order D 4 . In the vicinity of a ferroelectric phase
transition, i.e. when approaching the Curie point
T → θ(σk ), some diagonal components of the inverse susceptibility αij , or principal minors of the
determinant of the set of equations vanish. This is
equivalent to the loss of thermodynamic stability
of the crystal lattice, and is related to the sharp
increase under action of external electric and mechanical forces of those components of electric
ﬂux density Di (T , E, σ ) and strain uk (T , E, σ )
which are the solutions of the set, i.e. the dielectric constant εij , piezomoduli dik , and so on.
At the same time, the fundamental equation and
corresponding properties of the ferroelectric become essentially nonlinear. Outside the neighborhood of the phase transition, due to low values
of some constants αij (low stability) and a high
electrostriction (i.e. constants κij k ), the aboveindicated effects in ferroelectrics are also abnormally large. In ferroelectrics which lack the piezoeffect (gik = 0) in the para-range, i.e. at T > θ and
P s = 0, in the ferro-range (T < θ and P s = 0)
the effect is caused entirely by the so-called linearized electrostriction, i.e. it arises from a term
κij k Di Dj σk in the thermodynamic potential; in
other words, the effect is due to the presence of
a relation uk (E) = κij k Dis Dj (E) = dik Ei where
Dis = 4πPis is the spontaneous electric ﬂux density. Strong electromechanical effects in ferroelectrics determine a number of speciﬁc complex
nonlinear dependences P s (T , σk ), εij (T , σk , Ei ),
E (T , σ , E ), d (T , σ , E ); the phenomenon
Skk

k
i
ik
k
i
of electromechanical hysteresis, dependences of
dielectric loss and mechanical loss on values of
static and dynamic electric and mechanical ﬁelds,
as well as anomalies of the piezoresistive effect and electrical conductivity in ferroelectricssemiconductors (see Photoferroelectrics).
ELECTRON AFFINITY

A measure of the tendency of an atom (or
molecule) in its ground state to bind to a free
electron, thereby becoming a negative ion. For an
energy afﬁnity χ > 0, i.e. the generation of a negative ion involves the release of energy and is therefore energetically favorable, then the corresponding atom is said to have a positive electron afﬁnity.
Positive values of χ are exhibited by atoms, e.g.,

382

ELECTRON BEAM PUMPED LASER

hydrogen, carbon, oxygen, halogens, and by various molecules. The order of χ ranges from 0.1 to
1 eV.
In the context of the physics of semiconductors and other condensed media, the term “electron afﬁnity” is sometimes used in reference to the
height of the potential barrier to electron transfer
into the vacuum (an alternative term is “outer work
function”). The quantity χ may assume various
numerical values, depending on whether the electron is removed from the semiconductor to inﬁnity, or transferred directly into the region near the
semiconductor surface where image forces play a
role. The value of χ also depends on whether the
electron is removed from a uniform neutral semiconductor, or from one with a electric double layer
or charged surface. Special treatment of the semiconductor surface allows establishing an electric
ﬁeld in the near-surface layer, which lowers the χ
barrier, thus promoting electron escape from the
crystal. The potential barrier height may be lowered to such an extent that the χ level will be located below the bottom of the conduction band,
in the quasi-neutral region, deep within the bulk
semiconductor (negative electron afﬁnity). This
negative value of the electron afﬁnity is characteristic of certain condensed media, e.g., liquid helium. A negative electron afﬁnity is favorable for
high emissive capacity of materials under conditions of the X-ray photoeffect, electronic excitation, etc.
ELECTRON BEAM PUMPED LASER
Solid-state lasers (mainly, semiconductor lasers) in which bombarding the semiconductor

with fast electrons produces high concentrations
of excess carriers and, hence, conditions suitable
for generating coherent radiation. Electron beam
pumped lasers contain an active element – a semiconductor target with an optical resonator cavity, a source of electrons, and a system for their
acceleration and focusing. During the interaction
of electrons with the solid medium, up to 30%
of their initial energy is spent on internal ionization, i.e. on the generation of electron–hole pairs.
A high electron energy is selected below the radiation defect formation threshold to obviate degradation from cathodoluminescence. Electron beam
pumping is an important all-purpose way to produce laser emission in a semiconductor, and it is

applicable in a wide range of active media in the
wavelength range from 0.3 to 30 μm. There are
also heterostructure lasers. Advantages of electron beam pumped lasers include rapid scan of the
emitting spot, and high peak output power densities. Laser cathode-ray tubes are used for projection television, data presentation, and optical
memory systems.
ELECTRON BEAM TECHNOLOGY

Technological processes for the treatment of
solids by an electron beam in vacuo. Included
among methods of electron beam technology are
welding, evaporation, fusion, and thermal treatment (including cutting, milling and drilling of
materials). An electron beam is formed in a vacuum of 100 –10−3 Pa in a device called an electron gun; the beam is accelerated in an electrostatic ﬁeld, focused, bent (deﬂected) with the help of
magnetic ﬁelds when needed, and directed into a
vacuum working chamber. It is in the chamber that
objects involved in the electron-beam process are
arranged: in the case of welding, heat treatment
and trimming these are the parts to be welded or
treated; in the case of fusion these constitute a crucible and the material to be melted in it; in the case
of evaporation these are the material to be evaporated and those parts (substrates) at whose surface
the sputtering is performed. The vacuum pumping
system is an important part of any device of electron beam technology. In terms of the density of
gas ﬂow during the heating and melting of a solid,
the output of the vacuum pumping systems in the
range of pressure 10−2 –10−3 Pa is 102 –105 l/s.
Typical electron beam parameters are the following:
(i) for welding: power W ∼ 103 –105 W, energy
U ∼ 20–150 keV;
(ii) for evaporating W ∼ 103 –104 W, energy
U ∼ 10–20 keV;
(iii) for fusion: W ∼ 103 –106 W, energy U ∼ 20–
30 keV;
(iv) for trimming W ∼ 102 –103 W, energy U ∼
50–150 keV.
Electron-beam welding is employed in the
instrument-making industry, for electrovacuum
production, energy engineering, and the aircraft
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and automotive industries. Electron-beam evaporation is used for producing the metallic and nonmetallic protective coatings at working blades of
gas-turbine apparatus, for obtaining some special
multilayer and dispersed materials. Electron-beam
melting is applied for reﬁning metals and alloys,
obtaining multilayer plate preforms made of different metals, and in the production of original
semiconductor materials. An electron-beam heat
treatment is used for modifying physical and mechanical properties of materials.
ELECTRON COMPOUNDS
See Hume-Rothery phases.
ELECTRON DIFFRACTION

Elastic (without energy loss) scattering of electrons by individual atoms (molecules) or in media
(gases, liquids, amorphous and crystalline solids).
For the structural analysis of solids collimated
beams of electrons are used after passage through
a speciﬁc drop in potential V , and the directions
and intensities of the scattered beams are recorded
far from the object under investigation (Fraunhofer diffraction of waves). Depending on the value
of V the following types are distinguished: lowenergy electron diffraction (LEED, V ∼ 10 to
102 V), diffraction of electrons of medium energies (V ∼ 102 to 103 V), and high-energy electron diffraction (V ∼ 104 to 106 V). In the LEED
method the depth of penetration of electrons into
the solid is several angstroms so this method is
used for investigations of the structure of the surface layers of solids. Using high-energy electron
diffraction it is possible to study the structure of
samples with thickness 10−7 to 10−4 cm, and (by
reﬂection) surface layers of about 10 nm. Since for
high-energy electron diffraction the wave length
is fractions of an angstrom this is a highly sensitive method for investigating solids – the type of
unit cell, mosaic crystals, texture, phase composition, defects, etc. Electron diffraction is the basis
of electron diffraction analysis.

Electron diffraction pattern obtained from a thin foil of
stainless steel.

result of its scattering, a diffraction pattern (Fig.)
is produced. One can differentiate the diffraction
from macroscopic regions of the sample which are
hundreds of micrometers in size, and microdiffraction with a resolution down to 5 nm. From the nature of the pattern, which is a section of the reciprocal lattice, one can determine the crystal structure, the phase composition, the shape and dimensions of particles, and other structural features of a
sample under investigation. This technique is often
used in conjunction with the electron-microscopic
observation of surface features (electron micrograph). The main applications of electron diffraction analysis are the investigation of the structure
of materials containing light elements, thin ﬁlms,
ultradispersed bodies, and processes in solids that
develop at the submicroscopic level. A particular branch of electron diffraction analysis is lowenergy electron diffraction (LEED) which utilizes
an accelerating potential ∼10–100 V, in sharp
contrast to ordinary electron diffraction analysis
where the accelerating potential is ∼100 keV. This
low-energy version provides information about the
structure of monomolecular layers, adsorbed layers, etc.
ELECTRONEGATIVITY

ELECTRON DIFFRACTION ANALYSIS

A method for investigating the structure of
solids based on electron diffraction. In this method
the accelerated and focused electron beam from
an electron gun is directed onto a sample, and as a

Measure of ability of an atom in a molecule
or condensed matter to attract electrons involved
in chemical bond formation. Robert Mulliken deﬁned the electronegativity of an atom in terms
of its ionization energy and its electron af nity,
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ELECTRON EMISSION, SECONDARY

and Linus Pauling used bond dissociation energies to devise an electronegativity scale. Tabulated values are arrived at using averages of data
from many compounds, and they range from 0.79
for Cs to 3.98 for F. Atoms with a high electronegativity easily add electrons to form anions,
and atoms with low electronegativity easily release a valence electron to form a cation. The electronegativity value is of signiﬁcance when determining the type of chemical bond that exists between atoms which form molecules, amorphous
and crystalline solids.
ELECTRON EMISSION, SECONDARY
See Secondary electron emission.
ELECTRON GAS, TWO-DIMENSIONAL
See Two-dimensional electron gas.
ELECTRON HEATING

Build-up of electron kinetic energy above its

the electron characteristics do not depend on the
ﬁeld itself. In contrast to this, when the ﬁeld is
strong it results in certain speciﬁc effects among
which are the dependence of the electron mobility
on the ﬁeld strength, saturation of electron drift
velocity, hot electron generation, the appearance
of a thermal electromotive force for nonuniform
ﬁeld electron heating, ionization of the impurity
states by electrons, avalanche ionization, N- and
S-shaped current–voltage characteristics, regions
of negative differential conductivity, domains of
strong ﬁeld, current lamentation, the Gunn effect,
the Sasaki effect, a many-valued electron distribution, and sign change of the bipolar drift velocity.
Electron heating by a ﬁeld occurs in semiconductors, but it plays no role in metals because of
the high value of the Fermi energy of the electrons that provide the transport phenomena. Under
certain conditions optical transitions of electrons,
or the electric ﬁeld itself, may produce cold electrons, with an energy ε̄ < ε̄0 .

thermodynamic equilibrium value as a result of

pumping additional energy into the electron subsystem of a crystal by means of an electric current, laser irradiation, etc. Electron heating by a
ﬁeld consists in increasing the kinetic energy during the electron drift in an electric ﬁeld E (see
Current carrier drift). When ε̄ − ε̄0  ε̄0 , where ε̄
is the average electron energy, and ε̄0 is its value
in thermodynamic equilibrium, the electrons are
called warm electrons, while for ε̄ − ε̄0 ε̄0 , they
are called hot electrons. Electrons acquiring additional energy from the heating electric ﬁeld within
their mean free path pass it on it to the crystal lattice during their collisions with phonons, impurity
atoms and other defects of the lattice. Conditions
favorable for electron heating by a ﬁeld include
a long mean free path, low temperature, elastic
scattering of electrons by crystal defects, and high
strength of the electric ﬁeld E. To avoid raising
both the lattice temperature T and ε̄0 the electric ﬁeld it is often applied to the material in short
pulses.
The degree of electron heating may be characterized by the electron temperature. When the ﬁeld
is weak, the average electron momentum p ∼ E
and ε̄ − −ε̄0 ∝ E 2 , so that the change in electron energy during the course of the transport phenomena may be neglected as of second order, and

ELECTRON–HOLE LIQUID

A dense electron–hole phase in which a gas
of high-density excitons in semiconductors is condensed at fairly low temperatures. In an electron–
hole liquid the excitons loose their individuality,
and these almost free current carriers (electrons
and holes) persist by means of exchange and correlation forces. The mean distance between the carriers is close in order of magnitude to the Bohr
exciton radius a B , and their equilibrium concen−3
tration is n0 ∼ aB
. For example, in Ge and Si the
corresponding free carrier equilibrium concentration is n0 ∼ 1017 cm−3 and n0 ∼ 1018 , respectively. The electron–hole liquid differs from an
ordinary electron–hole plasma in semiconductors
analogous to the way a liquid metal differs from
an electron–ion plasma: the liquid is sustained
by the internal Coulomb forces and possesses a
certain equilibrium density n0 (T ) dependent on
the temperature. Therefore, the electron–hole liquid, in contrast to its plasma counterpart, does not
spread over the whole sample, but rather it occupies only that portion of the bulk which can be
ﬁlled uniformly with the temperature-dependent
density n0 (T ) consistent with the number of nonequilibrium electrons and holes that had been introduced into the sample.

ELECTRONIC CONFIGURATION

The condensation of the free exciton gas into
the electron–hole liquid is a rst-order phase transition. Upon reaching the mean concentration of
excitons equal to the temperature-dependent value
nc (T ) (at low temperatures nc (T )  n0 (T )), a
layering into two phases takes place in the bulk,
i.e. a separation into portions ﬁlled by the exciton
gas, and others ﬁlled by drops of electron–hole liquid (electron–hole drops) with the density n0 . At
further increasing the average bulk concentration
of nonequilibrium electrons and holes, the volume occupied by the electron–hole liquid grows,
but its density at a given temperature n0 (T ) does
not change until the electron–hole liquid ﬁlls the
whole sample. The condensation of an exciton gas
into an electron–hole liquid was ﬁrst observed in
Ge crystals. The presence of this liquid in crystals
can be established from radiative recombination
spectra, from plasma and magneto-plasma resonance absorption, and from light scattering. The
electron–hole liquid is stable in semiconductors
with a strong effective mass anisotropy and a high
degree of orbital degeneracy of the energy spectrum (many-valley type) (see Many-valley semiconductors).
ELECTRON–HOLE PAIR
An electron in the conduction band associated
with a hole in the valence band. It can exist ei-

ther as separated particles (the Coulomb attraction is negligibly small) or as a bound pair in
the form of a Wannier–Mott exciton. Electron–hole
pairs are formed as a result of either thermal excitation of the electron subsystem, or under the action of light, nuclear radiation, electron (hole) injection, shock waves, etc.
ELECTRON–HOLE PLASMA

A system of free electrons and holes at sufﬁciently high densities and temperatures where
there is a dissociation of the high-density excitons
produced in semiconductors by light. Unlike an
electron–hole liquid which appears at high densities and low temperatures due to the Mott metal–
insulator transition in the exciton system, a gas-like
electron–hole plasma ﬁlls the entire crystal bulk.
The behaviour of the charged gas particles in a
plasma is dominated by the electromagnetic interactions between them. A nonequilibrium electron–
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hole plasma can be formed by the action of strong
very-high-frequency ﬁelds, and by electron injection through a contact in a strong electric ﬁeld (see
Solid-state plasma).
ELECTRONIC CONDUCTIVITY

This nonstandard term is somewhat arbitrarily deﬁned as referring to the electrical conductivity of a material caused by (i) electron and (or)
hole transport, as in metals, as distinct from ionic
conductivity where the current carriers are ions, as
takes place in liquids, (ii) jump or hopping conductivity when charges hop from ionic site to ionic
site, and (iii) in semiconductors there is n-type
conductivity when the majority current carriers are
conduction electrons, as distinct from p-type conductivity when the majority carriers are holes. The
n-type occurs in semiconductors when the donor
concentration exceeds the acceptor concentration,
and p-type occurs when the acceptors dominate.
ELECTRONIC CONFIGURATION

Complex of occupied one-electron states of a
system with designated quantum numbers which
determine the electron energies. The electron conﬁguration of an atom (n1 l1 )N1 . . . (ni li )Ni is given
by the occupation numbers of Ni of electron
shells with the principal quantum number ni and
orbital angular momentum li . As a rule, only
partially occupied, non-inner core, shells with
1  Ni < 2(2li + 1) are designated. The energy
levels (terms) of the system with a given electron conﬁguration are determined by inter-electron
(Coulomb and exchange interactions) and other
interactions (in particular, spin–orbit interactions).
Single-electron states (orbitals) in molecules and
isolated complexes in condensed media (solutions,
glasses, crystals) are classiﬁed by irreducible representations of their symmetry point group. An
electron conﬁguration of a molecule is given in
the form (n1 Γ1 )N1 . . . (ni Γi )Ni where ni  1 is
the occupation number of the state of a given
symmetry listed in the order of increasing energy;
the symbol $i denotes the irreducible representation with the degeneracy (multiplicity) gΓ , where
1  Ni  2gΓ . In crystal eld theory the electron conﬁgurations of complexes of d-state transition metals with cubic symmetry are constructed
from orbitals e(dz2 , dx 2 −y 2 ) and t2 (dxz , dyz , dxy )
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which, respectively, constitute basis functions of
the two-dimensional Eg (Γ3g ) and three-dimensional T2g (Γ5g ) irreducible representations of
the octahedral group Oh . The electron conﬁgurations em t2h are mixed as a result of the interelectronic interaction (conﬁguration overlapping).
In the valence bond method (Heitler–London approximation), the electron conﬁgurations of complexes and molecules are constructed from hybrid atomic orbitals; the LCAO method (see Linear
combination of atomic orbitals) uses linear combinations of orbitals of atoms which comprise a
molecule. The molecular orbitals are categorized
by both their change in energy at bond formation
(bonding, nonbonding, and antibonding orbitals)
and the symmetries of their charge density (σ - and
π -bonds). See also Group theory.
ELECTRONIC LEVEL, LOCAL

See Local electronic levels.
ELECTRONICS

See Acousto-electronics, Acousto-electronics
materials, Dielectronics, Functional electronics,
High-energy electronics, Microelectronics, Nanoelectronics, Optoelectronics, Solid-state quantum
electronics, Superconductor electronics, Vacuum
electronics.
ELECTRON-INDUCED DESORPTION

Removal of adsorbed material, comprising ions
or neutral particles, from the adsorber surface under electron bombardment of the surface. An initial stage of the process of electron-induced desorption is the excitation of an electron from a
bonding orbital or an inner shell of the adsorber or
adsorbed atom. The energy of the incident electron
needed for this excitation determines the energy
threshold of the process. Then the adsorbed atom
passes to a new equilibrium state, and if it acquires
sufﬁcient kinetic energy it can leave the surface.
If its energy is insufﬁcient for desorption (e.g., a
metallic bond with short speciﬁc relaxation times)
but sufﬁcient for a transition to a neighboring center of adsorption, one can observe an electroninduced disordering of the adsorbed layer.

ELECTRON-INDUCED DISORDERING

Disturbance of order in the atomic structure
of an adsorbed submonolayer lm under lowenergy electron irradiation (as a rule, with energies
E < 100 eV). The term is applied only to adsorbed
ﬁlms. Many similar phenomena in a bulk solid
correspond to the formation of radiation defects.
Electron-induced disordering is so far known only
for ﬁlms made of Li, 2 H, and 1 H where it was observed by low-energy electron diffraction (LEED)
at low temperature. The cross-section of electroninduced disordering in these ﬁlms is σ = 10−18 –
10−17 cm2 . The value of σ is sensitive to the isotope mass M (σ decreases with the increase of M).
For some ﬁlms (e.g., hydrogen on molybdenum), a
competitive process of electron-induced ordering
develops in parallel with the electron-induced disordering. The nature of this disordering as well as
ordering seems to be related to the nonequilibrium
vibrational excitation of adsorbed atoms whereby
they become capable of migrating over the surface. The generation of structural defects results in
electron-induced disordering, whereas defect annealing leads to electron-induced ordering. This
disordering can exist with a threshold (in Li ﬁlms
E  54 eV) as well as without a threshold (e.g., in
hydrogen ﬁlms the effect utilizes the energy yield
from the electron passage). Accordingly, the excitation of atomic vibrational energy that exceeds
the migration barrier can be either transferred directly to these levels (H), or transferred through a
stage of electron excitation with subsequent Auger
relaxation (Li).
ELECTRON–ION EMISSION

Emission of surface atoms (ions) as a result of
electron bombardment of a solid surface. Of particular interest is electron–ion emission with the
electron energy below a threshold value. In this
case the emission of atomic particles takes place
due to excitation of the electron subsystem of the
solid, and this emission is of especial signiﬁcance
since it provides information on the mechanisms
of subthreshold defect formation (see Threshold
energy of defect formation). In the case of electronion emission, these mechanisms differ in their dependence on the type of chemical bond in a solid.
In ionic crystals the ionization mechanisms of
electron-ion emission have been observed experimentally. These experiments conﬁrmed the known

ELECTRON MICROSCOPY

fact that the inefﬁciency of ionization mechanisms
in the bulk of alkali-halide crystals is due to the
high symmetry of their crystal lattice, and the relatively compact arrangement of atoms in such lattices. It had been shown by C.C. Parks et al. (1983)
that the electron-ion emission at the (100) surface
of NaF crystals is caused by ionization of the Kshell of Na. In the case of alkali-halide crystals,
this emission is due to the interatomic interaction forces, and involves the spatial arrangement
of an overcharged ion. In the case of a surface with
a prevalence of covalent bonds, the electron–ion
emission occurs either as a result of local excitation of chemical bonds with the potential barrier
reduced to the point where thermal ﬂuctuations
can eject an electron to the vacuum state outside,
or the emission results from the disappearance of
the barrier when an electron changes to an antibonding orbital state. Mechanisms of electron–
ion emission can also induce stimulated desorption from a solid surface of any type.
ELECTRON MICROSCOPE

An electronic optical device in which, as a
result of the interaction of a primary beam of
accelerated electrons with a sample, the image
of its surface or its internal structure is formed
with a resolution δ down to 0.1 nm. Electron microscopes are divided into (i) magnetic (electromagnetic and magnetostatic), (ii) electrostatic, and
(iii) combined magnetic/electric types; into devices with resolution δ = 0.1–1.0 nm, δ = 1–3 nm,
and δ > 3 nm; and into (i) transmission, (ii) reﬂection, (iii) emission, (iv) scanning, (v) specular, and
(vi) shadow apparatus depending on the kind of
radiation that forms the image (see also Electron
microscopy).
A transmission electron microscope allows one
to study the internal structure of objects with a resolution down to 1 nm. This class of electron microscopes is divided into three subgroups according to the energy value U of the applied accelerating potential: (i) U < 100 keV, (ii) U = 100–
500 keV, and (iii) U > 500 keV. An electron microscope equipped with attachments can be used
for crystallographic and phase analysis carried out
at various temperatures, for studying samples under strain, and for the determination of their elemental composition. To carry out research on these
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systems the sample should be thin enough to permit the passage of electrons.
Several varieties of electron microscopes will
be described.
The working principle of a reﬂection electron
microscope involves the reﬂectance of the incident
electrons, δ = 30–35 nm.
In an emission electron microscope the image
is formed by electron emerging from the sample
surface, δ = 20 nm.
In a scanning electron microscope an electron
probe scans over the sample surface, thereby forming its image, δ = 3 nm. This device can work
by means of secondary reﬂections and transmitted
electrons at U < 50 keV. The analyzers provide
the determination of the elemental composition of
a sample.
A specular electron microscope furnishes an
image of a potential relief (i.e. the distribution of
potential near the sample surface), δ = 8–15 nm
(in practice this value may be closer to 100 nm).
A shadow electron microscope is designed for
studying surface relief.
ELECTRON MICROSCOPE, SCANNING
See Scanning electron microscope.
ELECTRON MICROSCOPY

Set of methods for investigating the structure
of solids (from the mesoscopic to the atomicmolecular level) and their local chemical composition with the help of electron-optical devices
called electron microscopes.
Transmission electron microscopy can attain a
resolution up to 0.1 nm when passing the electron beam through a sample 10 nm thick. With
the help of high-resolution electron microscopy,
the atomic structure of solids becomes available
for observation. Using thicker sample-foils (0.1 to
1.0 μm thick) one can study imperfections of the
crystalline structure of solids which become detectable through their phase contrast. The use of
a narrow electron beam (about 1 nm in diameter) scanning over the foil surface makes it possible to combine the electron-microscopic study
of the solid bulk structure with the analysis of its
local chemical composition (see Local analysis).
Spectrometers of various kinds are used for investigating this chemical composition: X-ray spectrometer with energy dispersion, X-ray absorption
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determinating the distribution of elements over
the solid surface. Auger electron microscopy requires high purity of the surface under investigation, which can be achieved only under the conditions of an extremely high vacuum.
An important application is the dynamic study
of solid structures during variations of the temperature, mechanical stress, and magnetic ﬁeld, as
well as during the accumulation of radiative damage in material subjected to bombardment by highenergy electrons (1 MeV in order of magnitude).

A micrograph of the defect structure of a thin ﬁlm of
stainless steel obtained in the transmission mode of an
electron microscope. Magniﬁcation 25,000.

near edge structure spectrometer, and characteristic electron energy loss spectrometer (see Characteristic energy loss spectroscopy). Application of
the above-mentioned spectrometers allows one to
study the local elemental or chemical composition
of samples with regard to elements from 3 Li to
92 U, although the very lightest elements are more
difﬁcult to measure quantitatively. The modern
electron microscope provides microstructural resolution and the determination of the local chemical composition in combination with the identiﬁcation of the crystal structure. To study solids via
transmission electron microscopy thin electrontransparent samples 10 nm to a few micrometers
thick can be prepared by electrochemical methods,
ion etching, thermal evaporation, and so on. These
methods are used for investigating the defect structure (see Fig.) and phase transitions in solids. To
study the structure of complex compounds such as
alloys and minerals which contain dispersed particles, a direct method is often supplemented with
a semidirect one by obtaining a replica from the
sample surface with embedded particles of various
phases.
To study the surface of bulk samples, a scanning electron microscope (raster electron microscope) is employed. To analyse the surface topography and composition Auger electron microscopy
can be used. This allows one to study thin surface layers in localized regions about 50 nm in
size. This method is particularly convenient for

ELECTRON–NUCLEAR DOUBLE RESONANCE
(ENDOR) (G. Feher, 1956)

Selective absorption of electromagnetic wave
energy which induces quantum transitions between spin sublevels in a system of electrons coupled with nuclei, carried out simultaneously at two
frequencies (electronic νe and nuclear νn ); it is
a version of magnetic double resonance. It measures nuclear magnetic resonance (NMR) transitions through their inﬂuence on the electron paramagnetic resonance (EPR) signal. For the observation of ENDOR the substance containing paramagnetic centers is irradiated by the oscillating
microwave magnetic ﬁeld at the frequency νe ,
while at the same time the radio-frequency NMR
ﬁeld is applied and its frequency is swept. At the
coincidence of the energy of the radio-frequency
quantum with the difference of energies between
two nuclear sublevels nuclear spin transitions are
induced which change some parameter of the EPR
signal (intensity, width and shape of line, resonance frequency). Usually the variation of the microwave adsorption at some point of the EPR line
is recorded. This variation, which has a form of
resonance line, is called the ENDOR signal, and
the frequencies νn at which it occurs are called
the ENDOR frequencies. The main advantage of
ENDOR as a method of measuring nuclear spin
transitions lies in its combination of the high resolution of NMR with the high sensitivity of EPR.
Figs. (a)–(d) present two simple situations which
provide simple visual explanations of the mechanisms of ENDOR. Figs. (b), (c) correspond to
so-called non-stationary ENDOR when the spin
relaxation times are very long. Here the equalizing of the populations of the electronic sublevels is achieved with the help of a very high
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Energy levels of the system of an electron and a nucleus with spins S = I = 1/2 in a constant applied magnetic ﬁeld B
taking into account the Zeeman and hyperﬁne interactions: (a) levels in thermodynamic equilibrium; (b,c) variation of
populations under effect of the microwave frequency and the radio-frequency acting in the absence of spin relaxation;
(d) ENDOR in the presence of relaxation, the fastest processes being associated with levels, affected by the input power,
as shown by the dashed line; Ts and Tx are characteristic relaxation times.

power microwave input signal which saturates and
thereby reduces the EPR signal to zero amplitude. The subsequent application of the radiofrequency and an adiabatic fast passage through
resonance cause the inversion of the nuclear sublevel populations which induces the nonstationary (dnM,m /dt = 0) emission of the EPR signal;
M, m are the projections of the spins on the direction of B, nM,m are the relative populations of
levels (hνn  hνe and ε  1, ε = hνe /(2k B T )),
hνe and hνn are the energies of the microwave
and radio-frequency quanta which cause the corresponding electronic and nuclear transitions. In
stationary ENDOR (Fig. (d)) the intensity of the
partially saturated EPR signal is determined by
the competition between the comparatively fast
processes of relaxation with induced transitions.
The passage through nuclear resonance is performed sufﬁciently slowly, so that the system remains close to equilibrium: dnM,m /dt = 0. The
enhancement of the EPR signal results from the
shortening of the spin relaxation time due to
switching from the Tx process to the Ts process
by the applied radio-frequency, and as a result, the
extent of the EPR saturation is reduced.
Electron–nuclear double resonance may arise
from the nucleus of an impurity atom which constitutes the paramagnetic center (ENDOR at doping

nucleus), as well as from the nuclei of atoms (ligands) adjacent to the paramagnetic center (ligand
ENDOR) and from nuclei distant from the paramagnetic center (distant ENDOR). There is no direct interaction of the electrons of the paramagnetic center with such nuclei. Its mechanism is
associated with the space diffusion of nuclear polarization from adjacent nuclei, polarized through
the solid effect or through the dipole–dipole reservoir, to the distant nuclei. The ENDOR of this
type has a signal at the nuclear Larmor frequency νn∗ which, after turning off the incident
radio-frequency, falls off with a time scale characteristic of nuclear spin–lattice relaxation. The
ENDOR of non-ordered systems (polycrystals,
amorphous bodies, glasses) is also observed at
frequencies close to νn∗ , but its mechanism is
the same as for the adjacent nuclei. If the radiofrequency ﬁeld increases the intensity of microwave adsorption, the ENDOR is called positive, and in the case of reduction the ENDOR is
called negative. Radio-frequency selective saturation is a speciﬁc kind of ENDOR using pulsed
methods of detection.
In ENDOR the replacement of the microwave
or radio-frequency electromagnetic waves by sonic
vibrations is possible, to provide acoustic-magnetic (or magnetoacoustic) ENDOR, and when the
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signal is recorded through optical transitions it is
called optically detected ENDOR. In ENDOR information is extracted from the frequency, width,
shape and amplitude of the resonance lines, from
their angular dependences on the B ﬁeld, from
ENDOR dynamics (dependences on intensities of
microwave or radio-frequency ﬁelds), and also
from the variations of signal as a result of external effects.
ENDOR is one of the most effective and accurate methods of measuring hyper ne interactions
and of clarifying the structure of defects (impurity, radiative, etc.) in solids. It allows one to determine the spatial distribution of spin densities
e|ψ|2 of electrons at paramagnetic centers (ψ is
the unpaired electron wave function). It is used
also for determining electric quadrupole and magnetic dipole moments of atomic nuclei, and spin relaxation parameters in electronic–nuclear systems.
ENDOR provides information about fundamental parameters of crystals: their band structure,
intracrystalline ﬁelds, strain potentials, and local
properties in the vicinity of paramagnetic centers.
In the presence of two radio-frequency sources
a triple electron–nuclear–nuclear resonance can
be carried out. It is similar to ENDOR in its
mechanism and properties, the difference being
the presence of two radiofrequency sources. The
extra radiofrequency permits one to determine the
relative signs of hyperﬁne coupling constants, to
separate different processes of spin relaxation, and
to determine their characteristic times.
ELECTRON ORBIT COLLAPSE
See Collapse of electron orbits.
ELECTRON PAIR, UNSHARED
See Unshared electron pairs.
ELECTRON PARAMAGNETIC RESONANCE
(EPR), also called electron spin resonance (ESR)

Resonance absorption (emission) of electromagnetic waves of the radio-frequency or microwave (superhigh-frequency) ranges (109 –1012 Hz)
by paramagnets whose paramagnetism is caused
by unpaired electrons; this is a particular case of
magnetic resonance. The effect was discovered
by E.K. Zavoisky (1944). A paramagnetic spin in

a constant magnetic ﬁeld forms a system of energy levels Ei which differ in the magnetic quantum number M of its magnetic moment. Under
the action of electromagnetic waves, magnetic dipole transitions can be induced between these levels, called magnetic or spin sublevels, with the absorption (emission) of an energy quantum of frequency νij = |Ei − Ej |/ h. In the particular (but
quite common) case of a single electron with spin
s = 1/2, located in a magnetic ﬁeld B, the following relation is satisﬁed:
hν = gβB,

(1)

where g is the electron g-factor, β is the Bohr
magneton. The frequency ν deﬁned by Eq. (1)
is called the Zeeman frequency, energy levels
E±1/2 = ±gβB/2 responding Eq. (1) are called
Zeeman energies, and the spacing between these
levels E±1/2 is called the Zeeman splitting. As
a rule, B = 0.1 to 5 T and g ≈ 2, which yields
ν = 3·109 –1.5·1011 Hz.
The EPR experiments are carried out with the
help of a special apparatus called a magnetic resonance spectrometer which can operate in the centimeter or millimeter ranges of wavelengths. Microwave (radar) instrumentation is used, systems
of waveguides and resonators with generators
(klystron) and detectors (crystal diode). A sample
several cubic millimeters in volume is located in a
resonator where a component of the electromagnetic wave (usually a magnetic one), which induces the transitions, has a maximum value. The
resonator is situated between the pole pieces of
an electromagnet (ordinary or superconducting)
which provides the magnetic ﬁeld that produces
the Zeeman splitting of the levels. The resonance
condition (1) is satisﬁed by scanning the magnetic
ﬁeld strength B while keeping the frequency at
a constant value ν. The magnitude of the magnetic ﬁeld at resonance depends, in general, on
the orientation of the vector B with respect to the
sample. A signal with a bell shape or its derivative is observed with the help of an oscilloscope
or recorder. In a crystal positioned in the external
magnetic ﬁeld, a paramagnetic particle with spin
s = 1/2 has two levels (E1/2 and E−1/2 ). These
levels vary in proportion to the value of the magnetic ﬁeld strength B, and in many single crystals
they are dependent on the orientation of vector B

ELECTRON PARAMAGNETIC RESONANCE

Energy levels E in a magnetic ﬁeld B for electronic spin
s = 1/2 and two orientations of θ and ϕ.

relative to the crystallographic axis given by the
polar coordinate angles θ and ϕ through the following expression for the g-factor in Eq. (1):


g = g12 cos2 φ + g22 sin2 φ sin2 θ
+ g32 cos2 θ

1/2

(2)

,

where g1 , g2 and g3 are the three principal values of the g-factor tensor. The ﬁgure shows the
energy levels for two orientations of θ and ϕ.
At resonance, e.g., the magnetic ﬁeld magnitudes
B r1 and B r2 indicated on the ﬁgure correspond to
the orientation angles θ1 , ϕ1 and θ2 , ϕ2 , respectively, for the same Zeeman splitting energy hν in
Eq. (1). The spectrum is a single line which appears at the position B r1 for the angles θ1 , ϕ1 , and
at the magnetic ﬁeld position B r2 for the orientation θ2 , ϕ2 . For the special case of axial symmetry
with g1 = g2 = g⊥ and g3 = g , the angular dependence given by
1/2

2 sin2 θ + g 2 cos2 θ
(3)
g = g⊥

only depends on the azimuthal angle.
A Hamiltonian that describes an EPR spectrum is usually called a spin Hamiltonian. The
spin Hamiltonian is the complete Hamiltonian averaged with respect to the coordinate part of the
wave function. This depends on only spin operators and belongs to a certain electron conﬁguration. The spin Hamiltonian that takes into account
the principal types of interaction has the form:

cf + W
hf + W
ss + W
p + W
E . (4)
 =W
Z + W
W
These terms, from left to right, mean respectively: the interaction of a paramagnetic spin with
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the external magnetic ﬁeld (Zeeman interaction),
the interaction with crystalline electric ﬁelds, the
interaction with the magnetic moments of surrounding nuclei (hyper ne interaction), the mutual
interaction of paramagnetic particles (exchange
interaction, dipole–dipole interaction, spin–spin interaction), the effective interaction with applied
external pressure (deformations), and the interaction with an external electric ﬁeld. The result of
averaging over the space coordinates is included
in Eq. (4) in the form of parameters called spin
operators. The energy structure and wave functions are found by solving a set of equations which
correspond to Eq. (4). The number of equations
(dimensionality
of secular
'n
'p determinant) is equal to
(2s
+
1)
k
k=1
r=1 (2Ir + 1) where n and
p are the number of electron spins (s) and nuclei
(I ). As a rule, sk and Ir assume values from 1/2
to 7/2; n = 1, 2; p = 1–10. A purpose of the phenomenological description of the problem is ﬁnding (for a certain transition) the expression for the
resonant ﬁeld Br as functions of the parameters of
the spin Hamiltonian and the angles of orientation
of the external ﬁelds and the pressure. By comparing calculated ﬁeld positions (B r )theor with experimentally measured ones (B r )exp one establishes the validity of of Eq. (4), and can evaluate
the parameters of the spin Hamiltonian. The purpose of the microscopic theory is to calculate the
spin Hamiltonian parameters from “ﬁrst principles” and establish the interrelationships between
the EPR characteristics and the properties of the
solid.
The magnetic ﬁelds from the magnetic moments of surrounding electronic and nuclear spins
change the local ﬁeld at each observed electronic
spin, and lead to homogeneous line broadening.
Imperfections of the crystal can lead to inhomogeneous broadening of the EPR lines. These factors can be described by the terms of Eq. (4),
but other approaches have been used, such as
the statistical theory of line shape. An important role in the phenomenon of EPR is played
by relaxation processes which seek to restore the
equilibrium that is disturbed by the action of
the microwave radiation. Due to the interactions
between the electronic and nuclear spins, and
between the electronic spins and the lattice, the relaxation proceeds continuously (spin–lattice relaxation and spin–spin relaxation). These processes
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arise from transitions between the levels which
compete with the microwave-induced transitions.
If these are dominant then saturation (equalizing of level populations) occurs, which results in
a broadening and decrease in amplitude of the
EPR signal. The relaxation processes are speciﬁed by relaxation times and described by kinetic
equations and equations for energy level populations.
The phenomenon of the EPR has found a wide
application in the physics of solids as a method
for studying crystal lattice defects, and site symmetries. Owing to the existence of low-symmetry
effects and electric eld effects, the determination of the local symmetry of a defect is possible
from EPR data. A combination of the EPR method
with the nuclear magnetic resonance method, i.e.
electron–nuclear double resonance, allows one to
probe nearest neighbor paramagnetic particles and
their localization in the lattice. Thus the nature of
defects becomes available for study. EPR is also
applied in studies of solid surfaces, phase transitions, and disordered systems. An important technical application is the design and production of
masers (see Quantum ampli er).
ELECTRON PARAMAGNETIC RESONANCE
FINE STRUCTURE
See Fine structure of electron paramagnetic
resonance (EPR) spectra.
ELECTRON–PHONON INTERACTION
Interaction of free charge carriers (conduction
electrons and holes) with quanta of crystal lattice vibrations. In insulators and semiconductors
with predominately covalent bonding in the long-

wave limit the electron–phonon interaction with
acoustical phonons can be described in terms of
a strain potential, whereas in ionic crystals and
in metals the basis of the electron–phonon interaction is the Coulomb (electric) interaction of
electrons with ions. The electron–phonon interaction determines many kinetic and thermodynamic
properties of solids, and this is described by the
Fröhlich Hamiltonian. This interaction leads to current carrier scattering in crystals. In the case of
semiconductors one should distinguish the mechanisms of scattering off acoustical phonons and optical (polar and nonpolar) phonons. Correspondingly, the relaxation times in regard to energy and

momentum are speciﬁed by different temperature
dependences. The strong electron–phonon interaction in ionic and polar crystals can lead to electron
(hole) self-localization, i.e. to the formation of polarons (electron–phonon interaction with optical
phonons) or condensons (interaction with acoustical phonons). In metals an important role involves
the particular case of the electron–phonon interaction, that is the acousto-electronic interaction.
In second-order perturbation theory the electron–
phonon interaction leads to an effective attraction
between electrons. Such an attraction in metals
in the vicinity of the Fermi surface, arising due
to the exchange of virtual phonons, can lead to
the Cooper pair coupling of electrons (see Cooper
pairs), and the transition from a normal state to a
superconducting state (see Phonon mechanism of
superconductivity). The electron–phonon interaction in metals is speciﬁed by the electron–phonon
interaction constant λ as
λ=

N(EF )|p|∇Vei |p  |2
,
Mω2 

where N(E F ) is the density of states at the Fermi
level E F per unit spin, p|∇V ei |p   is the matrix
element of the gradient of the shielded pseudopotential of the electron–ion interaction calculated
using Bloch functions (see Bloch theorem) of electrons in the conduction band, M is the ion mass,
and ω2  is the square of the photon frequency averaged over the spectrum. The expression in the
numerator is sometimes referred to as the Hopﬁeld parameter (J.J. Hopﬁeld, 1969). A speciﬁc
(average) transferred momentum of the electron–
phonon interaction (q = p − p  ) is of the order of
the Fermi momentum pF , i.e. the effective wave
length of the virtual phonons is of the order of
h/pF ≈ 10−8 cm. For such short-wave phonons
the approximation of uncorrelated local vibrations
of ions (atoms) at crystal lattice sites is valid with a
high accuracy. In superconducting alloys and compounds consisting of atoms of different kinds, an
important role is played by the interstitial correlations of ion displacements which are responsible, in particular, for the concentration dependence
of λ (and, consequently, the critical temperature
T c of the transition to the superconducting state)
for variations of the alloy composition, or for deviations of the compound from stoichiometry. In
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this case, an overall electron–phonon interaction
constant cannot be represented by a sum of partial
constants for individual components, but rather it
has a more complicated nature that is, e.g., clear
from the nonlinear dependence of T c and electronic speci c heat γ on the composition of solid
solutions of transition metals. The difﬁculties involved in calculating this interaction constant for
complex compounds from ﬁrst principles became
evident with the discovery of high-temperature superconductivity in the cuprates.
ELECTRON–PHONON INTERACTION IN ONE
DIMENSION
See Cross-deformation interaction.
ELECTRON–PHOTON SPECTROSCOPY
Method of investigation of solid surface prop-

erties based on measurements of the spectral,
polarization, angular dependence, etc., characteristics of photons emitted during electron bombardment (see Inverse photoelectron emission).
Electron-photon spectroscopy is utilized for studies of the energy band structure of the surface layers of solids (bulk samples and lm s, including insular lms); this provides, in particular, data on the
density of electron states, the frequencies of surface plasma oscillations, and exciton transitions.
This spectroscopy is employed to study luminescent centers, adsorption–desorption processes,
mechanisms involving the interaction of electrons
with the surface, as well as to determine the degree
of surface roughness, and so on.
In electron–photon spectroscopy the electrons
with the energies exceeding 103 eV can probe
the surface under study in a superhigh vacuum
(needed to ensure purity). The emission characteristics are analyzed with the help of optical methods using spectral devices.
ELECTRON-PLASTIC EFFECT (discovered in
1963)

Characterizes the effect of a directed electron
ﬂux (electron drift) on the plastic ﬂow of a material (see Plastic deformation). In the case of metals, the electron-plastic effect causes repeated acceleration of the ﬂow rate and reduction of the
material resistance to deformation. This effect is
opposite to the electron-strain effect. This effect
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takes place in the presence of two factors: (i) mechanical stress that exceeds the yield limit; (ii) the
drift of free electrons inside the deforming metal.
In its turn, the electron drift can be produced by
(1) the application of a potential difference across
a sample to induce an electric current; (2) the injection of accelerated electrons into a sample; (3) irradiation by UV, X-ray or γ -radiation to bring
about the photoeffect and Compton effect, as well
as the formation of electron–positron pairs; (4) exposure of the sample to high power light radiation
(subsurface drift); (5) the Stewart–Tolman effect.
In these cases one can distinguish the electronplastic effects of current, radiative, electromagnetic, light and inertial origin. The basis of the
electron-plastic effect is the transfer of momentum and energy from electrons to the deforming
crystal lattice, mainly at defect points such as dislocations, dislocation stops, and point defects. The
electron-plastic effect depends linearly on the current density; the effect is polar, and in this respect
it differs in principle from the Joule–Lenz effect.
The force of drifting electrons acting on a unit
dislocation length is determined by the expression
F = (j/e)(1 − (v h /v e ))mv F b where e and m are
the electron charge and mass, respectively; v F is
the electron velocity on the Fermi surface; j is the
current density; b is the Burgers vector. The condition for the appearance of the electron-plastic
effect is the excess of the electron drift velocity
v e over the phase velocity of elastic dislocation
waves v d , or simply over the dislocation velocity
(in the case of uniform strain), i.e. v e > v d . Since
v e = j/(en) (n is electron concentration per unit
volume), to produce the effect it is necessary to
provide powerful electron ﬂuxes (i.e. a huge j ).
In practice, during rolling, drawing, punching and
ﬂattening one can use short-time powerful pulses
with magnitude j = 1000 A/mm2 and duration
10−5 –10−2 s. This facilitates the metal treatment
with pressure (the treatment effort is reduced by
35–50%); after the treatment the metal plasticity
increases considerably; the physical and mechanical properties of the material, such as residual
plasticity and degree of texture perfection, become
improved, and some undesirable phase transitions
(e.g., γ → α transformation of steel) become suppressed. An alternative view of the mechanism of
the electron-plastic effect regards current pulses
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as inducing temperature ﬂashes in the vicinity of
structural defects, thereby promoting a release of
dislocations and facilitating the plastic strain. It is
also supposed that local heat yield stimulates the
dynamic recrystallization in the material at a sufﬁciently accumulated deformation and an optimal
overall input of electromagnetic ﬁeld energy.
ELECTRON–POSITRON ANNIHILATION
METHOD
See Positron spectroscopy.
ELECTRON PROBE

A focused electron beam with an energy from
units to hundreds of keV which is employed in
modern microelectronics technology, and electronprobe methods for investigating solids (see Microprobe).
During the bombardment of a solid by an
electron beam the incoming (primary) electrons
can induce chemical or physical changes in the
target material. A portion of the electron beam
is reﬂected, and the part that penetrates produces secondary electrons, X-rays, nonequilibrium charge carriers, phonons, etc. This allows
one to use an electron probe for various purposes.
Electron-probe-induced heating is applied for special treatments of the solid surface, and (in industry) for the evaporation, fusion, and welding
of metals. A typical application of non-thermal
electron-probe processing is electron lithography
in microelectronics, and the formation of clear
and latent submicron structures. Local charging
of the insulator surface, the effects of photoand cathode-luminescent storage, electron-beaminduced polymerization of molecules at free supporting ﬁlms are utilized for the purpose of information recording and storage. An electron probe
is widely used in various electron-beam tubes,
in electron microscopy, X-ray microanalysis (see
X-ray microscopy), Auger spectroscopy, and in a
series of secondary-emission methods for studying the properties and structure of solids. The investigation of the surface topography and the crystal structure of solids, as well as chemical element analysis, and the measurement of electric
and magnetic microscopic ﬁelds, are carried out
with the help of the electron probe method.

ELECTRON RELAXATION TIMES in a crystal

The characteristic time interval during which
an electron property (e.g., momentum, energy,
phase of wave function) changes by an amount
comparable with its initial value due to interactions with other electrons or with the crystal lattice. During current ﬂow the electrons obtain momentum and energy from the electric ﬁeld, and
these are redistributed within the electron system
and passed on to the lattice. The rate of the ﬁrst
process is determined by the time of electron–
electron scattering (electron–electron relaxation)
τee , which is the average time between collisions
of electrons. These collisions are inelastic and involve the exchange of momentum and energy. In
the case of a non-degenerate (see Degeneracy)
electron gas the order of magnitude of τee can be
estimated from the expression


κ 2 m1/2
3/2 ln−1 mkB Te L2 ,
(k
T
)
τee =
B e
D
ne4
2
where κ is the dielectric constant, m is the effective mass, Te is the electron temperature, LD is
the screening radius and n is the concentration
of electrons; and approximately τee ∼ 1/n. The
momentum transfer from electrons to the lattice
is described by the momentum balance equation
which is the conservation law for the electron momentum associated with the drift (see Current carrier drift) in the electric ﬁeld E. In the simplest
and the most common case of a uniform electron
gas under stationary conditions −eE = mv/τp ,
where v is the average drift velocity of electrons
in the electric ﬁeld, τp (ε) is the relaxation time
of the momentum of the electrons, ε is the electron energy; eE is the force acting on the electron, and mv/τp  is the average momentum transferred by one electron to the lattice per unit of
time. The symbol   denotes averaging over electron states with non-equilibrium distribution functions. The value of τp coincides with the relaxation time in the Boltzmann equation, and it determines the mobility of electrons μ = eτp /m.
Other names given to τp are transport relaxation
time and mean free path time. The mean free path
l is deﬁned as l = vT τp , where v = vT is the
thermal speed of the non-degenerate electron gas,
and v = v F is the Fermi velocity in a degenerate
Fermi gas. Energy exchange between the electron
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gas and the lattice is described by the energy balance equation which is the energy conservation
law for a gas of electrons drifting in the electrical ﬁeld. For a uniform gas under stationary conditions eμE 2 = (ε − ε0 )/τε , where τ (ε) is
the relaxation time of the electron energy, also
called the energy relaxation time, ε0  is the equilibrium value of ε; in the absence of degeneracy
ε0  = (3/2)k B T , where T is the lattice temperature. The left-hand side of this equation is the energy obtained from the ﬁeld by one electron per
unit time, and the right-hand side shows the energy transferred to the lattice per unit time. For the
quasi-elastic collision of electrons τp   τε ,
and often τp ∼ εs , τε ∼ εl , where the exponents s
and l are numerical coefﬁcients. Upon scattering
on the acoustic strain potential we have s = −1/2
and l = −1/2; on the optical deformation potential
(see Acoustic vibrations) −1/2, 1/2; on the polar
optical potential 1/2, 3/2; on the acoustic piezoelectric potential (see Piezoelectricity) 1/2, 1/2;
on ionized impurities s = 3/2; and on neutral impurities s = 0 (see Impurity atoms).
The relaxation times τee , τp and τε play an
important role in the theory of hot electrons. The
relaxation of the non-stationary space charge in an
electron gas is characterized by the Maxwell relaxation time, and by the frequency of the plasma oscillations.
ELECTRONS in a crystal
The electrons of atoms which compose a crystal. The states of the inner atomic shell electrons

in crystals deviate only slightly from their states
in gaseous atoms. In contrast to this, the valence
shell electrons of atoms in a crystal determine
the character and the magnitude of the chemical
bonding forces as well as the principal physical
properties, i.e. the electric, magnetic, optical, thermal and mechanical properties. The basis for describing the structure of their energy spectrum and
the nature of the quantum states of electrons in
crystals is band theory that explains the division
of solids into metals, insulators and semiconductors. The band electrons interact with each other,
with phonons, and with various lattice defects.
In metals the conduction band is partially full,
and the electron system behaves as a degenerate
Fermi liquid even at room temperature. Elementary excitations of this liquid with the same charge
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and spin as electrons are called conduction electrons. The Fermi liquid in crystals can also possess elementary excitations with a positive charge,
i.e. holes. The main characteristics of metals can
be described by the dispersion law of conduction electrons (or simply, electrons) εc (p) in close
proximity with the Fermi surface. In this spectral
range (only in it) the attenuation of electron states
due to the electron–electron interaction is insignificant, and disappears completely at εc (p) = εF ,
which provides some justiﬁcation for the widely
accepted representation of the system of electrons
in a metal as an ideal gas. At present, with the help
of resonance, galvanomagnetic, and other experiments, the Fermi surface topology with its main
features, the velocity, and the effective mass tensor of electrons at the Fermi surface, has been determined for almost all metals.
The system of mobile conduction electrons
plus the background of compensating stationary positive charge forms a so-called solid-state
plasma that exhibits a set of related collective
properties: weakly damped high-frequency vibrations (plasmons, helicons, etc.) can be excited in
it. A static charge is screened the more effectively the greater the density of the electron spectrum at the Fermi surface, and in good metals the
screening radius is of the order of the lattice constant. In some cases correlation effects induced by
mutual electron interactions prevent an interpretation in terms of band theory (e.g., Wigner crystal). Fermi-liquid correlations between the electron spins sometimes lead to the appearance of
Bose-type excitations in a metal which have a spin
wave nature.
The interaction of electrons with crystal lattice vibrations (see Electron–phonon interaction) in
metals is insigniﬁcant because the speciﬁc phonon
energy is small compared to εF . Phonon exchange
causes the attraction between electrons that induces the formation of Cooper pairs and the transition of a metal to the superconducting state (see
Superconductivity) if this attraction exceeds the
Coulomb repulsion.
In insulators and semiconductors at T = 0, the
valence band is fully occupied, and the conduction band is empty. The band gap width E g in insulators has speciﬁc atomic values (∼10 eV), with
much smaller values in semiconductors (E g = 0
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to 3.5 eV) (see Gapless semiconductors). Of great
signiﬁcance for the electronic properties of these
crystals are the states corresponding to the bottom (electrons) of the conduction band and the
top (holes) of the valence band, as well as local electronic levels in the forbidden gap (donor
or acceptor ones) which are, as a rule, associated
with either impurity atoms (donors or acceptors)
or intrinsic defects in the crystal. The density of
charge carriers in semiconductors is several orders
of magnitude less than it is in metals, the frequencies of plasma oscillations in them are much lower
than in metals, and the shielding radius is greater.
An electron and a hole attract each other and
can form a bound state of the hydrogen-like type,
the so-called Wannier–Mott exciton. A related excitation in a molecular crystal is the Frenkel exciton.
The Wannier–Mott exciton radius is usually one
to two orders of magnitude larger than the lattice
constant, so at a certain exciton density attainable
using laser irradiation (see Laser) their wave functions overlap, thereby making it possible to form
either an electron–hole plasma or a new phase, that
is an electron–hole liquid with metallic properties.
In semiconductor heterostructures the motion
of electrons is quasi-two-dimensional. Such systems located in a strong quantizing magnetic eld
exhibit a series of unusual properties such as, e.g.,
the quantum Hall effect.
There is a small group of crystals, called semimetals, in which the conduction band weakly
overlaps the valence band. The electrical conductivity of such systems is of a metallic character, but
much less so than is the case for a true metal, because the number of charge carriers is 3–4 orders
of magnitude less than that in typical metals.
In the case of strong scattering of the conduction electrons the band theory approximation no
longer holds. Transits of electrons occur via occasional jumps between localized states of the polaron type, or states localized at either impurity
atoms or intrinsic defects. The interaction of conduction electrons with phonons (which is quite
strong) results in the formation of autolocalized
states (see Self-localization) in which the electron
deforms the lattice and becomes conﬁned in a
newly-formed potential well. In ionic crystals this
species (polaron) is produced by the interaction
of electrons with the polarized optical vibrations,

whereas in homopolar (covalently bonded) crystals this is due to acoustical bending vibrations
(condenson).
High-energy electrons which penetrate into a
crystal as a result of external irradiation are braked
(decellerated) by their interaction with the target
atoms. The energy transferred to the crystal in this
manner causes ionization, and the excitation and
displacements of atoms from their equilibrium positions. A subsequent relaxation leads to a partial return of the excited electrons and atoms to
their equilibrium states; however, some of the relaxation can be to metastable states, e.g., atoms
can occupy interstitial positions while their original lattice sites remain unoccupied (vacancies),
and the electrons can populate local electronic levels of defects. Permanently displaced atoms constitute what might be called electron-induced disordering. The paths of high-energy electrons in
crystals are characterized by charged particle energy losses and mean free paths which depend on
both the incoming electron energy, and the crystal
characteristics. In conducting materials the excess
electrons are easy emitted from the irradiated sample, which thereby remains electrically neutral. In
insulators there can be an accumulation of a noticeably negative charge due to electrons trapped
in the sample if the sample thickness exceeds the
electron mean free path.
ELECTRON SCATTERING
See Current carrier scattering.
ELECTRONS, HOT
See Hot electrons.
ELECTRON SPECTROSCOPY

Study of the energy distribution (spectra) of
electrons emitted by atoms, molecules, and solids
under action of incident electromagnetic radiation,
primary electrons or ions that strike the target,
or electric ﬁelds. The methods of electron spectroscopy are used for investigating the energy levels of atoms, molecules and macroscopic systems
composed of them, as well as the quantum transitions between these levels, to obtain information about the structure and the properties of materials. Core electron levels and valence electron
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levels, collective excitations (plasmons) and vibrational spectra are also studied by electron spectroscopy. The limiting positions in the observed
spectra provide the energies of individual groups
of emitted electrons, whereas the spectral line intensities furnish the relative numbers of these electrons.
Electron spectroscopy originated from the classical experiments of J. Franck and G. Hertz (1912)
where the discrete atomic energy levels were determined from the energy loss of electrons passed
through a low-density gas. These data in combination with optical spectroscopy data provided experimental justiﬁcation for the Bohr theory (1913),
then the experimental underpinning for quantum
mechanics which, in its turn, became a theoretical
basis of modern electron spectroscopy.
Depending on the type of excitation, one can
distinguish electron-electron, ion-electron, tunneling (autoelectron), photoelectron, and beta spectroscopy. The β-spectroscopy deals with the spectra of electrons and positrons ejected during a
nuclear beta-decay, as well as conversion electrons (emitted during the energy transfer from an
excited atomic nucleus to a surrounding atomic
electron shell), and electrons generated during
the interaction of gamma rays, X-rays, and other
high-energy radiations with matter. Depending on
the kind of emission, electron spectroscopy is
divided into tunneling spectroscopy (or electron
spectroscopy of inelastic tunneling), characteristic
energy loss spectroscopy (EELS), Auger electron
spectroscopy, Auger ion-electron spectroscopy,
electron spectroscopy of the appearance and disappearance of threshold potentials, photoelectron
spectroscopy, X-ray-electron spectroscopy (electron spectroscopy for chemical analysis), and
the “e–2e experiment”. Characteristic energy loss
spectroscopy is divided into ionization spectroscopy which deals with energy loss spectra for core
level excitation, and high-resolution characteristic energy loss spectroscopy (vibrational electron
spectroscopy) where the vibrational states of the
surface and the molecules adsorbed at it are studied. There are integral and angle-resolved types
of electron spectroscopy which differ in the collection angle of the emission. In some cases, the
scattered emitter electrons are divided according
to their spin polarization. In the e–2e experiment,
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the coincidence technique is used for identiﬁcation of two emitted electrons with particular energies and momenta excited by the primary electron. A comparison of experimental distributions
of emitter electrons with calculated distributions
provides the dispersion dependence of the electrons in a solid, information about the orientation
of adsorbed molecules with respect to the surface,
and about their molecular orbitals involved in the
bonding to the surface. The most important areas of application of electron spectroscopy are the
determination of the cross-sections of excitation
and ionization of atoms and molecules, the energy
structure of core and valence levels in solids, the
energy structure of surface and adsorbed layers,
the qualitative analysis and the quantitative analysis of the material and its surface. Especially widespread is Auger spectroscopy which has high sensitivity (1010 to 1012 atoms/cm2 ).
The wide application of photoelectron and
X-ray-electron spectroscopy is stimulated by the
availability of synchrotron radiation, i.e. a continuous photon source with quantum energies from
10 eV to 104 eV. Tunneling spectroscopy and vibrational electron spectroscopy allow one to study
the vibrational terms of adsorbed molecules in
the region of wavelengths λ  0.3 mm which
is inaccessible for optical spectroscopy, and to
gather information about the microscopic structure of adsorbates. Tunneling spectroscopy is also
used in studies of the distinct features of the electronic structure of superconductors (see Tunneling spectroscopy of superconductors). When using the photon or electron excitation in electron
spectroscopy, the depth of the layer under study
depends on the conditions of the experiment and
the emitter electron energies. For energies below
∼100 eV there is a minimum of a few atomic
layers, i.e. the method is applicable for surface
analysis. Combining electron spectroscopy with
ion etching allows one to carry out a layer-by-layer
analysis. The ﬁne structure of the electron spectra contains information on the density of free and
occupied states (see Density of states), the structure of atomic and molecular orbitals, the spin–
orbit and multiplet splittings, the Jahn–Teller effect, as well as multielectron processes like shakeoff, shake-up, and so on. Elastically and inelastically scattered electrons also provide information
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on the atomic structure of condensed systems and
surface defects. The electron spectroscopy of appearance potentials and of surfaces, and extended
X-ray absorption ﬁne structure (EXAFS) (see Fine
structure) allow one to determine radial distribution functions (see also Emission spectral analysis).
ELECTRON SPIN-FLIP SCATTERING
Quantum transitions of electrons in crystals

between two states differing in the direction of
their spin that occur during the interaction of electrons with quasi-particles of other types (phonons,
holes), impurities or defects. This spin-ﬂip scattering with an exchange of spin orientations occurs
either due to the exchange interaction of electrons
with magnetic impurities (see Exchange scattering), or current carriers of other groups, or under the effect of impurities or crystal lattice vibrations when the spin–orbit interaction is sufﬁciently strong. This type of scattering of electrons controls the intensity and shape of electron
paramagnetic resonance and combined resonance
lines, the degree of polarization of particles during optical orientation of free current carriers in
semiconductors, and the scale of spin-dependent
kinetic effects. The resonance growth of the scattering cross-section in the vicinity of the Fermi energy level, produced by the exchange interaction
of conduction electrons with magnetic impurities
in metals (the s–d interaction), is the source of the
Kondo effect.
ELECTRON SPIN RESONANCE (ESR)

The term “electron spin resonance” is widely
used in the Western, but not in the Russian literature. See Electron paramagnetic resonance.
ELECTRON STATE DENSITY
See Density of electron states.
ELECTRON STATE, SURFACE
See Surface electron states.
ELECTRON-STRAIN EFFECT

Appearance of electron drift (see Current carrier drift) under the action of high-rate plastic de-

formation of a material. It was discovered in 1977.
In the case of metals this phenomenon is opposite to an electron-plastic effect. The mechanism
of the electron-strain effect, in contrast to that of
the electron-plastic effect, consists of the carrying
along of free electrons by dislocations and other
movable defects in regions of plastic ﬂow. The
electron-strain effect takes place under the conditions of a high-rate directed strain of a metal
(with the rate 102 –103 % per second). It can be observed when the twinning of crystals or the motion
of slip bands take place, as well as when moving
a neck or a strain region over the extended billet.
The electron-strain effect is detected either by the
presence of microscopic currents in the strain region, or from the potential difference that compensates these currents. This effect can appear at modern drawing and rolling machines. In particular it
can cause breakage of steel and copper wire under
high-rate, very ﬁne drawing.
ELECTRON TEMPERATURE

A value of temperature which speciﬁes the
mean energy of free electrons (holes) when they
are overcooled or are heated up (see also Electron heating). Its signiﬁcance and properties depend on the ratio between the mean relaxation time
and those of the quasi-momentum τp , energy τE ,
electron–phonon scattering τ ph-e , and electron–
electron scattering τ ee (see Current carrier scattering). Under ﬁeld-stimulated warming-up, while
drifting in the electric ﬁeld with the mean velocity v d , the electrons obtain from the ﬁeld quasimomentum p and energy E which they redistribute between themselves and then pass on to the
lattice. For the usual case τ ee  τ ph-e the internal interaction within the electron subsystem
dominates over its interaction with the lattice.
Therefore, in view of the lack of the equilibrium
between the electrons and the lattice, a state of
equilibrium is established within the electron subsystem over the momentum p and the energy E
characterized by an average electron velocity u,
and the electron temperature T e which is higher
than the lattice temperature. This approximation
is often called the hydrodynamic approximation.
For this case τp < τE < τ ee . This is often introduced with the following relation: mean value
E = (3/2)k B T e + E d where E d = mn vd2 /2 is
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the drift energy, and mn is the electron effective
mass. In the case when mn vd2 /2  k B T e , the en-

ergy acquired by the electrons is distributed uniformly over the degrees of freedom, and the system as whole slowly drifts. In the case of inelastic
scattering τp ≈ τE , the energy is comparable with
the random motion energy, and T e is determined
from k B (T e − T ) ≈ E d .
ELECTROOPTICAL EFFECTS
Variation n of the refractive index n of light in

crystals located in an electric ﬁeld of strength E.
It arises from the orientation in the ﬁeld of the
atoms or polar molecules that compose these crystals. In crystals without a center of symmetry a
linear electrooptical effect (in respect to the ﬁeld
strength) takes place: n ∼ E (Pockels effect).
The applied electric ﬁeld transforms an optically
isotropic piezocrystal into an uniaxial one, and an
uniaxial crystal transforms into a biaxial crystal.
Therefore, a consequence of electrooptical effects
is the appearance of induced birefringence.
Electrooptical effects are the physical basis for
the action of an electrooptic modulator of coherent radiation (Pockels cell) with a very short relaxation time (about 10−13 s). Electrooptical effects are used also for the modulation of laser
resonators designed to provide single pulses of
high-power coherent radiation (giant pulses). A disadvantage of modulators based on electrooptical
effects is the high working voltage (tens to hundreds of kilovolts). In centrally symmetric crystals
a quadratic electrooptical effect can appear, with
n ∼ E 2 (Kerr effect).

Electrooptical effects in liquid crystals.

ELECTROOPTICAL EFFECTS IN LIQUID
CRYSTALS

Variation of the passage of light through a sample of a liquid crystal to which a constant or alternating electric ﬁeld is applied, due to the orienting
action of the external ﬁeld on the director (optic
axis) (see Twist effect, Guest–host effect, Frederiks
transition).
A device for observing these effects is sketched
in the ﬁgure. The unit consists of glass plates 1
with transparent electrodes 2 (e.g., made of SnO2 )
and spacers 3 (made of an insulator such as mica
or teﬂon) which match the thickness to the liquid
crystal layer 4. As a rule, this thickness d = 10 to
100 μm. The observations can be performed using
either transmitted or reﬂected light (lower electrode can be reﬂecting). These effects are widely
used in practice (see Liquid-crystal displays, Defectoscopy).
ELECTROOPTICAL MODULATORS

Bulk or integral-optic devices employed in
quantum electronics and power optics up to thermonuclear synthesis for the purposes of amplitude
and phase modulating laser beams; their action is

Table 1. Characteristics of electrooptical modulators
Properties of modulators
No. ML3
Half-wave voltage, V (at λ = 0.63 μm)
Transmission band, μm
Band width, MHz
Aperture, mm
Contrast
Normalized control power, W/MHz

730
0.35–1.1
0–100
3
100
3.68

No. DP663

370
0.35–1.1
0–100
2.5
135
1.26

Type of modulator
No. ML5

No. ML7

Lithium niobate

Galium arsenide

185
0.5–4.5
0–200
2
120
0.19

3000 (at λ = 10.6 μm)
1.0–20
0–25
3
135:1
51.8
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a result of the inﬂuence of the electric ﬁeld on the
optical properties of the material. The main characteristics of some bulk electrooptical modulators
are presented in Table 1. Nonlinear optical materials have also been used.
Integral-optic modulation is mainly carried out
on plates made of lithium niobate with waveguides
formed by titanium diffusion or cold welding; the
controlling power decreases to 1 μW/MHz as the
upper limit of the frequency range is extended to
tens of GHz. This completely satisﬁes the requirements of multichannel ﬁber-optic communication
and control systems, including the integration of
user terminals with national and international networks of databases. See also Electrooptic materials.
ELECTROOPTIC MATERIALS
Crystals with comparatively strong electrooptical effects. There are linear and quadratic (with

respect to the electric ﬁeld) electrooptical effects
(see Pockels effect, Kerr effect). Of particular practical signiﬁcance for the transformation and modulation of radiation is the Pockels effect which
is inherent in piezoelectric materials. The most
important electrooptic materials are the so-called
KDP compounds of the group potassium dihydrogenphosphate KH2 PO4 . There are several isomorphic room temperature crystals containing Rb, Cs
and NH4 instead of K, arsenates containing AsO4
instead of PO4 , and deuterium-substituted compounds such as, e.g., KDHPO4 . At low temperatures several of them are ferroelectrics, and others
are antiferroelectrics. Concerning their structure,
all of them belong to a tetragonal-scalenohedral
12
type of symmetry with space group I 42d, D2d
12
(Vd ).
Cubic sphalerite-type crystals can also possess
electrooptical properties. Classed among them are
semiconductors of the types AII BVI (ZnS, ZnSe,
ZnTe, and CdTe) and AIII BV (GaAs and GaP),
copper and silver halides. Technological problems
make it difﬁcult to obtain large, defect-free crystals of the majority of these compounds, and this
signiﬁcantly restricts their application as basic elements of electrooptical modulators. To the class
of electrooptic materials there also belong cubic system crystals like eulytite [Bi4 (SiO4 )3 ], sodalite [Na4 Al3 (SiO4 )3 Cl], and pleomorphic sil-

lenite (nBi2 O3 ·mR) where R is an oxide of germanium, titanium, silicon, aluminum, zinc, lead,
etc., and n and m are integers. The molecular crystals (CH2 )6 N4 , ammonium chloride, and sodium
chlorate are also electrooptic.
Non-oxide type ferroelectrics and antiferroelectrics include the well-known electrooptic
materials Rochelle salt and triglycinesulfate. A numerous group of electrooptic materials is composed of octahedral-oxygen cooordinated ferroelectrics and antiferroelectrics: crystals of the
perovskite type (CaTiO3 , BaTiO2 ), double oxides like PbO·Nb2 O5 , lithium niobate and tantalate (LiNbO3 and LiTaO3 ). Lithium niobate (see
Niobates) is used in nonlinear optics as a frequency
transformer of coherent radiation, and for the production of modulators.
ELECTROPLATING

A technique for depositing metals (more rarely
non-metals) on the surfaces of solids with the help
of electrolysis. There are two approaches, adding
a thin metal protective or decorative coating to
a surface, and obtaining precise, easily detachable metallic replicas from a host surface. A simple electrodeposition system consists of an electric circuit with two electrodes (a cathode and an
anode) and an electrolyte containing the ions of
the metal (or metals) to be discharged at the cathode. The structure and the properties of electrolytically deposited metals depend on the crystallization conditions, and these are mainly determined
by the electrolyte composition and the electrolysis regime. Solutions of complex, in particular
cyanic, salts that produce a ﬁne-structure deposit
are widely used. The loss of ions discharged at
the cathode is compensated by ions dissolving and
thereby entering the electrolytic solution at the
anode. For applications using anodes that do not
readily dissolve, the ion loss at the cathode is compensated for by a periodic introduction into the
electrolyte of salts containing these lost ions.
The electrodeposition method is important in
the chemical and electronics industries, and is
used for putting coatings on machinery, as well as
for adding conduction contacts to insulating substrates.

ELECTROTHERMAL GRADIENT EFFECT

ELECTROREFLECTION
A method of modulation spectroscopy in which

the light reﬂection coefﬁcient R is modulated
by an electric ﬁeld. The electroreﬂection signal
is R/R = [(α − iβ) ε], where the so-called
Seraphin coefﬁcients (B.O. Seraphin) α and β depend on the optical constants of the reﬂecting system, and ε is the dielectric constant variation
in the electric ﬁeld. Physical mechanisms of electroreﬂection are the Franz–Keldysh effect involving the action of the electric ﬁeld on the exciton
states or the plasma of the free charge carriers,
and the Stark effect which involves the modulation of the energy band populations, and other effects. The Franz–Keldysh effect is the lengthening
of the wavelength of the optical absorption edge
of a semiconductor in an applied electric ﬁeld. In
strong electric ﬁelds, an electroreﬂection spectrum
contains Franz–Keldysh oscillations, and this is
equivalent to a spectrum of ∂ 3 ε/∂ω3 (here ω is
the modulation frequency). Therefore, the electroreﬂection method provides greater resolution
than other modulation methods (such as modulating the wavelength, temperature or pressure)
where the spectra are of the type ∂ε/∂ω. The
measurement of electroreﬂection yields the energies of critical points of the band structure, effective masses, and broadening parameters that
correspond to them, the plane-band potential, estimates of the concentration of free charge carriers, the third-order nonlinear optical susceptibility,
and some other parameters. The method of electroreﬂection is used in studies of the band structure of solids, electrical-physical processes near
the surface in semiconductors, metal–insulator–
semiconductor structures, homojunctions and heterojunctions, and in electrochemical studies of
the system metal–electrolyte. See also Modulation
spectroscopy.
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In isotropic media, including gases and liquids,
electrostriction is observed as a density variation
under the action of the electric ﬁeld, and described
by the formula:
V
(1)
= AE 2 ,
V
where V /V is the relative bulk strain, A =
(β/2π)d(∂ε/∂d) where β is the compressibility,
d is the density, and ε is the dielectric constant.
For organic liquids (xylene, toluene, nitrobenzene)
A ∼ 10−12 CGS units. In anisotropic crystals
electrostriction can be described by the relationship between two second-rank tensors, the tensor
of the square of the electric ﬁeld strength and the
strain tensor:

εij =
Rij mn Em En ,
(2)
m

n

where εij is the strain tensor component; and Em
and En are the components of the electric ﬁeld
vector. The factor Rij mn is the electrostriction coefﬁcient. The number of independent electrostriction coefﬁcients depends on the crystal symmetry.
For the lowest crystallographic symmetry, namely
triclinic, the electrostriction tensor has 36 independent coefﬁcients. Ordinarily Rij mn ∼ 10−14 –
10−10 CGS units, and in a ﬁeld E ∼ 300 V/cm
the value εij ∼ 10−6 .
Sometimes a large electrostriction is ascribed
to ferroelectrics. Actually this is a reciprocal
piezoeffect. However, in the ferroelectric case
where the volumes of differently polarized domains are the same, the deformation does not depend on the ﬁeld direction. Under the action of an
alternating electric ﬁeld with the frequency ω, an
insulator actuated by the electrostriction effect oscillates with the frequency 2ω (this is speciﬁc for
all the quadratic effects). Electrostriction can be
used to transform electric vibrations into sound oscillations.
ELECTROTHERMAL GRADIENT EFFECT

ELECTROSTRICTION
Strain of an insulator that varies as the square

of electric ﬁeld strength, E 2 . Electrostriction is
caused by the polarization of insulator in an applied
electric ﬁeld; this is inherent in all insulators, i.e.
solid, liquid and gaseous ones. One should differentiate electrostriction from an inverse piezoeffect
which is linear in the ﬁeld E (see Piezoelectric materials).

The appearance of electric charge and an electric polarization Pi at planes normal to the direction of a temperature gradient that is present in
a crystal of arbitrary symmetry. The polarization
is proportional to the temperature gradient as follows:
∂T
,
Pi = bij
∂xj
where bij is the polarization coefﬁcient tensor.
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The electrothermal gradient effect is caused
by a nonuniformity of the thermal expansion, together with a contribution from phonon states. As
a result, this effect is observable not only in ferroelectrics where it reaches a relatively large magnitude in the vicinity of the Curie point T C , but also
in centrally symmetric crystals.
ELEMENTARY EXCITATION SPECTRA OF
DISORDERED SOLIDS

Energy spectra of low-lying states of disordered solids, which do not possess translational
symmetry. Elementary excitation spectra of disordered solids cannot be described in terms of
quasi-momentum, and hence are more complicated in nature than corresponding spectra of ordered solids. First of all, there are branches of
the spectrum which correspond to a single-particle
pattern, i.e. the analogues of quasi-particles of an
ordered solid. However, apart from those states
with an amplitude, which is of the same order
of magnitude over the entire body of the solid
(analogues of Bloch functions of an ordered system), there also exists a macroscopic number of
localized states in a disordered solid (see Anderson localization). If the degree of disorder is
considerable, then the contribution of localized
states may be rather high (it should be mentioned
that all states of one- and two-dimensional systems are localized, see One-dimensional models
of disordered structures, Scaling theory of localization), and in this case localized states have a
pronounced effect on the mechanisms of kinetic
phenomena. Thus, the static conductivity of a
three-dimensional macroscopic disordered sample
is zero at zero temperature if the Fermi level falls
within the region of localized states (it is always
zero if the sample is one-dimensional or twodimensional). Such a sample is the so-called Anderson insulator. Its static conductivity can arise
only through a thermal (or other, e.g., tunneling) activation mechanism at T = 0. Beside quasiparticles, other types of excitations may exist in
disordered solids. For example, correlation effects
were found to play an important role in the system of interacting electrons in a random ﬁeld of
impurity atoms. In the latter case, two neighboring energy states of the system correspond to different arrangements of electrons over the impurity sites, and the density of states is different

from that of a single-particle pattern: the so-called
Coulomb gap appears in the spectrum. Of crucial

importance may also be excitations that are due
to the rearrangement of the particles which constitute the framework. These excitations are related to quantum transitions of the whole system
among the conﬁgurations, which differ from one
another only by the positions of a small number of
inner core particles. If the energies of these conﬁgurations are close together and the energy barrier separating them is not too high, then the time
of a transition is short compared with the characteristic observation period, and hence the excitations of this type are in equilibrium. The existence
of the simplest excitations of this type, which are
called two-level excitations, has been established
for several classes of disordered solids (in insulating and metallic glasses, semiconductors, etc.),
and results in a variety of thermodynamic and kinetic features of such systems (see Two-level systems).
The simplest quantity which is characteristic of
the spectrum of single-particle excitations in disordered solids is the density of states ρ(E). This
is a self-averaging quantity in disordered systems,
which are spatially uniform only on the average,
and it exhibits a decrease of correlations at distant points. Therefore, spectra of all forms of a
macroscopic system coincide, since they consist
of points at which the nonrandom function ρ(E)
differs from zero.
The spectral limits consist of nonrandom points
Eg ; and the density of states goes to zero on crossing these limits. The spectral limits are differentiated into ﬂuctuation limits and stable ones. The
spectral region in the neighborhood of a ﬂuctuation limit (ﬂuctuation region of the spectrum) owes
its existence to improbable ﬂuctuations, i.e. to
non-typical arrangements of impurities; the spectrum in these regions arising from states that are
localized at those ﬂuctuations. The location of the
ﬂuctuation limit depends on the speciﬁc form of
disorder (type of impurities, correlations in their
arrangement, etc.). The spectrum of energy states
in the neighborhood of stable limits arises from
all kinds of factors, and the density of states converges asymptotically to that of a certain effective
ordered system. The location of a stable limit, and
the energy dependence of the asymptotic density

ELEMENTARY EXCITATION SPECTRA OF DISORDERED SOLIDS

of states in its neighborhood, are insensitive to the
particular type of disorder. Examples of stable limits are the high-energy region of the electron spectrum, and the bottom of the acoustic band of the
phonon spectrum. The spectral limits are in many
cases singular points with respect to the density
of states. Other singular points appear only in the
limit of minor disorder (the local level E0 (see
Local electronic levels), the spectrum limit of the
initial disordered system). The rearrangement of
quantum states and the systematics of these states
take place in the neighborhood of singular points.
The disturbance due to disorder in the neighborhood of these points is not small in terms of the
effect that it exerts on the states and on the spectrum. The presence of small parameters, in addition to those relative to |E − Eg | and |E − E0 |,
often allows the study of these new systematics,
and permits one to obtain the asymptotic density of states (see Lifshits model, Fluctuation levels).
The localized states of a macroscopic disordered system correspond to a high-density discrete spectrum, whereas the delocalized states
correspond to a continuous energy spectrum. Moderately disordered three-dimensional systems exhibit a region of delocalized states, which is either adjacent to the stable limit, or located at the
center of the band. The probability of such states
existing with localized particles of equal energy
is rather low, because the generation of discrete
levels in the continuous spectrum takes place as a
result of ﬁne interference effects, and is therefore
highly unstable. Consequently, there exist nonrandom states Ec (mobility limits, see Mobility edge)
along the energy axis, which separate the region
of localized states from that of delocalized ones.
The latter have, in order of magnitude, one and
the same amplitude on a set that is a macroscopic
part of the whole volume. Such a set, commonly
called an inﬁnite cluster, may possess a multiplyconnected, highly branched (fractal) structure (see
Fractal). Therefore, the delocalized states of disordered systems bear little resemblance to Bloch
states of ordered systems, at least in the neighborhood of the mobility limit.
In the three-dimensional case of a system with
a ﬂuctuation limit Eg at sufﬁciently high energy
(in the neighborhood of the stable boundary, E →
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+∞), the motion of a particle is quasi-classical;
it may be scattered by individual impurities although, as a rule, only through small angles, so
a large number of collisions is needed to substantially change the particle quasi-momentum. As a
result, the initial phase is completely erased from
the system memory, and hence the particle motion may be described in terms of classical theory.
Since the energy is assumed to be much higher
than the potential variation relief heights, such
a “diffusion” motion takes place in the classically allowed region and, consequently, the particle is in an inﬁnite or delocalized state, i.e. it belongs to the continuum spectrum. Furthermore, all
states in the proximity of the ﬂuctuation limit are
highly localized. Thus, the spectrum in this case
necessarily contains both continuous and discrete
components, which are separated by the mobility
limit Ec . The relative contributions of these components to the spectrum are determined by the degree of disorder of the system.
The qualitative pattern of states in the neighborhood of the mobility limit Ec becomes clear
when described for the sake of simplicity in quasiclassical terms. If a random ﬁeld due to disorder is at the same time sufﬁciently smooth, then
the quasi-classical approximation is also applicable at energies below the peak of the random potential amplitude. The regions of classically allowed motion are in this case sufﬁciently high, and
hence the particle motion at this energy may be
described as largely classical in nature. Then the
question of whether the quantum state of a certain
energy is localized or delocalized, and whether
the corresponding particle motion is ﬁnite or inﬁnite, reduces to a question of the geometry of the
classically allowed region: whether it is divided
into individual parts of ﬁnite dimensions, which
are separated from one another, or take up the
whole space of the system. The value of the energy, at which the transition between the abovedescribed geometric patterns takes place, is called
the percolation level (in the quasi-classical case it
corresponds to the mobility limit) and the broad
range of problems, which arise in this connection, is the subject matter of percolation theory.
When the band is ﬁnite in width and both limits
are ﬂuctuation limits, then there exist two mobility limits Ec1 < Ec2 , the positions of which will
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move into the band with an increased degree of
disorder, and ﬁnally merge: Ec1 = Ec2 . Such a
conﬂuence results in the disappearance of delocalized states from the spectrum: the metal turns
into an Anderson insulator (Anderson transition).
A completely different type of situation occurs in a
one-dimensional system. In this case, the momentum of the particle, which is elastically scattered
by an impurity, is either conserved or reversed.
Therefore, the scattering cannot be considered to
be slight, the particle motion is not quasi-classical
even at high energies, and an important role is
played by the interference of incident and scattered waves, which requires a sophisticated consideration of multiple scattering effects. As a result
all states of a one-dimensional system become localized at the introduction of even a small amount
of disorder.
One of the best known localization criteria of
states in the neighborhood of the energy E is the
positive nature( of the Anderson function,
)
∞

2
p(r, E) =
δ(E − En ) ψn (0)ψn (r)

ELEMENTARY PARALLELEPIPED
See Primitive parallelepiped.
ELIASHBERG EQUATIONS (G.M. Eliashberg,
1960)

A set of interconnected nonlinear integral equations obtained on the basis of Green’s functions in
superconductivity. The Eliashberg formalism contains an equation for the renormalized, anomalous intrinsic-energy part (function of energy
gap) of the spectrum of quasi-particles C(ω),
and an equation for the function of the renormalization spectrum Z(ω) of a superconductor with
a strong electron–phonon interaction. Since the
mean phonon energy in metals is much lower than
the electron Fermi energy, the Eliashberg equations involve a single-variable (energy) function;
at T = 0 these take the form
C(ω)


∞
C(ω )
1
dω Re #
=
Z(ω)
ω2 − C 2 (ω )
Δ

discr

the physical meaning of which is simple: the integral of this function
 over the volume

2
p(E) =
(E − En ) ψn (0)

× K+ (ω, ω ),
1 − Z(ω) ω

∞
= dω Re #

discr

is the density of localized states. In the case of
a one-dimensional system we have p(E) = ρ(E)
over the entire energy range, and the asymptote of
the Anderson function of weak scattering by a single impurity is given by p(x, E) ∝ exp[−|x|/(4l)]
with |x| l, where l(E) is the localization length.
Consider the case of a three-dimensional system
and a semi-inﬁnite band [Eg , +∞], with p(E) =
ρ(E) below the mobility limit (E < Ec ), while for
E > Ec the Anderson function goes to zero. Another criterion for localization is related to the behavior of an important physical quantity: the static
electrical conductivity σdc |T =0 , which is considered as a function of the Fermi energy. If EF <
Ec , then the Fermi energy falls within the region
of localized states and σdc |T =0 = 0. As EF increases, the insulator (Anderson type)–metal transition takes place for EF = Ec and σdc |T =0 becomes different from zero at EF > Ec . To clarify
the behavior of the conductivity in the neighborhood of the mobility limit see the Scaling theory
of localization.

Δ

Here
K± (ω, ω ) =

ω
ω2 − C 2 (ω )


∞
dΩ g(Ω)
0


K− (ω, ω ).

1
Ω + ω + ω + iδ
±


1
,
Ω + ω − ω + iδ

where g(Ω), often called the Eliashberg function, is the characteristic function of the electron–
phonon interaction given by the expression


dSp  j 2
dSp
Mpp
g(Ω) =
vp
vp
SF

j

SF





dSp −1
j
× δ Ω − ωp−p
,
vp
SF

j

where Mpp is the matrix element of the electron–
j

phonon interaction, ωq is the dispersion law of
the j th branch in the phonon spectrum, vp is

ELLIPSOMETRY

the electron velocity at the Fermi surface (integrated or averaged over the entire Fermi surface
S F ). The Eliashberg function g(Ω) is often represented as g(Ω) = α 2 (Ω)F (Ω), where α(Ω) is
the electron–phonon coupling strength, and F (Ω)
is the phonon density of states. In the vicinity of
the critical temperature (T → T c ), when the superconductor energy gap parameter diminishes to
zero (Δ → 0), the linearized Eliashberg equations
in the framework of Green’s function temperature
technique, with the Coulomb repulsion taken into
account, assume the following form:
Z(iωn )C(iωn )

C(iωm )
,
Q(iωm − iωn ) − μ∗
= πTc
|ωm |
ω
m

ωn 1 − Z(iωn )

Q(iωm − iωn ) sgn ωm ,
= −πTc
ωm

where
Q(iωm − iωn )
∞
= dΩ α 2 (Ω)F (Ω)
0

2Ω
,
Ω 2 + (ωm − ωn )2

where μ∗ is the Morel–Anderson Coulomb pseudopotential, ωn = (2n − 1)πT c are the Matsubara

“frequencies”, and n = 0, ±1, ±2, . . . .
A precise numerical solution of the Eliashberg
equations was ﬁrst obtained by D.J. Scalapino,
J.W. Wilkins, and J.R. Schrieffer (1963) who uncovered an essential dispersion (energy dependence) of both real and imaginary parts of the
complex gap parameter C(ω), and called attention to related anomalies of the tunneling density
of states. Further, with the help of a numerical solution of the inverse problem, the method of reconstructing the Eliashberg function g(ω) from
the tunneling current–voltage characteristics of a
superconductor was successfully developed (see
Tunneling spectroscopy of superconductors).
ELLIPSOMETRY, optical polarization method
Branch of optics which studies solid surfaces
and various multilayer coatings on solids by ana-

lyzing the polarization of a reﬂected or transmitted
light beam (reﬂection ellipsometry and transmission ellipsometry).
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The classical conﬁguration of an ellipsometer, an instrument for the analysis of elliptically
polarized light, includes a light source (mercury
lamp, laser, or monochromator), polarizer, table
with sample under study, compensator (quarterwave plate), and analyzer. Incident linearly polarized light (see Polarization of light) reﬂected by a
sample becomes, in general, elliptically polarized.
This is characterized by the polarization angles Ψ
and Δ which describe the amplitude ratios and the
phase difference of the parallel (p) and perpendicular (s) components. The main equation of ellipsometry establishes the relation between angles Ψ
and Δ, and the optical properties of the reﬂecting system. This equation is based on the Fresnel
equations; speciﬁc terms depend on the choice of
the model for the surface. It is generally solved
by numerical methods with the aid of a computer.
Since each ellipsometric measurement yields two
magnitudes Ψ and Δ, one can ﬁnd two unknown
parameters. In the case of a multilayer reﬂection
system, when it is necessary to determine a large
number of parameters (refractive indices and absorption coef cients of the substrate and ﬁlm situated on it, ﬁlm thickness, and so on), one should
perform many measurements under various conditions: at several angles of incidence (multiangle ellipsometry); for several thicknesses of a homogeneous ﬁlm (multithickness ellipsometry); in
various ambient media (immersion ellipsometry).
To obtain the optical parameters of the system
from measured angles Ψ and Δ it is necessary
to solve a reciprocal problem. The use of modern high-speed computers removed the ambiguity
problem involved in the interpretation of ellipsometric data, thereby putting on a ﬁrm basis the
investigation of the surface state (roughness, adsorption coatings and coatings of other kinds, subsurface disturbed layers, etc.), the determination
of the thickness and the optical parameters of thin
(1 nm) ﬁlms, substrate parameters, and direct
studies of various physicochemical processes at
the solid surface. The sensitivity of the method increases sharply under resonance conditions when
surface polaritons are excited with the enhancement of the electromagnetic wave ﬁeld near the
surface. This is achieved by using the attenuated
total internal re ection method, or nonplanar (randomly rough or regularly proﬁled) surfaces. Ad-
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vantages of ellipsometry are its lack of direct contact with the surfaces, and its unique sensitivity to
superthin layers situated at the surface (to ∼0.1 of
a monolayer).
ELLIPTICITY OF ACOUSTIC WAVE
See Acoustic wave ellipticity.
ELONGATION MODULUS
See Young’s modulus.
EMBRITTLEMENT

A sharp reduction of plasticity of metals and
alloys. Embrittlement can be a consequence of a
high level of impurities (see Impurity atoms) and
nonmetallic inclusions, as well as a result of plastic deformation or heat treatment of metals and alloys. The most common cause of embrittlement is
the segregation of impurities at grain boundaries,
and the weakening of the grain-to-grain bonding
strength. In this case, the failure is of an intercrystallite character (see Crystallites). A major hazard is the segregation of impurities with low surface energy at grain boundaries, since this leads
to the lowering of the failing stress. To lessen the
segregation of harmful impurities at grain boundaries, an appropriate heat treatment can be carried
out. Such a treatment either stimulates the transfer of the impurity to the grain body, binds the
impurity to chemical compounds, or else leads to
the competitive segregation of elements, unable
to reduce the surface energy, at the grain boundaries. Embrittlement in alloys may be a consequence of solid solution decomposition (see Alloy decomposition) with the formation of Guinier–
Preston zones (clusters of precipitate without definite crystalline structure) followed by the precipitation of intermetallic compounds. In metals with
a body-centered cubic lattice embrittlement can
result from the blocking of dislocations by impurities with the establishment of atmospheres of various kinds (see, e.g., Cottrell atmosphere). Embrittlement can be caused by the formation of unfavorable texture and macrodefects such as slivers, laps,
pits, etc. during the course of plastic deformation.
In some cases, the embrittlement can be explained
as a rise of the cold brittleness temperature above
room temperature as a result of structural factors.
EMBRITTLEMENT, IRRADIATION
See Irradiation embrittlement.

EMERSLEBEN TRANSFORM (O. Emersleben,
1952)

Mode of transformation of lattice sums such as
1/|rsl − rs  l  |n (here l, l  are cell numbers,

s, s are the numbers of atoms in a cell) into two
rapidly convergent series in terms of the direct and
reciprocal lattices; a method similar to the Ewald
method for integers n  1. This is applied, in particular, for the calculation of the crystal lattice energy related to van der Waals forces for n equal to
6, 8, 10, or the lattice energy associated with the
potential A/r m − B/r n , m > n (m, n are positive
integers; m = 12, n = 6 for the Lennard-Jones potential).
l

EMISSION ELECTRONICS
See Vacuum electronics.
EMISSION OF HOT ELECTRONS
See Hot electron emission.
EMISSION OF PARTICLES
See Particle emission.
EMISSION SPECTRAL ANALYSIS

Totality of methods for determining the chemical composition of a substance by studying its optical radiation (emission) spectrum. Qualitatively,
emission spectral analysis involves the detection
and identiﬁcation of the spectral lines of the element of interest in the emission spectrum of a material. For this purpose, there exist special tabulations and atlases of the spectral lines of elements.
This method permits the determination of almost
all the elements of the Mendeleev periodic system.
In practice for the emission spectral range (160 to
1000 nm) in and near the visible region the elements of Groups I–II with low atomic number Z
are found with the best sensitivity, while halogens
have the lowest sensitivity. Quantitatively emission spectral analysis is based on the relationship between the intensity of the analytical line
IAi of the deﬁned element A and its content CA
in a sample, established according to the semiempirical Lomakin–Scheibe relation (B.A. Lomakin,
G. Scheibe, 1932) on reference samples of a composition similar to that of the one under analysis:
b (a and b are constants depending on
IAi = aCA
the properties of the analytical line and the light
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source). A comparison line is usually chosen from
an element already in the sample, or the line of an
element artiﬁcially introduced into the sample to
serve as an internal standard. The values IA and
I stand are selected such that the ratio of their intensities should be insensitive to a variation of the
discharge conditions. The relative error of emission spectral analysis for contents 10−2 % is 1
to 10%.
Devices for emission spectral analysis are differentiated by their spectral wavelength band, the
type of dispersing element, and the light detection
method. Spectrographs with interchangeable diffraction gratings and photoelectric quantometers,
provided with microcomputers, have particular advantages.
In emission spectrum analysis, about ten types
of light sources and their modiﬁcations are used.
The best sources for the analysis of solid nonconducting materials are arc discharges; for the
analysis of monolithic metals and alloys – glow
discharges in a hollow cathode after Grimm,
and low-voltage discharges with the frequency
500 Hz in an argon jet; for the analysis of particularly pure substances (after dissolving them and
concentrating the analyzed impurities) – a highfrequency induction-bound plasma; for the analysis of the barely-excitable elements – glow discharges in hollow cathodes and high-frequency
induction-bound plasmas. In use for layer-by-layer
analysis of solid materials, and for the analysis of
their inclusions with a volume 200 to 106 μm3 , are
the corresponding pulsed discharges in a cooled
hollow cathode and lasers. The method of laser
ﬂuorescent analysis, where a laser with a tunable frequency serves as the light source, is the
most prospective and efﬁcient method of emission spectral analysis. This method possesses extremely high selectivity and sensitivity, unachievable by pre-laser analytical methods, which might
possibly permit the detection of single atoms (in
a pregiven quantum state) in bulk material illuminated with the laser radiation.
ENAMELING

Application of a thin glassy, opaque ceramic
coating to a metal surface. Enamel coatings are
notable for hardness, wear resistance, abrasive resistance (see Abrasive materials), corrosion resis-
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tance, thermal-environment resistance, color resistance, and weathering resistance. These coatings are single or multiple layers 0.07–0.2 mm
thick applied by pouring, spraying, and other
methods, followed by further sintering and glazing
in special furnaces. Sometimes a paint or varnish
is used that produces an enamel-like coating.
ENANTIOMORPHISM, also called enantiomerism
(fr. Gr. εναντ ιoς , opposite and μoρϕη , form)

Property of molecules and crystals to form mirror image structural units called enantiomers. One
of the enantiomers is called left, with the other being designated right. Enantiomorphism inﬂuences
morphological, optical, and other structural characteristics. Thus the left and right modiﬁcations of
the structure of quartz rotate the polarization plane
(see Rotation of light polarization plane) of light
passing along the optical axis in opposite directions. Enantiomorphism is also inherent in many
organic materials. As a rule, living systems are
constructed of only one of the two enantiomorphisms of biological molecules, such as the exclusive use of left-handed aminoacids by proteins.
See also Crystal symmetry, Chirality.
ENDOSCOPY

Methods for studying the internal structure and
properties of opaque objects. X-ray, gamma ray
and ultrasonic methods, as well as tomography and
magnetic resonance imaging (MRI), provide information on internal structure. However, the term
endoscopy generally refers to the use of endoscopes which are inserted into, and permit the visual examination of, parts of the interior of a body.
ENDOSCOPY, EPR
See EPR imaging.
ENDOSCOPY, NMR
See Magnetic resonance imaging.
ENDURANCE LIMIT

Maximum value of a stress cycle which a sample endures without failure, or without intolerable strain loading during the course of a preset
number of cycles (usually 106 cycles; see Cyclic
strength). To deﬁne the endurance limit a series
of tests is performed with different loads, and the
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number of cycles of loading until failure is determined. The stress values are plotted on a diagram
that shows their dependence on the number of cycles N which at a given stress level the sample
had endured until failure (fatigue curve or Wöhler
curve). For pure metals, or polymers, or in case
of corrosion fatigue, the Wöhler curve monotonically decreases with the number of cycles; for less
pure samples and for alloys the Wöhler curve approaches a straight line, parallel to the abscissa.
The endurance limit is determined by the nature of
the interatomic bonds, by the crystal lattice type,
by the structural state, and by other parameters
of the material; it also depends on the conditions
of testing (amplitude and frequency of loading,
sample size, testing medium). Fatigue tests exhibit
considerable scatter of the results, so it is important to use statistical methods in evaluating them.
The endurance limit of the sample in the presence
of a crack may be characterized by the smallest
value of the cyclic stress intensity ratio that brings
about a further spreading of the crack. The endurance limit in the presence of a crack may be
determined with acceptable accuracy by retesting
the same sample. The ability of a metal to function
after the appearance of a fatigue crack is called its
viability.
ENERGY BANDS in crystals

Energy spectrum which results from the quantum equations of motion which are invariant under
crystal lattice translations. Band spectra are inherent in electrons, phonons, magnons, excitons, etc.
However, as a rule, the terms energy bands and
band theory are used when describing electrons in
a crystal. The formation of electron energy bands
is connected with the Bragg reﬂection of electrons
in crystals (see Bragg law).
Electronic energy bands represent the overall
spectrum of solutions to the Schrödinger equation
for an electron moving in the periodic potential of
a crystal lattice. The electron bands “genetically”
originate from the energy levels of the free atoms
that come together to form a crystal. In the crystal,
as a result of the interaction between the atomic
electronic shells, each atomic level broadens and
transforms into a band, consisting of a great number of levels. This number is equal to the degree
of degeneracy of the atomic level multiplied by the

number of equivalent atoms in the crystal; it means
that in practice the band is occupied continuously
(quasi-continuously). A band spectrum of an electron in a crystal is represented by alternating bands
of allowed and forbidden energies (allowed band
and forbidden band, or band gap). Even in the case
of strong localization of the atomic wave functions
one can speak about narrow bands. For example, in rare-earth elements atomic f -levels form
a narrow f -band. The quantum theory of metals is
based on the single-electron approximation which
postulates that the electron moves in the periodic
potential arising from nuclei and other electrons in
the crystal. Stationary states of such electrons are
described by Bloch functions ψnk (r) (see Bloch
theorem), and the energy spectrum (or dispersion
law) εn (k) where k is the wave vector, and n is the
band number. The periodicity of the crystal potential causes the periodicity of the energy εn (k) in
k -space corresponding to εn (k + b) = εn (k),
where b is a reciprocal lattice vector. Many physically different values of k are situated in the ﬁrst
Brillouin zone. To every value of k there corresponds an inﬁnite number of discrete energy levels denoted by the index n. For every n the electron energy assumes values within a certain ﬁnite
range. The form of the dispersion law depends
upon the crystal symmetry, and the symmetry of
the wave functions of the individual atoms that
compose the crystal. The bands are often separated by energy gaps, but they can also partially
overlap. In the case of band overlapping a superposition (degeneracy) of values εn (k) and εn (k)
at the same points of space is possible. The locations of such points are related to the crystal symmetry. The occupation of energy levels by electrons obeys Fermi–Dirac statistics. In pure semiconductors and insulators the Fermi level falls
within the forbidden gap that separates the valence band from the conduction band. In metals
and doped semiconductors the Fermi level is in an
allowed band. In the vicinity of a band minimum
or maximum the isoenergetic surfaces of electrons
(εn (k) = const) assume the shape of spheres or ellipsoids, which means that the dispersion law of
electrons is quadratic with respect to the quasimomentum k. Hence, near the band extrema a
band electron is similar to a free electron, but with
an effective mass m∗ deﬁned by the expression
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εn (k) = 2 k 2 /2m∗ . In diamond (Ge) and zincblende (GaAs, ZnS, etc.) type tetrahedral semiconductors the effective mass ratio m∗ /m0 < 1
for electrons and holes (m0 is the free electron
mass). In the general case the effective mass is
anisotropic, or more precisely, the dispersion law
is characterized by the inverse effective mass tensor.
ENERGY-DISPERSION X-RAY
DIFFRACTOMETRY

Method for investigating the structural state of
materials. Energy-dispersion X-ray diffractometry
is similar to the Laue method, and consists of irradiating the sample by an X-ray beam with a continuous spectrum followed by detection of the diffracted radiation with wavelengths satisfying the
Bragg law by a semiconductor detector (Si(Li) or
Ge(Li)). The exposure is carried out with a stationary radiation source, detector, and sample.
The semiconductor detector produces electrical signals with amplitudes proportional to the
quantum energy of the diffracted radiation. After an analog–digital transformation, the signals
are accumulated by a multichannel pulse analyzer,
and reproduce the picture of the diffraction spectrum. The interplanar distance d (nm), γ -quantum
energy E (keV) and diffraction angle θ are related
by the expression d = 0.6199/(E sin θ). Energydispersion X-ray diffractometry allows one to perform a simultaneous synthesis of the data from the
required spectral range within a few minutes at the
resolution d/d ≈ 10−4 . It can be used for the
purpose of a rapid analysis, for studying the intensity distribution of diffracted irradiation with high
values of the scattering vector, and the inﬂuence of
various external actions.
ENERGY GAP in superconductors

Basic characteristic of the energy spectrum
of a superconductor associated with the minimal energy needed for the appearance of quasiparticles. The energy of quasi-static excitations
εk (in the isotropic model) at T < T c has the
form εk = [ξk2 + Δ2 (T )]1/2 where Δ(T ) is the
energy gap, and ξk is the electron energy relative to the Fermi surface. In the Bardeen–Cooper–
Schrieffer theory (BSC theory) 2Δ(T ) is the energy needed for breaking up a Cooper pair. The energy gap grows with decreasing temperature from
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the value Δ(T c ) = 0 at the transition temperature to the superconducting state T c to its ﬁnal
value Δ(0) at T = 0. In the BCS model this has
the value Δ(0) = 1.76k B T c . In a superconductor with strong electron–phonon coupling (Pb, Nb,
etc.) the ratio 2Δ(0)/(k B T c ) can exceed the theoretical value. A consequence of the existence of
the energy gap is the exponential dependence of
the speciﬁc heat and the electronic absorption coefﬁcient of ultrasound, as well as some other characteristics of superconductors, on the temperature
at T < T c . The most direct method of measuring
the energy gap utilizes the tunnel effect. At T = 0,
the contact tunnel current between a superconductor and a normal metal appears only at the voltage eV = 2Δ. In the case of a contact between
different superconductors with gaps Δ1 , Δ2 , the
current produces a jump (at zero temperature and
T > 0) at eV = −Δ1 + Δ2 .
ENERGY LOSS, CHARACTERISTIC
See Characteristic energy loss, Characteristic
energy loss spectroscopy.
ENERGY LOSS OF CHARGED PARTICLES
See Charged particle energy loss.
ENERGY OF SURFACE
See Surface energy.
ENERGY TRANSFER in crystals

The vector of an energy ﬂux density (EFD)
S is numerically equal to the quantity of energy
transferred per unit time through a unit surface
area which is perpendicular to the direction of the
energy ﬂow at a given point. In a crystal (solid
state body) there are as many different EFD vectors as there are types of quasi-particles existing
in it. A general expression for EFD by a j -type
quasi-particle is Sj = j εj (k)νj (k)nj (k). Here
εj (k), νj (k), and nj (k) are, respectively, the energy, group velocity, and distribution function of
j -type quasi-particles for the same state k. The
EFD associated with lattice vibrations, electromagnetic waves, magnetic vibrations, thermal energy, etc., can be presented in terms of macroscopic quantities: stress tensor σj i , displacement
vector ui , electric and magnetic ﬁeld strengths E
and B, respectively, exchange constant A, magnetization M, thermal conductivity tensor χik = χki .
Formulae for these EFD relations are:
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(a) Umov vector of EFD in lattice (1874):
∂uj
Si = −σij
;
∂t
(b) Poynting vector for EFD of electromagnetic
ﬁeld (J. Poynting, 1884):
Si = [E × H ]i ;
(c) Akhiezer vector for EFD of magnetic waves
(spin waves, 1958):
Si = −A

∂ 2M
;
∂t∂x

(d) thermal energy ﬂux:
Si = −χik

∂T
;
∂xk

here T is the temperature; and for a crystal
of cubic symmetry and an isotropic medium
χik = χδik .
At diffusion, including thermodiffusion, every
migrating particle carries the transferred heat q,
so the energy ﬂux density Si is given by Si = qJi ,
where Ji is the particle ﬂux density. The quantity q
may assume both positive and negative values, and
in the context of a microscopic theory q is the
height of a potential barrier which is to be overcome by the particle during its migration.
ENERGY TRANSFER BY EXCITONS

The transfer of excitation energy from excitons
to local impurity and defect centers, as well as
to the surface states of a crystal. The efﬁciency
of such energy transfer depends on the mobility
of the excitation in the crystal. The nature of energy transfer by excitons is determined by the relationship among the chief kinetic temporal parameters: the lifetime of an exciton in a perfect lattice τ0 , the time of exciton scattering (by phonons,
local centers, etc.) τs , and the lifetime with respect to trapping the excitation on an acceptor τl .
If τl < τs , τ0 , then the transfer is performed coherently at a rate equal to the group velocity of an
exciton in a band. If the scattering time τs turns
out to be the smallest of these parameters, then
the process is diffusive in nature. The mean free
path of an exciton in the case of strong scattering is of the order of a lattice constant (l ∝ a),
and energy transfer by excitons takes place in the

form of random jumps or hopping from one lattice site to another. Such a pattern is characteristic of the exciton motion in crystals with narrow
bands, or at the presence of impurities or defects
in large quantities. The value of the diffusion coef cient D in this case is D ∼ 10−3 cm2 /s. If
excitons are scattered weakly, l
a, then their
motion is related to energy bands, and the diffusion coefﬁcient is several orders of magnitude
higher: from 1 cm2 /s (alkali-halide crystals and
cryocrystals) to 103 cm2 /s (semiconductors with
“light” excitons). For the diffusion of localized excitons ln D ∝ T −1 . In the case of free excitons,
D ∝ T −1/2 if the transfer is performed by thermalized excitons, and D(T ) = const, if the transfer occurs via “hot” excitons. If there is a strong
exciton–exciton interaction in the crystal, then the
probability of energy transfer by many-particle
bound states: biexcitons, exciton drops, etc. should
be taken into account.
ENHANCED RAMAN SCATTERING OF LIGHT
A comparatively strong Raman scattering of
light by various molecules adsorbed on a metal sur-

face. The scattering cross-section per molecule is
5 to 6 orders of magnitude higher than the scattering cross-section of the same molecule in solution. This is observed on the rough surface of a
metallic electrode in an electrochemical cell or in
a vacuum, on a metal surface with especially prepared relief, in tunnel structures, in metallic granular lms, or on colloidal particles. Despite the great
diversity of the objects involved, the observed phenomena have some common features. First, enhanced Raman scattering exists for molecules in
sharply heterogeneous conditions. The most favorable dimension of a heterogeneity (size of roughness, metallic islands, colloid particles) for enhanced scattering lies in the range 10 to 100 nm.
Second, the dependences of the scattering crosssection on the exciting-light frequency have the
form of smooth curves which is evidence of the
non-resonant nature of the giant enhancement.
A possible cause of Raman scattering enhancement is the growth of the polarizability of an adsorbed molecule due to its interaction with a metal
substrate (molecular-chemical ampliﬁcation). Estimates show that in this case the ampliﬁcation
does not exceed 10–102 . A second possible cause

ENTRAINMENT OF ELECTRONS BY PHOTONS

of giant enhancement is related to the electric
ﬁeld ampliﬁcation in the vicinity of a metal surface (electrodynamic ampliﬁcation). Field ampliﬁcation occurs due to its increase near surface
protrusions, in microscopic cracks, etc., which is
connected, e.g., with the excitation of localized
surface plasmons. An enhanced Raman scattering
occurs in media with a dielectric constant varying
from negative to positive values (anomalous dispersion region in crystals), as well as in the transition regions in semiconductors between the those
with low and high free carrier concentrations. This
scattering process has important practical signiﬁcances for surface quality control, heterogeneous
catalysis, and investigations of biological objects.
ENTHALPY, heat content

A thermodynamic potential H deﬁned by the
expression H = U + P V , where U is the internal energy, P is the pressure, and V is the volume
of the system. Enthalpy is called heat content because the increase in enthalpy in a constant pressure process is equal to the quantity of heat absorbed. See Thermodynamic potentials.
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frequency of phonon–phonon collisions involving transport with anharmonic coupling exceeds
the frequency of phonon–electron collisions, and
hence the entrainment of electrons becomes attenuated. As shown by Peierls, the electric resistance of a metal (see Electrical conductivity)
under conditions of complete entrainment of electrons by phonons decays exponentially with decreasing temperature for uncompensated metals
with closed Fermi surfaces (this electric resistance
behaviour is only known for Na and K). The entrainment of electrons by phonons is of considerable importance in thermoelectric phenomena and
thermomagnetic phenomena (the theory was formulated by L.E. Gurevich in 1945). The sign of the
phonon contribution to the thermoelectromotive
force is determined by the sign of the current carriers (electrons and holes) in semiconductors, and
by the orientation of the Fermi surface curvature in
metals. The entrainment of electrons by phonons
increases steeply in a quantizing magnetic eld.
The phenomenon of entrainment of electrons by
phonons is also referred to as phonon wind.
ENTRAINMENT OF ELECTRONS BY PHOTONS

ENTRAINMENT OF ELECTRONS BY
PHONONS
Directional drift of free current carriers in
semiconductors or metals that occurs provided
there is a nonequilibrium phonon ﬂow in these

materials to entrain or carry along the electrons.
This directional drift of charge carriers is brought
about by the momentum transfer from phonon to
electron that takes place via the electron–phonon
interaction. The entrainment process is most complete when the prevailing electron–phonon collisions are elastic ones, i.e. the collisions between
electrons and phonons proceed with conservation
of quasi-momentum. During the process of entrainment, the drift distribution (see Current carrier drift) of quasi-particles is established, which
speciﬁes the drift velocity common to both types
of quasi-particles. These conditions are difﬁcult
to attain in typical metals which are readily susceptible to Umklapp processes at electron–phonon
collisions down to low temperatures. More characteristic of pure metals at temperatures T  T ∗
(the T ∗ temperature amounts to approximately
one tenth of the Debye temperature) is the situation of incomplete entrainment. At T
T ∗ , the

Generation of an electron ﬂow in a solid conductor, which occurs due to momentum transfer from the directional ﬂux of photons to electrons. The phenomenon of entrainment or carrying along of electrons by photons is observed in
the optical and very high frequency energy bands
of semiconductors, semimetals and certain metals. This phenomenon is most extensively studied
in semiconductors (Ge, Si, compounds of AIII BV
type), where the entrainment of bound electrons
(photoionization), or of conduction electrons and
holes occurs. A considerable part of the momentum of photons, which is passed on to the solid
as a whole, is originally taken up by the mobile
charge carriers, resulting in their induced motion.
Since the photon momentum is equal to the sum
of momenta acquired by the lattice and the electrons, it is possible for the momentum acquired by
an electron to be opposite in sign to that of the
photon. The entrainment of electrons by photons
is detected by the presence of a current (entrainment current) or electromotive force. This phenomenon is used for determining time characteristics of pulse laser radiation, and for detecting IR
radiation.
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ENTROPY

One of the thermodynamic variables that characterizes the state of a macroscopic body or system of bodies, and the direction of ﬂow of nonequilibrium processes; a measure of the disorder
in a system, i.e. a measure of its distribution over
available states. The ordinary symbol for entropy
is S. The variation of the entropy dS is related to
the incremental amount of heat received by a body
dQ by the expression dS = dQ/T . According to
the ﬁrst law of thermodynamics (law of conservation of energy) the variation of the internal energy of a body (see Thermodynamic potentials) is
given by dE = T dS + dW , where dW is the work
done on the body. The entropy is a function of the
state variables, which means that after a nondissipative cyclic process the body entropy returns to
its initial value. The entropy can also be chosen
as an independent variable specifying the system
state through the expression dH = T dS + V dP
for the enthalpy H . The entropy is related to the
Helmholtz free energy F and to the Gibbs free energy G through partial derivatives:




∂G
∂F
=−
.
S =−
∂T V
∂T P
Entropy is an extensive variable, so the entropy
of a system composed of different bodies is the
sum of the entropies of individual bodies. More
speciﬁcally, if the observation time exceeds the
relaxation time in separated portions of the body
but is less than the time for establishing equilibrium in the system as a whole, then one can
speak about the entropy of separated portions of
the body, and about its additivity as a whole. According to the second law of thermodynamics, the
entropy of a closed system can either grow (irreversible process) or remain constant (reversible
process). As a result, without doing work over the
system, the heat can pass only in the direction
from bodies at higher temperatures to bodies at
lower temperatures.
If an irreversible process takes place in the
body itself (e.g., a chemical reaction), its entropy
also increases; in an equilibrium state the entropy is a maximum with respect to the parameters which specify the state of the body. If the
body is thermally isolated, and the environmental
conditions vary quite slowly, then during such a

process, called an adiabatic process, the entropy
of the body remains unchanged, i.e. the process is
reversible.
According to the third law of thermodynamics
(Nernst heat theorem), the entropy of a body at
absolute zero temperature diminishes to zero. At
ﬁxed values of pressure and volume, the entropy
of the body takes the form
T
S=

1
CP ,V dT ,
T

(1)

0

where CP ,V is the speci c heat at constant pressure, or constant volume, respectively.
In statistical physics the entropy is a measure
of the system disorder, and this is determined by
the statistical weight or the degeneracy (multiplicity) of a given equilibrium state of the system:
S = ln Ω, where Ω is the number of quantummechanical states (in the vicinity of the average
energy E) within a range with a dimension of the
order of the energy u ctuation of the system under
consideration. Using a knowledge of the system
distribution of states function Wn (here n is the
number of the state) the expression for the entropy
can be written as


Wn ln Wn ,
Wn = 1.
(2)
S =−
n

n

Within the framework of the canonical Gibbs distribution, the expression for Wn takes the form
Wn =
where
Z=



1
En
,
exp −
Z
kBT


En
exp −
kBT
n



is the partition function, En is the energy of the
nth state of the system, and k B is the Boltzmann
constant.
The law for the increase of entropy in statistical physics means that the evolution of the system
is directed toward the most probable and uniform
distribution of energy over individual levels. An
approach for justifying the law of increasing entropy involves the Boltzmann H-theorem.

EPITAXY

EPITAXIAL DISLOCATIONS, mismatch
dislocations

Dislocations that emerge during the growth of
a crystal on a substrate made of another crystalline
material. Epitaxial dislocations appear at the interface between the substrate and the layer which is
growing in an epitaxial fashion (see Epitaxy) as a
result of incomplete matching of their structures.
EPITAXIAL IRON GARNET FILMS

Magnetic lms of 0.1 to 100 μm thick, monocrystalline layers of pure or mixed iron garnets
obtained by epitaxial growth (from gaseous or liquid phase) on substrates of nonmagnetic garnets
(gadolinium–gallium garnet Gd3 Ga5 O12 , calcium–gallium–germanium garnet Ca3 Ga2 Ge3 O12 ,
and some others). Depending on its purpose, various epitaxial iron garnet ﬁlms are used. The
most widespread are ﬁlms of yttrium iron garnet Y3 Fe5 O12 which are employed in superhigh-frequency equipment; ﬁlms with magnetic
bubble domains of various compositions (e.g.,
(Sm, Lu)3 Fe5 O12 , (Eu, Tm)3 (Fe,Ga)5 O12 and
others) for storage devices (see Magnetic bubble
domain devices), as well as ﬁlms of bismuthcontaining or praseodymium-containing iron garnets with a large speciﬁc Faraday rotation
(104 deg/cm and more) for magnetooptic applications (see Faraday effect, Magnetooptics). To obtain high-quality ﬁlms it is necessary to provide
good alignment of the lattice parameters of the
ﬁlm with those of the substrate within an accuracy of ∼0.1 nm. The magnetic anisotropy of epitaxial iron garnet ﬁlms can differ essentially from
the cubic (crystallographic) magnetic anisotropy
of bulk monocrystals because of the presence of
growth anisotropy and magnetostriction contributions (due to mismatch of ﬁlm and substrate lattice parameters). Thus, in ﬁlms with magnetic
bubble domains the dominant uniaxial magnetic
anisotropy is the normal anisotropy that is introduced during the growth process.
EPITAXY

Oriented growth of crystals on monocrystalline
substrates. The term epitaxy was proposed by
L. Royer (1928). Initially epitaxial ﬁlms made of
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various materials served only as objects of scientiﬁc investigation. In 1951 the ﬁrst epitaxial
germanium p–n junctions (see Semiconductor
junction) were fabricated, and within a decade epitaxial semiconductor ﬁlm growth techniques became highly developed for engineering applications. Since 1960 when epitaxial transistors began
being produced epitaxy has become one of the basic technological methods of semiconductor electronics. Depending on the kind of device, epitaxial ﬁlms can be obtained by the methods of gas,
liquid, or solid phase epitaxy, molecular beam epitaxy, vacuum deposition, as well as laser, cathode,
and magnetron sputtering (see also Autoepitaxy).
The methods of gas phase epitaxy are based
on the use of chemical reactions (synthesis, dissociation, and disproportionation) which bring about
the formation of the epitaxial layer at the substrate surface. For liquid-phase epitaxy (rheotaxy),
the material of the layer separates out on the substrate in the form of a solution or melt which provides direct contact with the substrate. In the case
of solid-phase epitaxy, the material of the epitaxial layer diffuses towards the substrate through a
layer of crystalline material. Finally, for molecular beam epitaxy and other vacuum methods, the
atoms of deposited substances are transported to
the substrate after evaporation or sputtering from
vacuum sources.
The initial period of epitaxial growth involves
a nucleation stage, and this is described by a thermodynamic theory based on the minimum of the
free energy of the critical nucleating center. Under the conditions of strong oversaturation when
the nucleating center consists of only a few atoms
the theory loses its validity. It is for this case that
D. Walton and T. Rhodin (1962) proposed a statistical mechanical model where, instead of utilizing free energies, statistical sums and potential
energies are used. Of importance for the theory
of epitaxy is the problem of mismatch between
the crystal lattices of the ﬁlm and the substrate.
Royer put forward a scale criterion which suggests
the existence of a threshold mismatch. According
to the modern viewpoint, in the case of moderate mismatching (<0.1) the ﬁlm grows initially
on the substrate in a pseudomorphous manner (interphase boundary is coherent) which corresponds
to the free energy minimum. Thicker ﬁlms have
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a larger elastic strain energy related to the stress
of mismatching, so after reaching a critical thickness it becomes possible to relax the inner tension
through the formation of dislocations or in other
ways (domainization, twinning of crystals), i.e. a
breakdown of coherence takes place. Another type
of epitaxial growth is the recrystallization of amorphous or polycrystalline ﬁlms during their heating
by optical radiation, a laser beam, or an electron
beam.
See also Amorphous epitaxy, Gas phase epitaxy, Liquid-phase epitaxy, Molecular beam epitaxy.
EPR IMAGING, EPR endoscopy

Set of methods for studying internal spatial
characteristics of a subject using electron paramagnetic resonance (EPR). A typical task of EPR
imaging is the investigation of the paramagnetic
center distribution in a bulk sample. In addition,
EPR imaging studies the macroscopic and point
defect distribution, the variation of spatial characteristics under external action (irradiation, annealing), and so on. Various methods for spatial
focusing are employed, e.g., by utilizing plane
resonators with narrow gaps between walls, or
loop gap resonators which concentrate the microwave ﬁeld, etc. However, the most common
method used in EPR imaging (taken from magnetic resonance imaging, or MRI) is the detection
of EPR signals in systematically nonuniform magnetic ﬁelds, i.e. B 0 (x, y, z) has a known conﬁguration. The essence of this method is the following. First we consider an EPR signal in a uniform
magnetic ﬁeld B 0 (no x, y, z dependence) with
the frequency dependence I (ω) = I0 g(ω − ω0 ),
where g(ω − ω0 ) is the line shape function (with
peak frequency ω0 and width δ), I0 is the signal
amplitude: I0 = V kρ(x, y, z) dx dy dz, k is a dimensional factor, and the function ρ(x, y, z) provides the distribution of paramagnetic centers over
the volume V . In a nonuniform magnetic ﬁeld the
EPR signal is determined by the convolution integral

I (ω) = kρ(x, y, z)g ω − ω0 (x, y, z) dx dy dz,
V

(1)
where ω0 (x, y, z) = γ B0 (x, y, z) is the resonance
frequency which depends on the position, and γ is
the gyromagnetic ratio.

A sample with a nonuniform distribution of paramagnetic centers represented by dots (a), energy levels of
paramagnetic centers in a nonuniform magnetic ﬁeld
(due to ∇B0 ) with energy level spacings that depend on
the coordinate x (b), and the resulting EPR signal (c).

Let ∇B0 = ∂B0 /∂x, corresponding to the case
ω0 (x) = γ B0 (x) in which the resonant frequency
has no y or z dependence. If ω0 (x2 ) − ω0 (x1 ) =
γ (∂B0 /∂x)(x2 − x1 ) δ (see Fig.) then at a certain arbitrary frequency ω = ω , a contribution to
the EPR signal will arise from those centers with
coordinates x = x  ± x/2 and arbitrary coordinates y and z. In other words, the signal has no y
or z dependence. The value x which determines
the resolving ability of EPR imaging satisﬁes the
relation x ≈ (δ/γ )(∂B0 /∂x)−1 . In this case the
proﬁle of the EPR signal determines the projection
of spin density ρ(x, y, z) on the axis Ox along
which ∇B0 is directed, i.e. I (ω) ∼ ρ(x). Using
various orientations of ∇B0 one can sequentially
obtain projections of ρ(x, y, z) for different directions, and then ﬁnd the overall ρ(x, y, z) with the
help of reconstructive tomography.
The spin density ρ(x, y, z) can be found with
the application of diverse nonuniform external actions such as pressure, temperature, electric ﬁeld,
etc. If ω0 is dependent on the electric ﬁeld, then
for a nonuniform ﬁeld E(x, y, z) one can ﬁnd
ρ(x, y, z) using Eq. (1) where ω0 (x, y, z) is determined by the electric eld gradient (but not by
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the magnetic ﬁeld gradient). With the help of subsequent localization of the ﬁeld E in limited portions of the sample (e.g., using pointed electrodes)
one can “extract” from an overall EPR signal of
the sample the signal from the region of the ﬁeld
localization. This problem of obtaining the EPR
signal from a region of ﬁeld localization can be
also solved by using an alternating electric ﬁeld as
a modulating ﬁeld (i.e. in the absence of magnetic
ﬁeld modulation). In addition to studying centers
with an ω0 dependence on E, this method also applies for studying reorienting centers for which the
ﬁeld E changes the intensity of various EPR lines.
For a modulating ﬁeld E, the EPR signal is produced only by portions of the sample where the
ﬁeld E is localized.

at ε = 2. In the theory of systems with continuous symmetry groups another version of the epsilon expansion is often adopted, corresponding to
an expansion in powers of ε = d  − dc , where dc is
the lower critical dimensionality, that is the maximum dimensionality at which the thermal ﬂuctuations of the order parameter destroy the ordered
phase, i.e. T c = 0 K. This variant had been proposed in 1975 by A.M. Polyakov, and it allows one
to ﬁnd critical characteristics of three-dimensional
systems as a “rise” in dimensionality from dc = 2
(Heisenberg model) or dc = 1 (Ising model). In
addition to its application in the theory of phase
transitions, the epsilon expansion is used in percolation theory, the theory of localization, and in
some other areas of condensed matter theory.

EPSILON EXPANSION (ε -expansion)

EPSILON PHASE (ε -phase)

Method of analysis of the system behavior
in a critical region, based on calculations of its
characteristics (critical exponents, ratios of critical amplitudes, and so on) in the form of a power
series in ε = d c − d, where d is the system dimensionality, and d c is the so-called upper critical dimensionality corresponding to the minimal value
of d at which the critical ﬂuctuations become insigniﬁcant, i.e. the Landau theory of second-order
phase transitions is valid. This was proposed by
K.G. Wilson and M.E. Fisher (1972), and represents the most widespread (but not the only) version of analytical mean ﬁeld perturbation theory
used for studies of critical phenomena. The epsilon series expansions are asymptotic for d c = 4
for the majority of models describing magnetic,
structural, superconducting, and other phase transitions. Nevertheless the cutoff of these series at
the second or third term with the substitution ε = 1
yields results that are in quite good agreement with
experiment. For example, in the Ising model (uniaxial ferromagnet) the epsilon expansion of the
critical index for the susceptibility γ has the form:
25 2
1
ε + ···;
γ =1+ ε+
6
324
the substitution ε = 1 yields γ = 1.24, and experimental values are in the range 1.20–1.25. Taking into account additional terms of the expansion
worsens the result; however, the use of methods
for summing asymptotic series provides exact values of critical indices not only at ε = 1, but also

Metallic phase with a two-layered hexagonal
close-packed lattice. Depending on the conditions
of formation, equilibrium and metastable (martensite) ε-phases can be distinguished. The equilibrium ε-phase appears during the course of crystallization in the form of an electronic compound (see
Hume-Rothery phases) with an electron concentration (ratio of number of electrons to number of
atoms) e/a = 7/4 (e.g., in alloys Cu–Zn and other
alloys based on copper), or as the polymorphous
modiﬁcation of some metals at high pressures (see
Polymorphism). For example, in pure iron an εphase appears at pressure exceeding 135·108 Pa
as the third polymorphous modiﬁcation: from
the alpha phase it appears under pressure, and
from the gamma phase it appears upon cooling.
A martensite ε-phase is formed without diffusion
from austenite at low temperatures in alloys with
low stacking fault energy (e.g., Fe–Mn, Fe–Mn–C,
Fe–Ru). Upon heating in the range of temperatures ∼430 to 670 K the ε-phase transforms
into austenite, i.e. an inverse martensitic transformation ε → γ takes place. The crystal lattice of
ε-phase martensite is naturally oriented with respect to the austenite lattice: (0001)ε  (111)γ and
[1210]ε  [011]γ . As a result, the ε-phase crystals are located in the form of plates parallel to
the {111} octahedral planes of austenite. The microstructure of alloys in the martensite ε-phase
is similar to the Widmanstätten structure where
sheets of ε-phase are interlaced with sheets of
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residual austenite. The hardness of the martensite ε-phase is higher (to 40%) than the austenite hardness, the yield limit is 2 to 3 times higher,
and the plasticity is lower than the corresponding values for austenite. The maximum amount
of martensite ε-phase in iron–manganese alloys is
70 to 80%, and at strain it reaches 100%. Upon
plastic deformation or hydroextrusion the ε-phase
transforms into alpha martensite. The repeated
transition of austenite into the ε-phase and the
inverse transformation lead to phase wear hardening, i.e. a type of hardening of the alloy. Multiple γ ↔ ε transitions in iron–manganese alloys do not change the hexagonal symmetry of
the ε-phase, and the addition of 0.25 to 0.60%
of carbon to them leads to the formation of an
18-layered martensite phase. The ε-phase can be
detected with the help of X-ray structure analysis
and metallographic analysis.
EQUATIONS OF STATE

Equations which describe the relationship between the variables that characterize the state of a
thermodynamic system, such as a gas, a liquid, or a
crystal. Thermal equations of state relate intensive
quantities (independent of system volume) to extensive ones (proportional to the system volume),
and to the temperature T , e.g., f (P , V , T ) = 0,
where P is pressure, V is volume. Caloric equations of state represent thermodynamic potentials
(free energy, enthalpy, etc.) or entropy as functions
of pressure and temperature (or V and T , etc.).
The relation between thermal and caloric equations of state is established by the application of
fundamental laws of thermodynamics. Equations
of state, which serve as a necessary connecting
link that allows applying thermodynamic laws to
particular systems, cannot be derived from fundamental thermodynamic laws alone. There are no
universal equations of state for solids, rather the
role of these equations is played by certain approximate expressions obtained on the basis of simple theoretical models or experimental data. These
theoretical models are, e.g., the Debye theory of
speci c heat, and the lattice model of crystal vibrations developed either with or without regard
for anharmonicity (see Crystal lattice vibrations).
The role of empirical laws may be played by, e.g.,

the temperature and pressure dependences of elastic moduli, or by other relationships, depending on
the process under investigation.
EQUILIBRIUM OF PHASES
See Phase equilibrium.
EQUILIBRIUM SEGREGATION
A metastable state of a solid containing impurities and their traps (dislocations, stacking faults,
grain boundaries, phase interfaces, etc.). In such a
state, the content of impurity atoms differs in the

material matrix and at its structural defects. It is
determined by the conditions of minimum thermodynamic potential yielded by the impurity concentrations at traps, and by the free parameters of
structural defects (e.g., by the width of the stacking faults between partial dislocations). Depending
on the value of the bonding enthalpy between the
impurities and the traps one may consider competitive segregation of the various impurities to a
given trap, and competition between various traps
in the process of pinning a given impurity. In case
the number of atoms of an impurity is smaller
than or comparable to the number of the positions
available for them at traps, such competition may
lead to nonmonotonic temperature dependences of
the content of a given impurity at a given trap.
Such dependences exhibit a minimum at a temperature T = Tmin and a maximum at a temperature
T = Tmax > Tmin . Equilibrium segregation lowers
the impurity content in the matrix and, hence, lowers the temperature of dissolution of carbides, nitrides, and other phases. Equilibrium impurity segregation affects the strength and plastic properties
of materials (see Strength, Plasticity), and the local
electrophysical properties of semiconductors.
EQUILIBRIUM, THERMODYNAMIC
See Thermodynamic equilibrium.
ERBIUM, Er

Chemical element of Group III of the periodic system with atomic number 68 and atomic
mass 167.26; belongs to lanthanides. There are
23 known isotopes with mass numbers from 151
to 173; naturally occurring isotopes are: 162 Er
(0.14%), 164 Er (1.61%), 166 Er (33.6%), 167 Er
(22.95%), 168 Er (26.8%), 170 Er (14.9%). Outer

ETCHING, ION

shell electronic conﬁguration is 4f 12 5d 0 6s 2 .
Atomic radius is ≈0.1754 nm; radius of Er3+
ion ≈0.0886 nm. Oxidation state +3, electronegativity ≈1.2.
Erbium is a silvery-white metal. At low temperatures erbium has a hexagonal close-packed
4 ),
crystal lattice, space group P 63 /mmc (D6h
with parameters a = 0.35592 nm, c = 0.5585 nm
(at room temperature). At ≈1690 K the polymorphous transformation of erbium into a bodycentered cubic modiﬁcation is possible, space
group P n3n (Oh2 ), with parameter a = 0.3940 nm
(extrapolated value) after hardening. Density is
9.051 g/cm3 at 293 K, T melting ≈ 1790 K,
T boiling ≈ 2865 K. Heat of melting is 17.2
kJ/mole, heat of sublimation is 280.5 kJ/mole,
heat of evaporation is 271 kJ/mole; speciﬁc heat
is 0.168 kJ·kg−1 ·K−1 at room temperature. Debye temperature is ≈180 K; linear heat expansion coefﬁcient of erbium polycrystal is
≈10.8·10−6 K−1 ; thermal conductivity coefﬁcient is 9.6 W·m−1 ·K−1 . Adiabatic elastic moduli rigidity of erbium polycrystal: c11 = 83.88,
c12 = 29.26, c13 = 24.21, c33 = 84.32, c44 =
26.45 (GPa) at 300 K; adiabatic bulk modulus is
44.913 GPa, Poisson ratio is 0.238. Vickers hardness is ≈55 HV; tensile strength is 0.280 GPa.
Activation energy of self-diffusion of atoms in
erbium polycrystal at the melting temperature is
300 kJ/mole. Effective thermal neutron trapping
cross-section is 162 barn. Resistivity of erbium
monocrystal (at 298 K) is 750 n·m along the
principal axis 6 and 440 n·m in the perpendicular direction, and that of erbium polycrystal
is ≈940 n·m, thermal coefﬁcient of electric resistance is 0.00201 K−1 . Work function of erbium polycrystal is 3.12 eV. At the Néel point
T N = 84.4 K erbium transforms from paramagnetic state to antiferromagnetic state with sine
wave-modulated component of magnetic moment
along the principal 6 axis and with disordered
components of magnetic moment in the basal
plane. Below the critical temperature T c = 52.4 K
the modulation of the magnetic moment along the
principal axis 6 is conserved, but there appears
helicoidal ordering of the perpendicular component of the magnetic moment in the basal plane (of
the complex helical type). At the Curie point T C
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(18.0 K < T C < 19.6 K) a ﬁrst-order phase transition yields (“freezes out”) the sinusoidal modulation of the magnetic moments with respect to
the 6 axis: the magnetic moments are oriented at
the angle ∼29.6◦ to the 6 axis, and the perpendicular components conserve the helicoidal ordering
in the basal planes (i.e. cone-like structure of the
ferromagnetic type of spiral is formed). Magnetic
susceptibility of erbium is +44500·10−6 CGS
units; nuclear magnetic moment of isotope 167 Er
(22.95% abundant) is 0.48 nuclear magnetons.
Pure erbium is used for the purposes of investigations, and its alloys (with cobalt, iron and nickel)
are used for manufacturing permanent magnets,
etc.
EROSION, DROP-IMPACT

See Drop-impact erosion.
EROSION, SURFACE

See Surface erosion.
ESAKI DIODE

See Tunnel diode.
ETCHING

A method of chemical or electrochemical treatment of the surface of solid materials aimed to remove dirt and oxides, to reveal the material structure, to produce a desired microstructure of the
surface, to remove the surface layer disturbed by
the mechanical processing, and so on. Chemical
etching is brought about by the direct interaction
of the material surface with the etching agent solution, or with an appropriate reagent in the gaseous
phase. At electrochemical etching, the treated surface is submerged into an electrolyte solution and
used as an electrode when passing direct or alternating current through the solution. See also Selective etching, Ion etching.
ETCHING GROOVE, THERMAL
See Thermal etching groove.
ETCHING, ION
See Ion etching.
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ETCHING, SELECTIVE

ETCHING, SELECTIVE
See Selective etching.
EULER ANGLES, Eulerian angles

Three angles ψ, θ , and ϕ which allow one to
unambiguously deﬁne the orientation of a solid
(rigid body) having internal coordinates x, y, z
with respect to a ﬁxed (laboratory) system of coordinates ξ, η, and ζ (see Fig.). In one common
convention the Eulerian angles are the angle ψ between the ξ axis and a line ON of intersection of
planes (ξ η) and (xy). This line ON is called the
line of nodes, and ψ is the precession angle. The
angle between planes (ξ η) and (xy) (or between
axes ζ and z) is the nutation angle θ . The angle
between the x axis and the line of nodes ON is
the spinning angle or rotation angle ϕ. When the
solid undergoes rotational motion all the angles
can be changing; and the individual angular velocities corresponding with each of these angles
are as follows: ψ̇ is directed along axis ζ , θ̇ is directed along line of nodes ON , ϕ̇ is directed along
axis z. The angular velocity ω of the solid is the
vector sum ψ̇ + θ̇ + ϕ̇ with the components
ωx = ψ̇ sin θ sin ϕ + θ̇ cos ϕ,
ωy = ψ̇ sin θ cos ϕ − θ̇ sin ϕ,
ωz = ψ̇ cos θ + ϕ̇.
These are the kinematic Euler equations. The angle θ varies in the range from 0 to π , and angles ψ
and ϕ vary from 0 to 2π . (The standard convention in the Western literature is to interchange the
symbols ϕ and ψ so that ϕ is the precession angle,
and ψ is the spinning angle.)

Euler angles.

EULERIAN COORDINATES (L. Euler, 1765)

Three components of the velocity of a system
aligned parallel to ﬁxed coordinate axes. These coordinates are used in continuum mechanics.

EUROPIUM, Eu

Chemical element of Group III of the periodic table, atomic number 63 and atomic weight
151.96. Belongs to lanthanides. Natural europium
consists of two stable isotopes 151 Eu (47.8%) and
153 Eu (52.2%). Outer shell electron conﬁguration
is 4s 2 p6 d 10 f 7 5s 2 p6 6s 2 . First three ionization
energies (eV): 5.664, 11.25, 24.7. Atomic radius
is 0.202 nm. Ionic radii are (in nm): Eu2+ 0.112,
Eu3+ 0.098. Europium possesses the lowest work
function (2.54 eV) among all lanthanides. Electronegativity is ≈1.08.
Free europium is a soft light-gray metal possessing a body-centered cubic structure with parameter a = 0.4572 nm. Density is 5.245 g/cm3
at 298 K, Tmelting = 1100 K, Tboiling ≈ 1760 K.
Latent heat of melting is 9.2 kJ/mol, latent heat
of evaporation 146 kJ/mol, speciﬁc heat
27.6 J·mol−1 ·K−1 . Debye temperature is 121 K.
Electrical resistivity is 0.813 μ·m at 25 ◦ C. Temperature coefﬁcient of resistance is 4.80·10−3 K−1
(273–373 K). Europium is a strong paramagnet
with magnetic susceptibility χ = +22·10−8 CGS
units. Temperature coefﬁcient of linear expansion
is 2.6·10−5 K−1 . Europium has the lowest hardness among all the lanthanides, with the Brinnel
value of 98–147 MPa.
Naturally occurring isotopes possess high thermal neutron capture cross-sections; therefore, europium (in the form of an oxide) is used as an
effective neutron absorber. Microscopic amounts
of europium serve as activators when added to luminophors based on compounds of yttrium (used
in color TV sets) and other elements. A laser,
which is produced using europium-activated ruby,
provides radiation in the visible region of the
spectrum. Europium is introduced into specialized
types of glasses.

EXCHANGE-COUPLED PAIRS

EUTECTIC

A liquid system (melt or solution) under a particular pressure in equilibrium with solid phases,
the number of which equals the number of components of the system. The crystallization of such a
system, in accordance with the Gibbs’ phase rule,
takes place at a constant temperature, like the crystallization of pure substances. In this case a mechanical mixture of solid phases of the same composition (solid eutectic) is formed. For a given system, the melting temperature of a solid eutectic is
lower than the melting temperature of a mixture of
any other composition. See also Eutectic alloys.
EUTECTIC ALLOYS
Alloys crystallizing from a liquid (melt) with
the simultaneous formation of two solid phases

α and β, if the alloys have two components. In
three-component eutectic alloys (or more complicated types), three or more solid phases could appear simultaneously from a liquid. Eutectic alloys
possess a lower (compared to their components)
melting temperature. As a rule, the crystallization
of eutectic alloys occurs by cooperative growth of
crystals of both solid phases, which results in the
formation of bicrystal colonies (grains). Eutectic
alloys are used as casting materials, solders, wearproof alloys (see Wear) for coatings and surfacings, and for obtaining eutectic composite materials and amorphous alloys (see Amorphous metals
and metallic alloys) by quenching them from the
liquid state. See also Phase diagram.
EUTECTOID ALLOYS

In two-component eutectoid alloys a transformation of one solid phase β into other solid
phases α and γ can take place during cooling.
In three-component eutectoid alloys a solid phase
can transform into three other phases. The product
of the transformation, called a eutectoid, has as a
rule a layered structure. An example of a eutectoid
alloy is the blend of ferrite and cementite (Fe3 C)
which, while cooling, forms austenite (interstitial
solid solution of carbon in γ -Fe).
EVAPORATION

The transition from liquid (or solid) state of
matter to a gaseous one (vapor) by adding latent
heat to the liquid. The direct evaporation of solids
is called sublimation.
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EVAPORATION IN VACUUM
See Vacuum evaporation.
EWALD METHOD (P. Ewald, 1921)

Method for calculating lattice sums of an electrostatic potential at position j for charges of magnitude Zi e at positions i the distances rij away
using mathematical techniques which bring about
rapid convergence of the series. The Coulomb
potential i Zi e/rij arising from crystal lattice
ions is reduced to two absolutely, uniformly, and
rapidly converging series, i.e. those over the direct and the reciprocal lattices. In this way, one
achieves a sharp reduction of the computational
work needed for determining both the potentials,
and the ﬁeld strength with its gradient. The Ewald
method allows one to determine the Hertz vector
of a system of oscillating dipoles, as well as the
highest multipole moments (see Multipole) associated with crystal lattice sites. In particular, the
Ewald method is efﬁcient for calculating both the
Madelung constant and the electrostatic part of
the energy of an ionic crystal. Kornfeld extended
the Ewald method for the calculation of dipolar
and quadrupolar arrays.
EWALD SPHERE
See X-ray structure analysis.
EXA. . . (fr. Gr. εξ , six; means the sixth power of a
thousand)

A preﬁx for the name of a unit of physical value
which equals 1018 of the original value. Denoted
by E. Example: 1 Em (exameter) = 1018 m =
1015 km = 0.009465 light year.
EXCESS NOISE
See Flicker noise.
EXCHANGE-COUPLED PAIRS

The simplest complex involving two paramagnetic ions. The presence of an exchangecoupled (exchange bound) pair affects the optical properties, the spin–lattice relaxation, the speci c heat, and the magnetic susceptibility of crystals. Exchange-bound pairs may couple via various kinds of exchange interactions: isotropic or
anisotropic, antisymmetric, biquadratic, etc.
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EXCHANGE FIELD

EXCHANGE FIELD of a magnetic material
The characteristic magnetic eld associated
with the exchange interaction. The order of magni-

tude of the magnetic exchange ﬁeld Be is J /(2μB ),
where J is the exchange integral, and μB is the
Bohr magneton. For magnets with several magnetic sublattices, Be is a basic material constant
deﬁned as the magnetic ﬁeld magnitude at which
the spin-ﬂip magnetic phase transition occurs,
e.g., where the magnetizations of sublattices become aligned. The exchange ﬁeld for various antiferromagnets varies from a few dozen tesla (for
low Néel points TN of several kelvins) to a few
kilotesla (for TN up to kelvins in the hundreds).
The value of B e is relatively small for metamagnetic media (several tesla).
EXCHANGE INTEGRAL
See Exchange interaction.
EXCHANGE INTERACTION (W. Heisenberg,
1926; W. Heitler, F. London, 1927; P.A.M. Dirac,
1929)

A speciﬁc mutual interaction between identical particles whereby the system energy depends
on its resultant spin. The exchange interaction is
a purely quantum effect, involving Fermi–Dirac
statistics or Bose–Einstein statistics (for fermions
and bosons, respectively). It can involve particles
interacting either with each other (e.g., via the
Coulomb interaction) or with external ﬁelds. The
Hamiltonian of the exchange interaction He for
two electrons with spins S 1 and S 2 has the form:
H e = −J S 1 · S 2 ,

(2)

where J is called the exchange integral. It is
the difference between the interaction energies
of electrons, US , for the two states with different total spin values S (S = 1 or S = 0), J =
U0 − U1 . Within the framework of nonrelativistic
quantum mechanics (expressing the wave function
as a product of spin and space coordinate terms),
the origin of the exchange interaction, i.e. why
U1 = U0 , is found in the Pauli principle. According to it, the wave function for fermions (electrons in our case) is antisymmetric with respect
to the interchange of particle variables (both coordinate and spin). Since the spin part of the wave
function is symmetric for S = 1, its coordinate

part should be antisymmetric and, accordingly, for
S = 0, its spin part is antisymmetric and its coordinate part is symmetric. The difference in the
symmetries of the coordinate parts of the wave
functions results in a difference between the corresponding particle interaction energies (with each
other and with other charges, such as atomic nuclei in a molecule). The exchange integral may be
either positive (parallel spin orientation, S = 1, is
more favorable in energy) or negative (state S = 0
is favored in energy). Here are some of the simplest examples. The Coulomb repulsion of several electrons in a partly ﬁlled atomic shell (e.g.,
a transition atom d- or f -shell) is minimized by
the “most antisymmetric” wave function, so that
J > 0 and the shell has its maximum possible
spin value (Hund rules). For electrons of covalent
bonds (e.g., in the molecule H2 ), a conﬁguration
with a symmetric wave function is energetically
favored, so the electron density clusters in the region between two charged nuclei. Because of that,
J < 0 and the net spin of a covalent bond is zero.
The exchange interaction of electrons of different
atoms is appreciable when the atomic wave functions of these electrons overlap. The exchange integral is of the order of ξ(e2 /a B ) where a B is the
Bohr radius, and the factor ξ which describes the
extent of overlap of the wave functions (usually
ξ  10−2 ) falls off exponentially with increasing
interatomic distance. The exchange interaction of
electrons localized on different atoms is often reduced to that of atomic spins. Equation (1) also describes the exchange interaction between the total
spins of unﬁlled atomic shells, S 1 and S 2 , but such
a treatment is not rigorous in the case S > 1/2.
To pursue a rigorous approach, additional terms
must be introduced, e.g., biquadratic in the atomic
spins (so-called biquadratic exchange interaction). The exchange interaction is often related
only to the electrostatic electric interaction of
electrons with each other and with atomic nuclei. In that case it includes the scalar products
of spins only, and remains invariant with respect
to arbitrary spin rotations. When one considers
other types of interactions (e.g., spin–orbit interaction) anisotropic terms of the form Jαβ Sα Sβ
may appear in the exchange interaction Hamiltonian, where α, β = x, y, z (see Spin Hamiltonian). In the case when Jαβ Sα Sβ = J S · S, one

EXCIMER

speaks of the anisotropic Dzialoshinskii–Moriya
exchange interaction (see Dzialoshinskii interaction), the so-called antisymmetric exchange interaction. This is described by antisymmetric tensor
(a)
(a)
components Jαβ , Jαβ = −Jβα ; in order of magnitude J (a) ∼ ( g/g)J , where g is the change
of the g-factor due to the spin–orbit interaction.
The symmetric exchange interaction is described
(s)
(s)
by symmetric components Jαβ = Jβα , and determines both the ordinary Heisenberg exchange interaction, and the exchange anisotropy. The Ising
model is a limiting case of the anisotropic exchange interaction. Non-Heisenberg exchange interaction terms are particularly large for rareearth element and actinide ions. There is also
an indirect exchange interaction involving either
an intermediate (nonmagnetic) ion, or conduction
electrons (see Ruderman–Kittel–Kasuya–Yosida interaction). The exchange interaction plays an important role in the binding energy of atoms, molecules, and solids (especially metals and covalent
crystals); it explains trends in the spectroscopy of
solids (see Exchange splitting, Exchange-coupled
pairs), and underlies the physics of magnetism.
EXCHANGE INTERACTION, INDIRECT
See Indirect exchange interaction.
EXCHANGE MAGNETOSTRICTION
See Magnetostriction.
EXCHANGE SCATTERING

Scattering of electrons (see Current carrier
scattering) with a change in the projection of
their spin angular momentum. The presence of
exchange scattering involving identical particles
makes it necessary to antisymmetrize their electronic wave functions. To describe the scattering of delocalized band electrons by local paramagnetic centers when the wave vector of the
scattering electron is smaller than the reciprocal radius of the local center state, the exchange
scattering makes use of a zero-radius potential
 = [2π2 /m∗ ]aS · S e δ(r) (where S e is the spin
V
of the scattering electron, m∗ is its effective mass,
S is the spin of the paramagnetic center, and a is
the exchange scattering length that is either considered as a phenomenological parameter, or is
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calculated by taking into account the speciﬁc electronic structure of the paramagnetic center.
Exchange scattering is responsible for such
phenomena as the spin relaxation of paramagnetic centers, conduction electrons, and excitons
in semiconductors (see Paramagnetic relaxation),
electronic polarization, the formation of localized magnetic moments in metals, and the indirect exchange interaction of atoms through conduction electrons (see Ruderman–Kittel–Kasuya–
Yosida interaction), as well as some other phenomena which involve participation of electron
spins.
EXCHANGE SPLITTING

An energy difference between levels differing
in the value of the resultant spin S for a doublet, triplet, or more complicated complex involving exchange-interacting paramagnetic ions. For
an isotropic exchange interaction characterized by
the parameter J , the position of the energy level
is found to be ES = J S(S + 1)/2, and this difference is easy to calculate. The quantity J was ﬁrst
measured and calculated for a helium atom (orthoand parahelium), and for a hydrogen molecule.
EXCIMER

An excited dimer formed by two atoms or two
molecules in an excited state. Such an elementary excitation in an organic compound is characterized by chemical bond formation between
neighboring molecules as a result of the excitation of one of them, when no bond exists before the excitation. The crystals where the excimers are formed exhibit monomer absorption
(monomer) with broad structureless bands in u orescence spectra which are speciﬁc for pairs of
molecules called dimers (see Exciplex). A typical
example of an organic compound where excimers
form is pyrene (C16 H10 ). There are four molecules in the unit cell of pyrene with the molecules
arranged in pairs, thereby satisfying the conditions
for the formation of an excimer state. Excimers are
observable in gaseous, liquid and solid states of organic molecules. Critical parameters for excimer
formation are the distance between molecules, and
the possibility of their interaction at the optical excitation of one them. Excimers play a signiﬁcant
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EXCIPLEX

role in the optical properties of many organic compounds, in particular, in processes of photogeneration of current carriers in them. Excimers are used
in excimer lasers.
EXCIPLEX

An excimer (excited dimer) compound formed
as a result of an interaction between two different molecules, one of which is in an excited
state (dimer in excited state, see Excimer). Such
an excited molecular charge complex is unstable
in the ground state. It may form from an excited
state acceptor molecule interacting with a ground
state donor, and vice versa. Exciplex uorescence
arises in lattices constructed from physical dimers,
donor and acceptor molecules, which do not interact in their ground (unexcited) states.
EXCITATIONS, COLLECTIVE
See Collective excitations.
EXCITON

An elementary collective electronic excitation
in nonmetallic crystals, free of current, and existing in the crystal as a wave of excitation. The
exciton concept was introduced by Ya.I. Frenkel
(1931). Exciton energy states involve a band with
a particular dispersion law that depends on the
crystal properties. A speciﬁc feature of the band
structure of dipole-active excitons is its splitting
into branches of longitudinal and transverse excitons (with regard to the angle between the vectors
of the wave and the dipole moment). The value
of the transverse–longitudinal splitting is proportional to the square of the dipole moment of the
exciton transition, and it determines the range of
existence of long-wave excitons (those with small
wave vector magnitude). In optical processes the
main excitons that participate are those with small
wave vectors which correspond to the magnitude
of the light wave E vector. In most cases excitons
are induced by an electromagnetic wave. If the exciton transition has a large oscillator strength, the
quanta of the electromagnetic ﬁeld in the medium
(photons) are mixed with the quanta of “mechanical” (electronic) excitations, thereby forming
exciton-induced polaritons (photoexcitons). In this
case there is no longer a sharp difference between
the excitons and the photons in the crystal. If the

oscillator strength is small then such mixing is insigniﬁcant.
There are two kinds of excitons: the Frenkel
exciton (small-radius exciton) and the Wannier–
Mott exciton (large-radius exciton). A Frenkel exciton is basically an excited electronic state of an
ion. It can move around the crystal by transferring
the excitation from ion to ion, so no ions need to
change places. A example of a Wannier–Mott exciton is an electron in the conduction band bound
to a hole in the valence band by the Coulomb interaction V (r) = −e2 /(4πεr), where the dielectric
constant of the crystal ε is greater than that ε0 of
free space, typically by a factor of 10. The energy
levels are the same as the Rydberg series levels of
a hydrogen atom, but with energy values reduced
by the ratio (ε0 /ε)2 :
E = Eg −

me4
,
22 (4πε)2 n2

where E g is the energy gap, and n is the principal
quantum number. The exciton Bohr radius aB =
4πε2 /(me2 ) exceeds that of a hydrogen atom by
the ratio ε/ε0 . There also exist excitons of an intermediate type with a binding energy E b ∼ 1 eV
and a small radius (R = 10−7 –10−8 cm) in alkalihalide crystals, and in crystals of noble gases. The
exciton radius is the mean distance between the
excited electron and its non-excited state that remained vacant (hole) and bound in the exciton
wave.
An exciton existing in the form of a wave (socalled free exciton or coherent exciton) can be
trapped by a lattice structure defect and bond with
it, thus forming a bound exciton. The energy levels
of bound excitons are discrete and situated lower
than the band of free excitons for the same value
of binding energy with defects.
The exciton absorption spectra in perfect crystals are represented by a series of discrete bands
whose width and shape are determined by the
structure of the exciton band, and the character of
the interaction of the excitons with photons and
phonons. When Wannier–Mott excitons are excited with the help of a low-power light source,
their concentration is small (to 10−14 cm−3 ); this
state can be regarded as a gas of non-interacting
quasi-particles. Under intensive laser excitation
high-density excitons are produced. In this case the

EXCITON LUMINESCENCE

density is so high that the exciton size is comparable with the inter-exciton distance; their interaction becomes signiﬁcant and leads to the appearance of exciton molecules (biexcitons), which either condense or decay with the formation of an
electron–hole plasma, or drops of an electron–hole
liquid. Excitons play an essential role in processes
of excitation energy transport in crystals (see Energy transfer by excitons), in radiation processes,
for laser generation in homogeneous semiconductors, and so on.
See also Biexciton, Dislocation exciton, Frenkel
exciton, High-density excitons, Photoexciton, Polyexcitons, Self-localized exciton, Surface exciton,
Trion, Triplet excitons, Wannier–Mott exciton, X-ray
excitons.
EXCITON, ENERGY TRANSFER
See Energy transfer by excitons.
EXCITON–IMPURITY COMPLEX

Bound state of two or more excitons with a
small neutral impurity center (donor or acceptor)
in indirect-gap semiconductors (e.g., Si and Ge).
The stability of exciton–impurity complexes results from the degeneracy of the bands. In a directgap semiconductor with simple bands, at the center point Γ of the Brillouin zone, there is a 1s
orbital state which can only hold two electrons
with opposite spins. In indirect gap Si which has
six electronic valleys situated at the points Δ,
twelve electrons with antiparallel spin orientations
or Bloch functions can coexist in this state. The
valence band of Si at an extremum point is fourfold degenerate; hence four holes with angular
momenta projections jz equal to ±3/2, ±1/2 can
be in the same orbital state. In radiative recombination spectra at high excitation densities the
exciton–impurity complexes are observed as a series of narrow lines. The long-wave lines of the
series appear at high levels of excitation. An individual series is associated with each impurity center.
In the single-electron approximation the electronic structure of an exciton–impurity complex
is described in terms of a shell model: the electrons and the holes of the complex ﬁll the electron
and hole shells in accordance with the Pauli principle, similar to the way electron shells are ﬁlled in
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many-electron atoms. The shell degeneracy is determined by the multiplicity (by principal and orbital quantum numbers). The electrons and holes
are in a self-consistent ﬁeld whose symmetry coincides with the symmetry of the impurity center.
Therefore, the structure and the degeneracy of the
shells are the same as in simple donors and acceptors.
The description of the energy spectrum and
shell ﬁlling based on the single-electron approach
is a crude approximation that fails to explain
the ﬁne structure of the spectra of the exciton–
impurity complex caused by the electron–electron
(hole) correlation.
EXCITON LUMINESCENCE
Luminescence in which the radiation arises

from transitions involving excitonic energy levels. The exciton luminescence is observed in most
crystal phosphors and organic luminophors in the
form of spectrally narrow (in comparison with
other kinds of luminescence) bands (lines) with
line positions and shapes which depend on the
temperature, the level, and the mode of excitation,
the presence of defects in the material, the action
of external electric and magnetic ﬁelds, deformations, and so on.
A radiative quantum transition that produces
exciton luminescence is exciton recombination occurring with the emission of light. The energy
of the emitted quantum is close to the energy of
the corresponding exciton. Many possible exciton states (exciton bands; bound excitons; excitons due to self-localization) result in the emission
of a few bands (lines) speciﬁc for the exciton luminescence of each individual material. The excitons of the exciton band, under action of the excitation, can spread the energy over a broad continuous range. However, the corresponding exciton luminescence bands are usually narrow. This
is due, ﬁrst, to selection rules which provide a sufﬁcient emission probability only for those electrons with a certain energy, and second, to the nonuniform distribution of excitons over the energies
of the band. If the time delay between the excitation and the emission is sufﬁcient for a great number of collisions of excitons with phonons to take
place, then the excitons become thermalized, i.e.
the energy no longer depends on that acquired at
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excitation, they will occupy a range of states with
the thermal energy k B T while passing their excess
energy to the lattice; consequently, the exciton luminescence will consist only of quanta with the
same energy. The dipole approximation selection
rules only permit radiative transitions of excitons
with the quasi-momenta close to zero. The exciton states related to these quasi-momenta are all
within a narrow range of the possible energies that
will appear in the emission.
In the general case, both the kinetics of the
change of the exciton energy after its excitation (i.e. its relaxation), and the selection rules
(taking into account interactions of excitons with
phonons, plasmons and other units in the crystal)
are more complicated. For example, for a strong
interaction of excitons with the crystal electromagnetic ﬁeld, the relaxation of exciton polaritons is characterized by a sharp dependence of the
mean free path on the polariton energy, and the
probability of emission is determined, in addition,
by the conditions of transformation of polaritons
into phonons at the surface. The exciton energy
distribution is determined in this case by a combination of probabilities from different modes of
relaxation. The dependence of the probability of
emission on the exciton energy also becomes complex and nonmonotonic. All these factors affect
the shape of the exciton luminescence bands, thus
making it possible to determine from experimental data the relaxation mechanisms, their probabilities, and their selection rules.
The application of external ﬁelds can change
the internal energy of excitons, thereby causing
them to shift, split, and broaden the exciton luminescence bands. For high excitation levels when
a high-density of excitons and other contributors
(current carriers, nonequilibrium phonons) appear,
their interaction also changes the internal energy
of the excitons, and correspondingly, the exciton
luminescence spectrum. As a result, the changes
involved in combining excitons in “exciton molecules” (biexcitons, drops of electron–hole liquid
and exciton liquid) can be detected. The change
of the exciton energy, or the decay of the exciton
states as a result of the interaction with the current
carriers (electric charge screening), is also accompanied by corresponding changes in the exciton luminescence spectra (appearance or disappearance

of bands, their transformation into other types of
bands, e.g., into an emission band of an electron–
hole plasma, etc.).
In most cases the strong temperature dependence of luminescence quenching is speciﬁc for
the exciton luminescence. In this case processes
competing with exciton luminescence may be either dissociation of excitons into pairs of nonbound current carriers, or recombination with the
emission of many phonons.
EXCITON MECHANISM OF
SUPERCONDUCTIVITY

Hypothetical non-phonon mechanism of hightemperature superconductivity which assumes that
Cooper pairs of degenerate free carriers (conduction electrons) form through the exchange of virtual quanta of collective excitations of bound electrons in atoms and molecules of solids (i.e. by
excitons). The mechanism had been put forward
by W. Little and independently by V.L. Ginzburg
(1964). Little considered analytically a quasi-onedimensional model of conductive polymer chains
in organic (metal-organic) compounds, in which,
as a result of the Cooper interaction, the conduction electrons polarize the electron shells of molecules (radicals), thereby reducing their mutual repulsion. The result of this polarization is an effective interaction between the electrons in the chain
which takes the form:
4πe2
V (q, ω) = 2
,
q ε(ω)
Ωp2 f0

(1)

,
ε(ω) = 1 + 2
ω0 − ω 2
where ω and q are the transferred energy and
momentum, respectively; ε(ω) is the dielectric
constant of organic molecules surrounding the
conductive chain; ω0 and f0 are respectively the
frequency and oscillator strength of the optically
allowed dipole transition; Ω p is the plasma frequency of bound electrons. In the frequency range

1/2
(2)
ω0 < ω < ω02 + Ωp2 f0
the interaction V (q, ω) of Eq. (1) is negative corresponding to an attractive interaction involving
the exchange of virtual excitations (excitons) between molecules. It was supposed that this attraction, owing to the high energy of the excitons

EXCITON–PHONON INTERACTION

(ω0  1 eV), could lead to superconductivity
with a high critical temperature (T c  100 K) if
one accepts the validity of the BCS formula for the
transition temperature k B T c ≈ ω0 exp(−1/λex )
(see Bardeen–Cooper–Schrieffer theory) with the
assumption that the dimensionless electron–exciton interaction constant is not small, i.e. λex  1/2.
As the range of attraction (2) is a narrow peak
situated far from the Fermi level, under realistic
conditions the optimal values are λex  0.1, and
consequently T c cannot exceed 1 K. At present
a series of quasi-one-dimensional (chain) organic
crystals with metallic conductivity (see Quasione-dimensional crystals) that transform into the
superconduction state at T ≈ 10 K have been
synthesized (see Organic conductors and superconductors), but there are no convincing experimental proofs of the operation of the exciton
mechanism of superconductivity in such systems.
V.L. Ginzburg considered a possibility for this
mechanism in quasi-two-dimensional layered structures of the “sandwich” type (semiconductor–
metal–semiconductor) when the Cooper pairing of
electrons in ultrathin metal ﬁlm of d ≈ 1 μm thick
takes place due to the attraction caused by their
interaction with virtual excitons in the semiconductor plates. There have been reports about the
observation of superconductivity in monatomic
ﬁlms made of silver and gold at the surface of
germanium monocrystals, or in multilayer structures Au–Ge, but it was not been demonstrated
that the exciton mechanism acts in this case.
In recent years the interest in this mechanism
has grown in connection with the cuprate hightemperature superconductors (T c ≈ 30 to 165 K)
which have a layered crystal structure (see Quasitwo-dimensional crystals) and a complicated strongly anisotropic band spectrum whose particular
feature is intensive (corresponding with high oscillator strength) interband transitions which probably enhance the Cooper coupling and thereby
raise T c . There is one more branch of excitations
of the boson (exciton) type in copper-containing
layered metal-oxides which is associated with a
particular electronic structure of bivalent copper
(conﬁguration 3d 9 ). The carriers are capable of
exchanging these excitations. Since in a cubic
crystal e ld the d-state of the Cu2+ ion forms
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an orbital eg -doublet, this ion is a two-level system with the splitting of the levels due to a lowsymmetry component of the ligand ﬁeld. When
traveling through the lattice, the quasi-free hole
described by hybridized p–d-states can excite a
transition between the two eg -levels of the hole
localized at the Cu2+ ion. This transition corresponds to the formation of a quadrupole-type
Frenkel exciton. At the same time d–d transitions
can also be excited that are linked with the change
of the spin projection, and which in turn, could be
one of the causes of breaking the long-range antiferromagnetic order in the presence of charge carriers. By treating the d-excitons as carriers of the
inter-hole interaction, one might approach a theory
similar to the Bardeen–Cooper–Schrieffer theory
with a relatively high superconducting transition
temperature due to the high frequency (to 0.5 eV)
of the d–d excitations.
EXCITON MOLECULE
See Biexciton.
EXCITON–PHONON INTERACTION

A dynamic process perturbing exciton states.
This is described by a matrix element V e-ph which
depends on the mechanism involving:
(i) the interaction of excitons with acoustical
phonons by means of the strain potential:

|q|D 2

Ve-ph =
;
(1)
2Vρu
(ii) the interaction of excitons with acoustical
phonons resulting in a piezoelectric effect
(non-centrally symmetric crystals):

 4πeεij

(qe − qh );
(2)
Ve-ph =
2ρu ε0 q 1/2
(iii) the interaction of excitons with phonons of
the Fröhlich kind (see Fröhlich Hamiltonian):
 

ε∞
q

π
−1
Ve-ph =
2μ
ε0


 3
me − mh 2 aex
×
ω, (3)
me + mh
V
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EXCITON SPECTROSCOPY

where ρ is the crystal density, u is the sound
velocity, D is the deformation potential, V is
the crystal volume, q is the phonon momentum, q e,h are the momenta of the electron and
hole which compose the exciton, εij are the
components of the piezoelectric tensor, ε∞
and ε0 are the high-frequency and static dielectric constants, respectively, me,h are the
effective masses of the electron and hole, μ
is the reduced exciton mass, a ex is the Bohr
radius of the exciton, ω is the phonon energy.
There are three kinds of electron–phonon interactions: those with strong, intermediate, and
weak strength. This interaction is the basis of exciton light absorption, the transport of the excitation
energy throughout the crystal (see Energy transfer by excitons), and exciton photoluminescence.
These factors can lead to exciton band broadening,
changes in their spectral line positions and shape,
the appearance of split states of self-localized excitons, and can stimulate nonradiative exciton relaxation and luminescence quenching.
EXCITON SPECTROSCOPY
Branch of optical spectroscopy devoted to the

study of the energy spectrum of excitons as well as
their interactions with each other, with electrons
(holes), phonons, magnons, with light, and with
defects of the crystal structure. This includes the
analysis of spectra of light absorption and re e ction of light, photoluminescence, photoconduction,
resonance Raman scattering of light and Brillouin
scattering spectra in the spectral range of exciton
resonance at cryogenic temperatures using polarized light (see Polarization of light), and the effects of external electric, magnetic, and deformation ﬁelds.
From the spectral positions of exciton bands
one ﬁnds the energy parameters of excitons: energy of formation E ex and binding energy εex .
Asymmetrically shaped absorption bands (deviations from Lorentzian shape, Gaussian shape,
Voigt contour, etc.) and their changes with temperature allow one to determine the strength of the
exciton–phonon bond (see Exciton–phonon interaction), and the dominant mechanisms of energy
dissipation of the excitonic excitation; the absorption coef cient yields the oscillator strength of the
transition.

EXCITON STARK EFFECT
See Stark effect of excitons.
EXOELECTRONIC EMISSION

Low-temperature emission of electrons from
a disrupted solid surface which is induced by a
mechanical disturbance, radiation, or some other
action, or by physicochemical processes such as
adsorption, desorption, oxidation, corrosion, catalysis, and so on; this emission accompanies the
restoration of the equilibrium state. Exoelectronic
emission results from the above-mentioned interactions due to the breakage of chemical bonds
and charge separation (“excitation”), followed by
processes of restoring the broken bonds and recombination of the charge (relaxation of excitation). The relaxation events are associated with the
release of energy that had been expended for the
electron yield from the surface. Clean surfaces of
metals and semiconductors do not exhibit exoelectronic emission. Processes of failure of dielectric
or oxide surface layers on metals and semiconductors under the external action are accompanied
by the emission, not only of electrons, but also
of ions (exoionic emission). In this connection the
term “exoemission” is sometimes used. Exoelectronic emission has been applied in industrial engineering and technology as an efﬁcient method
for controlling the initial stages of the fracture of
solids under the action of applied factors, such as
mechanical and thermomechanical action, ionizing radiation, corrosion, etc., as well as for monitoring the technological processing of materials.
EXOIONIC EMISSION

Low-temperature emission of charged particles
(ions) from a disrupted solid surface, induced by
mechanical or radiation actions, or by physicochemical processes at the surface, such as adsorption, desorption, dehydration, corrosion, catalysis,
etc. Exoionic emission can result from the emission of ions of the host material (emitter) or of impurity ions. A possible mechanism of this process
is the emission of charges resulting from the energy released during the restoration of chemical
bonds, and when a disturbed surface reverts to its
equilibrium state. In many cases exoionic emission accompanies the phenomenon of exoelectronic emission, and obeys the same laws. The effect is used for the detection and investigation of

EXPERIMENTAL METHODS OF PHOTOELECTRON SPECTROSCOPY

initial stages of the breakdown of metals and nonmetals, including polymeric materials and composite materials, and for the investigation of adsorption processes and chemical reactions at the
surface.
EXOPHOTON EMISSION
Emission of photons from a solid surface dis-

turbed by either mechanical processes, radiation,
or another action such as bombardment by atomic,
molecular, or ionic beams, as well as by some
physicochemical process (adsorption, recombination of active particles, etc.). Exophoton emission
takes place as a result of energy released during
the recombination of active particles which are
formed under the above-indicated processes and
interactions. Exophoton emission is a surface effect which is strongly inﬂuenced by the pressure
and the chemical nature of gases in the ambient atmosphere. The photon emission centers are
situated either at the surface or in a thin nearsurface layer of the solid. This emission can be
employed for studying surface defect formation,
material failure, and physicochemical processes at
the surface (including strain and fracture of metals,
disintegration of materials, sputtering, chemisorption, and surface chemical reactions). Exophoton
emission accompanies exoelectronic emission in
many cases, and both processes are described by
the same laws.
EXPANSION, HIGH-TEMPERATURE
See High-temperature expansion.
EXPANSION, THERMAL
See Thermal expansion.
EXPERIMENTAL METHODS OF
PHOTOELECTRON SPECTROSCOPY

Experimental techniques for determination of
the spectral characteristics of photoelectron emission in photoelectron spectroscopy, including
quantum yield, energy, degree of spin polarization,
and angular distribution of photoelectrons N , etc.
Varying the test conditions and recording different
quantities, one may carry out various methods of
photoelectron spectroscopy, which are sensitive to
diverse physical properties of solids. The experimental parameters may be:
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(1) energy hν, polarization P , and angle of incidence α of the photon;
(2) kinetic energy E, quasi-momentum k, spin σ ,
emission angle, initial state energy Ei and ﬁnal (excited) state energy Ef of the electrons;
(3) crystallographic structure, orientation of the
surface, electron af nity and electron work
function, surface concentration of adsorbed
atoms, atomic structure of adsorbed lm s,
temperature and other characteristics of the
material under investigation.
The diversity of experimental parameters determines the diversity of photoelectron spectroscopy methods: Ultraviolet Photoemission
Spectroscopy (UPS), X-ray Photoemission Spectroscopy (XPS) and synchrotron photoemission
spectroscopy are named in accordance with the
energies of the exciting radiation. The experimental parameter of Angle-Integrated Photoemission Spectroscopy (AIPES) is the angle of
emission; whereas Angle-Resolved Photoemission Spectroscopy (ARPES) and normal Photoemission Spectroscopy (PES) take into account
the angular resolution. The spectroscopic methods which deal with energies of initial and ﬁnal
electron states are Constant-Final-State Spectroscopy (CFS), Constant-Initial-State Spectroscopy
(CIS), Normal Constant-Final-State Spectroscopy
(NCFS), and Normal Constant-Initial-State Spectroscopy (NCIS). The values of quantum yield are
measured using Y-spectroscopy techniques: Yield
Spectroscopy of total quantum yield (YS) and Partial Yield Spectroscopy (PYS), in which the photoelectrons are distinguished with respect to energy
and angle of emission. There is also Electron Spectroscopy for Chemical Analysis (ESCA). Some of
these acronyms are, and some are not commonly
used in the Western literature.
The analysis of the dependences of the yield
Y (hν, P , σ, α) and number N(E, k, σ, hν, P ) of
photoelectrons may provide information on the
density of empty and occupied (band and inner
core) electron states, dispersion of energy bands,
symmetry of wave functions and spin state of electrons, geometric structure of the surface, orientation and symmetry of orbitals of the surface atoms
and molecules, composition in atomic percent and
chemical composition. It is also used for examining the positions of localized adsorbed atoms
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EXPLOSION

and molecules and the orientation of their orbitals
in the electron spectrum. The methods of photoelectron spectroscopy are used for determination
of the potential barrier characteristics: work function, electron afﬁnity, location of Fermi level, band
edges and bendings at the surface. Information on
scattering mechanisms can also be obtained.

etc.) are also related to explosions. In scientiﬁc investigations involving explosions extremely high
values of pressure, temperature and density are
achieved. It is used for the attainment of superstrong magnetic elds, for the instigation of phase
transitions (see Phase transitions under pressure),
and for the formation or synthesis of new substances (see High pressures).

EXPLOSION

A process of energy release within a restricted
volume during a short time interval.
As a result of an explosion, the material ﬁlling the volume where energy is released is transformed to a strongly heated gas under very high
pressure. During the course of the explosion a
shock wave is formed and spreads into the environment. An explosion in a solid medium is accompanied by its collapse and destruction. Different types of explosions can be distinguished by the
physical nature of the energy source, and by the
manner of its release. An explosion can occur due
to the emission of chemical or nuclear energy, releasing the compressed gas energy, or transforming the magnetic, electric, radiation or kinetic energy into heat energy. A heat explosion can occur
when thermal equilibrium cannot be established
between the reacting material and its environment.
At sufﬁciently large values of activation energy
the speed of the chemical reaction ω increases
with increasing temperature T in accordance with
Arrhenius law. A chain explosion occurs when
a chemical reaction develops as a branched chain
reaction during the course of which large concentrations of active particles or radicals appear (comparable with source material concentrations). The
thermal and chain modes of propagating the explosion can occur during nuclear transformations,
i.e. the reactions of nuclear ﬁssion and fusion. An
explosion can be caused by sharp external effects,
by shock, by friction, etc. The cause through shock
is probably the result of local heating of the material. A shock wave causes the speciﬁc type of explosive transformation which does not appear simultaneously along the whole charge, but rather
propagates in the material at a constant speed, i.e.
detonation occurs. Processes during which no internal energy of the material is released, but rather
the energy of an external source (e.g., the collision
of bodies moving with large speeds; or the matter where high-power laser radiation is focused,

EXPLOSION, COULOMB
See Coulomb explosion.
EXPLOSION DEFORMATION, explosion strain

Deformation of a material due to the passage of
shock waves initiated by an explosion. The magnitude of strain ε is determined by the expression

ε = (4/3) ln(V /V0 ), where V and V0 respectively
are the speciﬁc volumes of the material before and
after the passage of the shock wave. Explosion
deformation is distinguished from quasi-static deformation by several special features: pulse wave
character, shortness of the effect, high effective
tangential stresses, lack of signiﬁcant residual
macroscopic deformation. These features condition multiple slip even at small degrees of deformation, initiation of deformational twinning (see
Twinning of crystals) at room temperature for facecentered cubic metals, twisting deformation mechanisms (see Plastic twisting deformation), and the
formation of a substructure with a high density of
defects. The possibilities of an explosion deformation are greater than that of a quasi-static one. At
present shock waves are investigated in materials
with a pressure within the wave front of about a
TPa.
EXPLOSION NOISE
See Telegraph noise.
EXPLOSIVE ELECTRON EMISSION

Emission of an intense electron ﬂow, brought
about by transforming cathode metal material
from the condensed phase (see Condensed state
of matter) to a dense plasma (see Solid-state
plasma) as a result of local heating. The metalto-plasma transition can be initiated by the explosion of the metal due to its heating by a e ld
electron emission current of high density (j =
108 –109 A/cm2 ), due to the impact of particles at

EXTERNAL FRICTION

the cathode, due to radiation ﬂux incident on the
cathode, etc. The initial explosion and subsequent
explosive electron emission are accompanied by
the near-cathode generation of plasma, which expands with the speed v ≈ 106 cm/s, and constitutes a single peak of current
I = 3.7·10−5 ·U 3/2

vt
,
(d − vt)

where U is the voltage between the cathode and
anode during the course of the emission, d is the
distance between them, and t is the time. This
electron emission is accompanied by the carrying
off of the material from the cathode. This latter
effect can be reduced by decreasing the electron
current, but if this current becomes less than some
critical value the electron emission stops. Explosive electronic emission is used in strong-current
ampliﬁers of electrons, and in pulse sources of
high-intensity X-rays. It also plays a fundamental
role in vacuum discharges, in some types of gas
discharges, and in the generation of shot noise.
EXPONENT, CRITICAL
See Critical exponents.
EXTERNAL FRICTION

A dissipative process at the area of contact between two bodies pressed together as they slide
past each other, accompanied by heat release, and
the possibility of electriﬁcation (triboelectricity),
erosion (surface wear), etc.
The work of friction (W fr ) is determined by
thermal (∼99.9% of W fr ) and non-thermal losses
connected with the increase of irregularities of the
layers near the surface, and the possible destruction of surface material. External friction can be
characterized by the friction force F = dW fr /dl
which appears in the plane of contact of the sliding bodies, and is directed opposite to direction of
the displacement dl. For small relative displacements l which are less than a “zero” value l0
the friction force grows from zero to a maximum,
and beyond this value ( l > l0 ) it no longer depends on l. Typical zero displacements l0 lie
in the interval 10–0.01 μm. In the general case
there are two types of relevant factors: those depending on the speciﬁc load normal to the friction surface (P ) and those independent on the
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load F = A + BP χ , where A and B are independent of the pressure. Sometimes the two limiting cases are considered, corresponding to χ = 1,
A = 0 (Coulomb’s law) and χ = 1, A = 0. In
practice it is convenient to use the friction coefﬁcient f = F /P . The Michin–Kragelsky equation
is the best known expression
for this coefﬁcient:
√
f = τ0 /P r + β + kα H h/R, where P r is the actual load at the contact. The two ﬁrst terms constitute the molecular component of the friction coefﬁcient, and the last represents the mechanical (deformation) component; β and k are numerical parameters. The mechanical component is the resistance arising from pressing together the material,
deﬁned by the coefﬁcient of hysteresis loss α H and
by the intrusion depth h of the unevenness, simulated by a spherical indenter of radius R. This
component is very sensitive to the variation of the
elastic modulus of the softer material of the friction pair, and can be 50 to 0.01% or less than the
coefﬁcient of friction. The ﬁrst part of the molecular component τ0 /P r depends on the load P r and
is determined by the value of speciﬁc adhesion τ0 .
For laminated compounds (graphite, NB, MoS2 )
which are frequently used as antifriction materials, τ0 is determined by the value of the lamination energy along the basis plane (E001 ) and by
the characteristic dimension of the crystallite (La ):
τ0 ≈ E001 ρ001 /(La N a ), where ρ001 is the atomic
density of the basis plane. For metallic pairs the
speciﬁc adhesion τ0 and the coefﬁcient of molecular bond hardening are determined experimentally.
Boundary and hydrodynamic regime of friction are
distinguished. In the ﬁrst case the structure and
properties of the surface of the friction pair material have an essential inﬂuence which determines
the value of actual area of contact, and the value
of the adsorption into the contact gap of lubrication materials which can be in either the gaseous
or liquid states (liquid friction) in the contact gap.
Upon adsorption the lubrication materials at the
contact form wedging layers which create normal
pressure up to 152·106 Pa (1500 atm) that provides
the sliding. Here the contact gap can be regarded
as a slot micropore with a characteristic dimension of about 10−9 m. In the boundary lubrication
mode the coefﬁcient of friction does not depend
on the lubricant viscosity (η) and does not depend
(or depends weakly) on the sliding speed (V ). In
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and the force of sliding friction becomes less than
that of rolling friction.
EXTINCTION

Dependence of the coefﬁcient of friction f on the sliding
speed V , and on the Sommerfeld criterion ηV /(P d).

the second case the coefﬁcient of friction is determined by the hydrodynamic properties of the lubricating liquid and depends on the dimensionless
Sommerfeld criterion Sm = ηV /(P d), where d is
the bearing length. At the transition from boundary friction to the hydrodynamic mode (Fig.) the
coefﬁcient of friction decreases and then increases
in value proportional to the liquid viscosity. The
gas phase composition strongly inﬂuences the friction coefﬁcient between the two surfaces.
At the working-in of the friction pairs the
roughness corresponding to the minimal coefﬁcient of friction is set spontaneously. For metallic
systems fragmentation of the surface layer is observed in the friction process, and for laminated
compounds a ﬁlm forms with its basis planes oriented with respect to the friction surface. When
the load increases, the depth of the surface layer
changes, it breaks into fragments, mutual disorientation and rotation of these fragments begins, and
with further increases in the load the external friction transforms to internal friction, i.e. there is no
jump of speed at the transition from one body to
another.
Sliding friction and rolling friction can be distinguished, each characterized by its own coefﬁcient. For rolling friction f r = M/N , where N is
the normal load, and M is the moment of resistance to rolling. Rolling friction is less than sliding
friction. It is conditioned by losses due to elastic
hysteresis, by the material work of deformation at
the formation of a bead in front of the rolling body,
and overcoming of the forces of molecular interaction between the contacting surfaces. At moderately high speeds resistance to rolling increases

Reduction of the intensity of a radiation beam
that propagates in a medium. For weakly diffracting radiation (e.g., light propagating in an almosttransparent body), a single mechanism of the extinction is associated with the inelastic processes
of the radiation interaction with the matter, which
is accompanied by energy loss. In this case the radiation intensity I decays with the depth of penetration l in an exponential manner (Beer’s law):
I = I0 exp(−μl), and the extinction is characterized by the absorption coefﬁcient μ which describes the inelastic processes. If the medium
is inhomogeneous (“turbid”) then elastic scattering on the medium inhomogeneities takes place.
In this case the intensity is expressed as I =
I0 e−(μ+ν)l + I , where the ﬁrst term describes
the intensity in the direction of the propagation of
the initial beam, I (l) is the intensity of the radiation scattered in other directions (“diffuse background”), and ν is the additional attenuation of the
transmitted beam caused by diffusion scattering.
The measurement of ν provides information on the
characteristics of the medium inhomogeneities. In
the case of interference during the propagation
of the radiation (X-ray, neutron, electron, or any
other) in crystals, the extinction acquires a more
complicated form. For directions approaching the
Bragg direction (see Bragg law), at a distance close
in order of magnitude to the extinction length Λ,
the beam intensity transforms partially into the
intensity of the diffracted beam. As a result, an
interference wave ﬁeld appears, and in the case
of Bragg diffraction, the intensity I (z) decays exponentially with the depth (i.e. I ∝ exp(−z/Λ)).
This phenomenon is called dynamic extinction.
In the case of Laue diffraction, I (z) is described
by a more complicated expression that includes
the speciﬁc effects of dynamic radiation scattering (e.g., anomalous passage of X-rays, and so on)
which cannot be reduced to the ordinary extinction of the exponential type. In addition, in real
crystals with a mosaic structure one can observe
a phenomenon related to the extinction when the
light propagates in a medium with random inho-

EXTRAORDINARY RAY

mogeneities. In view of the difference in orientation between mosaic blocks, a part of the transmitted beam, when diffracting, irreversibly goes out
of the range of the diffraction path and never returns to the transmitted beam. This results in angular broadening and attenuation of the transmitted beam, which in some cases can be described by
introducing an effective absorption coefﬁcient μe .
From the measurement of μe one can make judgments about the statistical properties of the mosaic
structure (see Mosaic crystals).
EXTINCTION LENGTH

Crystal thickness at which the intensity of a
diffracted wave (X-ray, neutron, electron) goes
from a maximum to its ﬁrst zero (see Laue diffraction). The extinction length Λ is the period of
the interference beat of the intensity of the diffracted (and transmitted) wave over the crystal
thickness. The beat is due to the difference between the wave vectors k h1 and k h2 (or k 01 and
k 02 in the case of a transmitted wave) of the components (plane waves) forming it along the normal
to the entry surface of the crystal (see Two-wave
approximation). The extinction length depends on
the wavelength λ and the geometric conditions
of the diffraction. A typical value of the extinction length in the case of X-ray diffraction in perfect semiconductor crystals is Λperf ≈ 10 μm; in
the case of weakly absorbing crystals (e.g., Si)
Λ is much smaller than the absorption length. In
single crystals with randomly distributed defects
Λreal = Λperf eL (L is the static Debye–Waller factor).

431

EXTRACTION of charge carriers

Diminishing of charge from a semiconductor
(insulator) by the withdrawal of current carriers
(electrons) from a metallic contact. Extraction is
a phenomenon opposite to injection. It takes place
when the external electric ﬁeld is parallel to the
ﬁeld of the near-contact potential barrier, thereby
increasing its height, and causing the drift ﬂux to
prevail over the diffusion ﬂux. The main trends
of extraction as well as injection are determined
by the ﬁeld of the charge that emerges from the
bulk semiconductor. Since the sign of this charge
is opposite to the sign of the carriers drawn out
of the contact, the charge-generated ﬁeld hinders
the withdrawal of carriers. Differences in mechanisms of bulk charge formation (as in the case
of injection) make it necessary to distinguish its
monopolar, bipolar, stationary and non-stationary
varieties. One should differentiate extraction from
other mechanism for draining the semiconductor
of charge carriers – depletion.
EXTRAORDINARY RAY, extraordinary wave

One of the two light waves propagating through
a uniaxial crystal, the extraordinary (e-) ray has its
polarization direction in the plane of the principal
section of the crystal (see Crystal optics). This ray
may lie outside the plane of incidence, and Snell’s
law does not apply to it. The velocity ve and refractive index ne of the e-ray depend on the direction
of propagation. Two extraordinary rays arise in a
biaxial crystal. The extraordinary and ordinary rays
may become separated in space.
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If this condition is fulﬁlled only within a restricted
temperature range, then varying the temperature
through this range produces reversible reconstructions of ﬂat surfaces to surfaces edged by facets
(e.g., some atomically-pure surfaces of germanium and silicon). Facets may appear at the surface
as a result of different types of surface etching
(chemical, ion, thermal) due to different speeds of
dissolving and evaporating along different crystal directions (facets at edge of etching ﬁgures),
and also at surfaces of growth (see Monocrystal growth). In addition to mechanisms associated
with the surface structure and features characterizing its growth, impurities can play an important
role in facet formation.

FABRY–PEROT INTERFEROMETER (Ch. Fabry,
A. Perot, 1899)

Optical system in which a beam of light is split
into multiple parallel beams which are repeatedly
reﬂected between two parallel mirror surfaces, and
are then transmitted and recombined to form an interference pattern. The incident collimated beam
of light undergoes multiple reﬂections of constant
path difference Δ = 2nh cos θ , where h is the distance between the mirrors, n is the refractive index
of the medium between the mirrors, θ is the angle
of reﬂection. Many Fabry–Perot interferometers
are optical laser resonators with the radiative (i.e.
lasing) medium located between the mirrors. Since
the transmittance depends on the refractive index
of the medium between the mirrors, a Fabry–Perot
interferometer is used for constructing bistable optical devices, with the nonlinear medium conﬁned
between the mirrors (see Optical bistability). The
function of this interferometer is commonly carried out by a single crystal, with the re e ction of
light taking place on its parallel planar faces.

FAILURE

A multistage process of weakening and breaking interatomic bonds that results in the separation
or splitting of a macroscopic specimen into two
or more parts. The following principal stages are
identiﬁed during failure.
Stage I. Accumulation of lattice energy by
plastic deformation accompanied by an increase in
dislocation and disclination density. Substructures
may form during its course that lead to failure: pile-up of dislocations and dislocation walls,
subboundaries, twins (see Twinning of crystals),
etc. Plastic deformation also produces a change
in shape that decreases the specimen strength.
During uniform strain, the overall material crosssection decreases, while during a local deformation it sharply decreases only in the region of the
neck.
Stage II. Generation of microcracks (see
Cracks) and their growth to critical size in accordance with the Grif th theory. There are several
dislocation and disclination mechanisms of microcrack generation, with examples presented in

FACE-CENTERED LATTICE (F -lattice)
A Bravais lattice for which the translations are

written in terms of the vectors a, b, c, (a + b)/2,
(b + c)/2, and (c + a)/2; the crystal lattice basis
is [0 0 0], [1/2 1/2 0], [1/2 0 1/2], [0 1/2 1/2].
There are only two face-centered lattices among
the 14 Bravais lattices, one in the cubic system and
the other in the orthorhombic system.
FACETS

Microfaces at crystal surfaces with orientations different from that of the surface. If the
instability of a surface with a given orientation towards decomposition into microfaces leads to a
reduction of the surface free energy (see Surface
energy), this may be the cause of facet formation.
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FAILURE

Mechanisms for the generation of microcracks, as described in the text.

the ﬁgures. The ﬁrst three mechanisms are based
on the concept of slip bands blocked by obstacles, which are regarded as ﬂat disclination heaps
that produce high stress concentrations in their
head areas. Such a concentration may result in either a restart of a slip or an opening of a crack.
Fig. (a) shows a mechanism for the merging of
dislocations in the head of a dislocation heap resulting in the formation of an embryo microcrack.
The mechanism of hampered shear (Stroh theory)
is presented in Fig. (b). The crack here develops at an angle of approximately 110◦ relative to
the slip plane, as determined by the distribution
of stress at the head of the dislocation heap. The
Rozhanski–Gilman mechanism (Fig. (c)) is based
on the concept of the bending of the slip plane in
which the edge dislocations accumulate. The crack
develops from the point of braking in the slip plane
so as to meet that pile-up. The Cottrell mechanism (Fig. (d)) assumes a crossing of two slip lines
{110} in body-centered cubic metals accompanied
by the formation of dislocations in the {100} plane
with its Burgers vector a[001], as prescribed by
the reaction (a/2)[1̄1̄1] + (a/2)[111] → a[001].
The merging of those dislocations into bands initiates the formation of microcracks. There are
more advanced comprehensive models available
for describing the generation of cracks during the

interaction of two different dislocation pile-ups
(Fig. (e, f)), or during the interaction of dislocation pile-ups with inclusions (Fig. (g)) or pores
(Fig. (h)) in a crystal. Even partial disclinations
(or their dipoles) are a signiﬁcant source of internal stress, and may also result in the generation
of microcracks. The probability of opening microcracks at various interfaces (grain boundaries,
subboundaries) is often greater due to the presence of segregated impurities (see Segregation),
and to the availability of energy stored during plastic deformation.
Stage III. Crack growth, the ﬁnal break-up and
disintegration of the specimen into two parts.
The description of processes happening during
this stage generally focuses on the concepts of
linear mechanisms of failure that entail the concept of a critical coefﬁcient of stress intensity
(crack resistance). The micromechanism of failure
is controlled by the character of the interatomic
bonds, temperature, type of state of stress, and
specimen structure. Micromechanisms of failure
may be characterized by the fracture toughness
and the structural indicator of failure. By taking
into account the failure viscosity one may separate
the types of failure into brittle failure, quasi-brittle
failure, and tough failure. Meanwhile, according
to structural indicators, transcrystalline failure or

FAILURE KINETICS

intercrystalline failure may take place. These factors of fracture toughness and structural indicators
may be found in any combination, and they produce the following six basic types of failure:

1. Brittle transcrystalline failure, a catastrophic
failure of crystals along their cleavage planes
(see Crystal cleavage) with the formation of
typical spalling streams without any noticeable
plastic deformation in the crack apex.
2. Quasi-brittle transcrystalline failure, a failure
by spalling accompanied by plastic deformation.
3. Tough transcrystalline failure, a typical micromechanism for it being the generation and
merging of microcavities accompanied by the
formation of pitted relief. The major crack then
propagates by way of successive lacerations of
the neck between the cavities formed in front
of the apex of the growing crack. Variations of
that type of failure include rupture (transverse
narrowing is then ψ = 100%) and shear failure
of microcrystals.
4. Intercrystalline brittle failure propagates as a
spalling along the grain and subgrain boundaries.
5. Quasi-brittle intercrystalline failure involves
spalling along the grain boundaries while a preceding plastic deformation forms characteristic
steps at fracture surfaces (see Fracture).
6. Tough (pit) intercrystalline failure during which
the major crack propagates via successive lacerations of necks between the cavities formed
as a result of plastic deformation situated in
subboundary volumes. In that case the localization of plastic deformation in the subboundary volumes results from the presence of an
intergrain boundary layer that is softer than the
internal volumes of the grains.
In certain cases, particularly in the presence
of structural texture of metals, anisotropies are
observed in various types of failure. A combination of several varieties of failure then merge as
the crack develops in various directions. With any
increase in temperature one may observe a succession of micromechanisms of failure, extending
from brittle fragmentation to viscous failure. However, a change in the structural type of failure may

435

disrupt that tendency. Studies of failure mechanisms provide data for developing materials with
improved mechanical and service characteristics.
See also Brittle failure, Intercrystalline failure,
Quasi-brittle failure, Strati cation-type failure,
Tough failure, Transcrystalline failure.
FAILURE KINETICS

The development and interrelationships between elemental actions that specify mechanical
failure and the dependence of strength on temperature, and on the time during which the stress
continues. It has been experimentally established
that the time τ which elapses until failure (see
Durability), for solids with various types of interatomic bonding and lattice structure, obeys the
equation: τ = τ0 exp[(U0 − γ σ )/(k BT )], where
σ is the tensile stress, and τ0 , U0 and γ are parameters of a material. The exponential dependence
of τ on the temperature indicates that thermal activation underlies the failure. The durability of a
body under load depends on thermal ﬂuctuations
resulting in the generation of stable material discontinuities called cracks, and their accumulation
up to a critical concentration in the failure zone.
Large-scale density ﬂuctuations serve as a source
for the formation of micro-discontinuities in a continuous body. The initiation of a crack may result
from a ﬂuctuation of the number of phonon collisions over their mean free path, Λ, resulting in a
kinetic instability with ensuing phonon pumping,
tensile strain, and break-up of interatomic bonds
inside the ﬂuctuation region. The size of a nucleating crack, r, will be greater than or equal to Λ
according to this model, and its activation energy
U is given by
U=

a3
Λa 2 σ
,
−
2
G
G κ

where a is an interatomic distance, G is the
Grüneisen constant (see Grüneisen tensor), and κ
is the bulk modulus; these relations agree with experiment. Cracks are generated randomly over the
material because of the random nature of thermal
ﬂuctuations, so their accumulation is accompanied by a spontaneous clustering that results in
the formation of enlarged cracks which then grow
to generate the failure itself. The transformation
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FAILURE OF AMORPHOUS METALLIC ALLOYS

from delocalized to localized crack formation occurs when the mean distance between the cracks
reaches a critical relative value K ∗ (expressed in
the units of crack size, K), with K ∗  e (e is the
base of natural logarithms) and K ∗ slightly increases with the body volume. Hence, the bulk
concentration of cracks cannot exceed a value
C ∗ = (K ∗ r)−3 . In practice this concentration
limit is reached with r varying from 10−8 m in
polymers to 104 m at earthquakes. Crack enlargement is accompanied by changes in the energy
release characteristics (e.g., growth in amplitude
of acoustic signals produced at crack formation).
One can utilize the latter effect to predict failure
kinetics behavior, e.g., to identify a material approaching the pre-break-up state, and to evaluate
its durability.
FAILURE OF AMORPHOUS METALLIC ALLOYS
Failures characteristic of an isotropic continu-

ous metal when the direction of the major destroying crack is controlled only by the nature of the
load and by the temperature. At low temperatures,
within the range of cold brittleness, one observes
brittle failure of amorphous metallic alloys with
the plane of the crack normal to the axis of the
distending stress σ (plane of maximum normal
stress). Amorphous metallic alloys may become
plastic at high temperatures, so that the major
crack may then open along the surfaces oriented at
∼45◦ to the distension axis, as shear stresses produce preliminary localized plastic deformations
(see Localization of plastic deformation) that reach
their maxima there. The stress responsible for the
ﬁnal rupture of the specimen into two parts during
the failure is the normal component of the stresses
at those surfaces σn (σn < σ ).
FANO RESONANCE (U. Fano, 1961)

Appearance in absorption, reﬂection, scattering and luminescence optical spectra of the effect
of a resonance interaction of two states, overlapping in energy, one of which is characterized
by a discrete energy transition, and the other
by a broad, continuous spectrum. A quantummechanical treatment of such an interaction was
initially performed by G. Breit and E. Wigner
(1936) in connection with the scattering of neutrons. The resonance was theoretically considered
by U. Fano (1961) in the context of atomic spectra.

Dependence of the spectral contour or cross-section σ on
the dimensionless energy parameter ε (Fano resonance)
for several values of the parameter q.

The interference between states of discrete and
continuous excitation produces the characteristic,
and in general asymmetrical spectral Fano contour, as described by the formula
σ=

q2 − 1
2qε
(q + ε)2
=1+
+
,
2
1+ε
1 + ε2
1 + ε2

where σ is the cross-section or spectral line contour of the process under investigation (e.g., of
light absorption), ε is the dimensionless energy in
binding energy units, q is a parameter depending
on the correlation of the probabilities of transitions
from the ground state to the discrete and continuous excited states. The terms on the right side of
the equation represent, from left to right, the background absorption, the symmetrical Lorentz peak,
and the interaction between discrete and continuous transitions. For q
1 the Fano contour σ (ε)
transforms to a Lorentzian curve (see Lorentzian
shape), for q ≈ 1 the dependence has a dispersion
form, and for q  1 an inverted spectrum with a
minimum at ε = 0 (see Fig.) is observed. The minimum at ε = −q is called the antiresonance valley.
Numerous appearances of a Fano resonance in
the spectra of solids are known. They were ob-

FATIGUE

served in the exciton spectra of absorption and
luminescence of semiconductors, in electron absorption spectra of the impurity centers in crystalline matrices, in the spectra of Raman scattering
of light of photon and electron excitations in crystals. Investigations of the Fano resonance in solids
gives information about the energy spectrum of
excitations, about their life times, and their interaction mechanisms.
FARADAY, Faraday number, F

A fundamental physical constant numerically
equal to the amount of electric charge which
liberates 1 mole of a monovalent substance at
each electrode after passage through an electrolytic solution. It has the value F = NA e =
9.6485·104 C/mole, where NA is the Avogadro
number, and e is the elementary electric charge.
FARADAY EFFECT, Faraday rotation
(M. Faraday, 1845)
Rotation of light polarization plane of electro-

magnetic radiation (light) propagating within a
material parallel to the direction of a constant applied magnetic ﬁeld (see Magnetooptical effects).
After passage through a layer of nonmagnetic material with the thickness d in a magnetic ﬁeld
with intensity B, the plane of polarization rotates through an angle θ = V Bd, where V is the
Verdet constant which depends on the properties
of the material, on the wavelength of the light λ,
etc. The Faraday effect is caused by the difference in the speeds of the right- and left-circularly
polarized components of the electromagnetic radiation which propagates longitudinally along an
applied magnetic ﬁeld; the superposition of these
components forms linear-polarized radiation. In
magnetically ordered materials the Faraday effect
is determined not only by B, but also by the spontaneous magnetization.
The sign of the Faraday effect does not depend on the direction of propagation with respect
to the B direction, which follows from the pseudovector character of the magnetic ﬁeld intensity.
This distinguishes the Faraday effect from the rotation of light polarization plane in optically active
media (helical symmetry). In transparent materials the Faraday effect is expressed in terms of
off-diagonal components of the magnetic permeability tensor μij , which are proportional to the

437

odd powers of B, and thus they are unsymmetrical.
At high B intensities, especially near resonant frequencies, there is a contribution from terms with
higher powers of B than the ﬁrst one.
It is used for the determination of the band
structure parameters of semiconductors, the properties of impurity states, the structure of molecules, the magnetization of solids. The effective
masses of the carriers in many semiconductors
have been determined by measuring the Faraday effect of free carriers in the IR range of the
spectrum. The Faraday effect is used in light modulators.
FATIGUE

Progressive accumulation of damage in a material under action of alternating stresses. This
results in a change of properties, generation and
propagation of cracks, and failure of the material. The tendency to counteract the development
of fatigue is referred to as the fatigue resistance
of a material. By analogy with the term long-term
strength, this property is sometimes called cyclic
strength (see also Endurance limit).
The problem of fatigue is one of the most complicated and important ones for those branches of
physics and engineering dealing with the strength
of solids. Materials science and the mechanics of
deformable bodies offer various models for the
origin and propagation of fatigue damage, but
the quantitative characteristics of fatigue are best
obtained experimentally by comparing materials
and structural members under various conditions
which depend on the task to be achieved. The
data provided by relatively simple fatigue tests can
be used to calculate the characteristics of fatigue
for complicated cases of loading, to determine the
durability of structural members at a given load, or
conversely, to determine the permissible load for
a given durability. Many of these problems have
been solved by analyzing the mechanics of cracks
(see Fatigue crack growth).
Numerous methods have been developed for
increasing fatigue resistance by applying special treatments to those parts of machines and
constructions which are exposed to the greatest
stresses. From the materials science standpoint,
the major goal is the preparation of materials
(both homogeneous and composite) which offer
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FATIGUE CRACK GROWTH

enhanced resistance to the initiation and propagation of fatigue cracks. The problem is that the
attainment of high material static strength is not
necessarily accompanied by a corresponding increase of its cyclic strength.
See also Adsorption fatigue, Corrosion fatigue,
Thermal fatigue.
FATIGUE CRACK GROWTH

leads to the appearance of secondary microcracks,
located parallel to the fatigue grooves. The third,
and concluding, stage of fatigue crack growth proceeds with acceleration after reaching the critical
length of the fatigue crack. In this section, the
crack growth proceeds at high speed. Failure in
this region may have a tough, as well as a brittle
nature (see Tough fracture, Brittle fracture).

Cyclic nonstationary process of increasing
crack length, which causes failure of a material
under cyclic loading (see Cyclic strength). At lowcycle fatigue the growth of cracks is of a quasi-

static nature in every loading cycle, leading to the
advancement of the crack, and to the formation of
a fracture with a neck. After many fatigue cycles
the local dislocation structure changes (see Dislocation) in the surface layer at the stage of crack
generation, and near the vertex of the advancing crack at the growth stage prior to the fatigue
failure. The most characteristic defects which prepare for the formation of the fatigue crack are
intrusions and extrusions, or microcavities and
microbulges at the surface, formation in the surface layer of stable slip bands, where irreversible
dehardening of the material occurs. The Cottrell–
Hull model (A.H. Cottrell, D. Hull, 1957), where
two surface dislocation sources in crossing slip
systems are effective, is the most widely used
model for explaining the mechanism of formation
of extrusions and intrusions. At the ﬁrst stage of
fatigue crack growth, its propagation occurs at the
angle of 45◦ to the direction of the load application axis, or in the direction of action of the
maximum tangential stresses. The duration of this
stage of growth is no more than 5% of the total
time until failure. At the second stage characterized by a stable growth speed the generated crack,
having achieved its macroscopic size, changes its
trajectory and spreads perpendicular to the axis of
application of the stresses. The rate of the crack
advancement is determined by the structure and
phase composition of the material, by the magnitude of the amplitude of cyclic loading, and also by
the testing medium. The sections of ﬂexure being
formed at the stage of stationary growth are characterized by speciﬁc grooves, reﬂecting the cyclic
interlacing of the sharpening and blunting of the
advancing crack. Evolution of the material structure in the vicinity of the growing fatigue crack

FAULTING

A fault is a fracture in which movement of material takes place along its plane. Faulting involves
the plastic deformation of crystals associated with
the nonuniform distribution of slip (gliding) within
the sample. Nonuniformity of sliding upon faulting during the course of strain (usually upon compression) is caused by the loss by the crystal, at
ﬁrst of elastic stability, and then of plastic stability.
The sliding develops at regions with orientations
that are more favorable for it. At the moment
of faulting, temporary unloading of the sample
takes place, which is manifested through the sharp
falling of the level of stresses seen on a deformation diagram. Faulting is observed in those crystals
where it is possible to create a state of deformation which hinders the development of gliding: in
the case of hexagonal metals, it is necessary to
perform compression or stretching approximately
along the basal plane, and in the case of CsCl type
(BCC) crystals the compression or stretching is
carried out close to one of the mutually orthogonal gliding directions of the type 100. At the
earliest stages of sliding, there appear sections of
stress concentration, most often in the fractures
at the surface, where upon crank ﬂexure the lattice is subjected to the greatest deviation from
the source orientation. In these areas short slip
bands are generated, spreading rapidly perpendicular to themselves toward the center of the sample.
Several such bands may be generated in different
parts of the sample, and then multi-layer faults or
several separate bands of faults are formed. As
faulting is associated with the behavior of large
collective bodies of dislocations, it may be described in terms of the disclination model of plastic
deformation.

FERMI–DIRAC STATISTICS

FAULTS

Regions being formed during the course of
plastic deformation, generally in the form of interlayers, where the lattice is turned through some
angle with respect to the remainder of the crystal.
Unlike the twinning of crystals, the angle of lattice rotation is not constant, but varies from 0 to
90◦ and more, depending on the degree of strain.
Movement of material can take place along the
plane of a fracture that constitutes a fault. The
boundaries of faults are not distinct, and they exclude regions of sharp fracture of the crystal. In
the remaining parts of the faults, there is observed
a smooth rotation of the lattice from its source
orientation to its maximally rotated state. These
were originally described by O. Lehman (1885)
and O. Mügge (1898) who observed faults in a
broad group of mineral crystals (gypsum, molybdenum, etc.). Later, they were obtained upon plastic deformation of zinc and cadmium, of CsCl-type
alkali-halide crystals, etc. (bismuth, galena, the
polycyclic hydrocarbon naphthalene). In appearance, faults in crystals are displayed in different
ways. Most often (especially at comparatively low
deformations under conditions of compression)
they cause the elbowed e xure of the samples. At
higher degrees of compression, the multiple elbowed ﬂexure occurs in two or more directions, as
a result of which thickening appears near the edges
or in the center of the sample. In these cases faults
constitute the totality of many narrow bands with
discretely changing orientation of the lattice. Studies of the formation conditions of the fault bands
show that most often they appear during compression under conditions that make the slip difﬁcult.
Bands of faults are regions of localization of plastic
deformation by slip (see Faulting).
FAULT, STACKING
See Stacking faults.
FEDOROV SYMMETRY GROUP
Name for a crystallographic space group used

in the Russian literature.
FEMTO. . . (fr. Danish, Norwegian femten, fteen)

Preﬁx to the label of a physical quantity to denote a value equal to 10−15 of the basic value. The
abbreviated designations begin with “f”, e.g., 1 fC
(femtocoulomb) = 10−15 C.
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FERMI CONSTANT
See Hyper ne interaction.
FERMI–DAVYDOV COMBINED RESONANCE

A phenomenon caused by the effect of intermolecular interactions that leads to an intermolecular resonance (Davydov splitting) with a number
of components, a distribution of intensities, and
a polarization of the quantum mechanical transitions resulting from a Fermi resonance. It may
appear preferentially in vibrational and electronicvibrational spectra of crystals in the presence of
van der Waals bonding (see Van der Waals forces).
A typical example of this phenomenon is a methyl
iodide crystal whose vibrational spectrum, instead
of displaying two liquid phase Fermi components,
exhibits four components, close together in intensity, and polarized respectively in mutually perpendicular directions (A.S. Davydov, 1951).
FERMI–DIRAC STATISTICS, Fermi statistics
(E. Fermi, P. Dirac, 1926)

The statistics describing the distribution, according to their quantum states, of a large number
of identical particles with half-integer spin. Particles and quasi-particles obeying Fermi–Dirac statistics are called fermions; examples of these particles are: electrons (also holes in solids), muons,
protons, neutrons, neutrinos, etc. The wave function of a fermion is antisymmetric with respect
to the interchange of any pair of particles (see
Second quantization). The impossibility of more
than one particle occupying the same quantum
state (Pauli exclusion principle) is characteristic
for fermions. From the Gibbs distribution, taking
this property into account, the expression for the
average number of particles n̄i in quantum state i
with energy εi for an ideal gas of fermions in thermodynamic equilibrium is given by

−1
 
εi − μ
+1
,
(1)
n̄i = exp
kB T
where kB is the Boltzmann constant, and μ is the
chemical potential of the system, which depends
on the total number of particles N = i n̄i (μ).
Eq. (1) is called the Fermi–Dirac distribution. For
the limit exp[(εi − μ)/(kB T )] 1 it closely approximates a Boltzmann distribution. At T = 0 all
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FERMI ENERGY

the fermion states below some energy εF are occupied, all the states lying above εF are empty; and
the value of εF coincides to the value of μ:
pF2
,
2m
 2 1/3
6π N
,
pF =
gV

εF =

(2)

where m is the fermion mass, N is number of particles in the volume V , and g is the degeneracy.
The quantity εF is called the Fermi energy,
and pF is the Fermi momentum. In metals and
degenerate semiconductors with a nonquadratic
dispersion law the dependence εF (pF ) has a more
complex form than Eq. (2) (see Fermi surface), and
is often anisotropic. For T > 0 a certain number
of fermions has an energy greater than εF ; empty
states vacated by these elevated fermions at ε < εF
are called holes.
FERMI ENERGY

The value of energy, below which all the states
of a system of particles obeying Fermi–Dirac statistics (fermions), are occupied at absolute zero
temperature, and all higher states are vacant. The
existence of a Fermi energy is a consequence of
the Pauli exclusion principle according to which
there can be no more than one fermion particle in
a state (or two electrons with opposite spins).
For an ideal degenerate gas of fermions the
Fermi energy coincides with the value of the
chemical potential at T = 0 K, and may be expressed as follows in terms of the number N of
gas particles in a unit volume:

2/3
3N
(2π)2
,
εF =
2m
(2S + 1)4π
where m and S are the mass and spin of the particle, respectively. The quantity pF = (2mεF )1/2 is
the Fermi momentum. At T = 0 K all the states
with momenta p < pF are occupied, and those
with p > pF they are empty. In other words,
at T = 0 K fermions in an isotropic momentum
space occupy all the states within the sphere p2 =
2mεF (Fermi sphere), with the radius pF in momentum space (k-space). The value vF = pF /m,
called the Fermi velocity, determines the upper
limit of fermion speeds at T = 0 K.

The gas of conduction electrons in metals and
in degenerate semiconductors may be characterized by other than a quadratic dispersion law. Then
at T = 0 K the conduction electrons ﬁll momentum space in regions of a more complex shape (see
Fermi surface). The location of the Fermi energy
in a partly ﬁlled electron band is called the Fermi
level. In the case of semiconductors the position
on the energy scale of the chemical potential at a ﬁnite temperature is also called the Fermi level. It is
necessary to remember that this designated Fermi
level may be located within the gap or band of forbidden energies, and hence not coincide with any
actually existing energy level.
FERMI LEVEL
See Fermi energy.
FERMI LEVEL PINNING, Fermi level limiting
position
Establishment of a ﬁxed value of the Fermi
level μF of a semiconductor in the presence of

electrically active centers or defects, a value which
does not change with further additions of these
centers or defects. Fermi level pinning occurs
when donors and acceptors are introduced into
the sample in equal concentrations Nd = Na (e.g.,
levels of vacancies and interstitial atoms with formation of Frenkel defects). Upon reaching a sufﬁciently high concentration, when the numbers of
charged donors and acceptors Nd+ = Na− dominate the electroneutrality condition, μF does not
depend on Nd , Na , but rather is equal to the limit
value μF = (εa + εd )/2, where εa and εd are the
positions of donor and acceptor levels (measured
from a common origin). A Fermi level limiting position is also realized when there is a dominant
concentration of defects of one type, and these defects are amphoteric centers, especially if they are
centers with a negative correlation energy.
FERMI LIQUID
Quantum liquid, whose elementary excitations
(quasi-particles) have half-integer spin (fermions),

and due to the Pauli exclusion principle (see
Fermi–Dirac statistics) they have a characteristic

Fermi momentum pF determined by the density
of particles of the liquid pF = (3π 2 N/V )1/3 
(V is the volume of liquid, N is the number

FERMI LIQUID

of fermions). The Fermi momentum determines
the Fermi energy εF , from which the energies
of quasi-particles ξ = |ε(p) − εF | are derived.
The excitations of a Fermi liquid are generated in
pairs: a hole quasi-particle with p < pF and a corresponding electron quasi-particle with p > pF .
A strong interaction between the quasi-particles
is characteristic of a Fermi liquid, so the singleparticle state is not the natural state of a manyparticle system, and it breaks down after a ﬁnite
time. Due to the features of the Fermi spectrum
(presence of ﬁlled states), regardless of the interaction strength, the decay time τdec is long
for the single-particle states near the Fermi surface ε(p) = εF (at sufﬁciently low temperatures):
τdec ∼ εF /ξ 2 (at T = 0, ξ ∼ kB T ). Thus the
conditions for applying Fermi liquid theory are:
ξ  kB T  kB Tf = εF . Conduction electrons in
a metal, the liquid helium isotope 3 He, and nuclear matter serve as examples of Fermi liquids.
For conduction electrons in a metal Tf ∼ 104 to
106 K.
The theory of a Fermi liquid was formulated
by L.D. Landau on the basis of two assumptions: (1) the interactions of quasi-particles do not
disturb the systematics of levels near the Fermi
surface, and in the presence of interactions the
original fermions are replaced by quasi-particles;
(2) interactions of particles with one another may
be described with the help of a self-consistent eld
by the introduction of a distribution function for the
quasi-particles n̂ = nαβ (p, r, t). The function n is
a 2 × 2 operator-matrix in spin space. The quasiparticle energy depending on the spin εαβ (p, r, t)
is determined as the ﬁrst variational derivative of
the total system energy E[n̂]:

δE = Trσ ε̂(p, r, t) δ n̂ dτ d3 r,
dτ =

(1)

d3 p
,
(2π)3

where p is the momentum, and ε̂ = ε̂0 + δ ε̂, so

δ ε̂(p, r, t) = Trσ  fˆ(p, r; p , r  )
× δ n̂(p , r  , t) dτ  d3 r  .
(2)
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The quantity fˆ called the Landau correlation
function is a 4 × 4 matrix in spin space which predetermines a set of phenomenological parameters
that are taken from experiment. In metals, where
the correlation length and wavelength of electrons
are of the order of interatomic distances, it is considered to be independent of the coordinates.
In the presence of only the exchange interaction the matrix fˆ is expressed with the help of two
scalar functions η(p, p ) and ξ(p, p ):
fˆ(p, p ) = η(p, p ) + σ σ  ξ(p, p )

(3)

(σi are Pauli matrices).
In an isotropic system the functions η(p, p  )
and ξ(p, p  ) depend only on the angle θ between the vectors p and p  , and may be expanded
in terms of Legendre polynomials. Dimensionless Landau parameters Al and Bl are coefﬁcients of the expansion the Legendre polynomials of the functions η(θ) and ξ(θ) multiplied by
g(εF )(2l + 1)−1 , where g(εF ) is the density of
states of the quasi-particles at the Fermi surface.
The function fˆ satisﬁes the stability requirements
for the ground state of a Fermi liquid with respect to both deformations of the Fermi sphere,
and small spin vibrations. This imposes speciﬁc
conditions at the parameters Al and Bl (Pomeranchuk criterion, I.Ya. Pomeranchuk, 1958):
1 + Al > 0,
1 + Bl > 0.

(4)

Inequality (4) for B0 expresses a condition for a
Fermi liquid paramagnetic state with respect to a
transition to the ferromagnetic one (Stoner criterion, see Ferromagnetism of metals and alloys).
The Fermi distribution of quasi-particles follows
from the requirement that the overall Fermi entropy be maximal (for a ﬁxed number of particles,
δN = 0, and a ﬁxed energy, δE = 0):
−1

ε̂ − εF
,
(5)
+1
n̂(ε̂) = exp
kB T
where the single-particle energy ε̂ is a functional
of n̂. The speci c heat C depends linearly on
the temperature, as also is the case for a Fermi
gas, C = (π 2 /3)g(εF )kB T . Within the framework
of the isotropic model the magnetic susceptibility
of a Fermi liquid χ = g(εF )μ2B (1 + B0 )−1 contains the parameter B0 (at B0 < 0 the condition
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|B0 | → 1, χ → ∞ corresponds to the transition to
the ferromagnetic state). The sound velocity is expressed with the help of the parameter A0 : s 2 =
[pF2 /(3m0 m∗ )](1 + A0 ). When Galilean invariance is satisﬁed the quasi-particle effective mass
m∗ is related to the source particle mass m0 by the
expression m∗ = m0 (1 + A1 ). In the presence of
an external electromagnetic ﬁeld with vector and
scalar potentials A(r, t) and ϕ(r, t), respectively,
the quasi-particle energy ε̂(p) is replaced by the
expression


e
ε̂ = ε̂ p − A(r, t)r, t
c
(6)
− μB σ B + eϕ(r, t),
B = ∇ × A.
In a neutral Fermi liquid two modes of sonic
vibrations are possible. The low-frequency ones
(ωτ  1, τ is the mean free path time of the
quasi-particles, τ ∼ 1/T 2 ) correspond to ordinary sound, which is sometimes called ﬁrst sound.
The velocity s of this sound, which involves density variations, is determined by the compressibility, and in the isotropic case it is expressed
through parameters A0 and A1 (see above). At
reduced temperatures (ωτ ∼ 1) ordinary sound
strongly attenuates. An undistorted Fermi surface
shape is characteristic of ordinary sound: both the
Fermi momentum and the density of the liquid
vary, and the Fermi surface vibrates as a whole
with an amplitude whose value is associated with
the speed of the liquid motion within the wave.
High-frequency vibrations (ωτ
1, collision-free
mode) are called second sound or zero sound. This
sound is sometimes referred to as a temperature
wave which does not involve density variations.
The velocity u = ω/k of zero sound is determined
from the equation

∂n
(kv − ω)δ n̂− kv 0 η(p, p  ) δn δτ  = 0, (7)
∂ε
where v = ∂ε/∂p is the quasi-particle velocity. In
the general case the presence of several branches
of zero sound vibrations is possible, each propagating with different speeds. Unlike ordinary
sound, zero sound is associated with periodic distortions of the Fermi surface shape. If in this
case the Fermi surface deformations are not axially symmetrical, then the vibrations take place

without any variation of the liquid density. In the
simplest case η(θ) = A0 g −1 (εF ) the inequalities
u > v, A0 > 0 are the conditions for the existence
of zero sound, and the Fermi surface is axially
symmetric and drawn toward the direction of the
wave propagation. Spin waves (in a neutral Fermi
liquid) are vibrations of the spin characteristic of
a Fermi liquid associated with the second term in
Eq. (3). In the absence of an external magnetic
ﬁeld the expression for these vibrations is obtained
from Eq. (7) by replacing η by ξ . In the particular case ξ = B0 g −1 (εF ), for the propagation of
a spin wave B0 > 0 is necessary. For liquid 3 He
B0 < 0, which supports the impossibility of propagating waves of this type.
In the case of a charged Fermi liquid (e.g., electrons in a metal) vibrations of the electron density
lead to the origin of the electric ﬁelds that alter the conditions for the existence of zero-sound
vibrations. This means that vibrations of the electron density at frequencies ω < ωp in a metal are
absent (ωp is the plasma frequency). Although
zero-sound vibrations are possible in a Fermi liquid in which there is no variation of the electron
density, zero sound has not yet been detected experimentally in an electron liquid (see Spin waves
in nonmagnetic metals). See also Microscopic theory of Fermi liquid.
FERMI MOMENTUM
See Fermi energy and Fermi–Dirac statistics.
FERMION, HEAVY
See Heavy fermions.
FERMIONS IN A SOLITON FIELD

A speciﬁc state of a fermion, in particular, of
a conduction electron, described by some onedimensional models of interacting fermion and
boson ﬁelds with a spontaneous symmetry breaking due to the double degeneracy of the ground
state of the free boson ﬁeld. These two states are
associated with the spatially nonuniform solution
of the classic equation for a boson ﬁeld, called a
soliton or kink. In a fermion–soliton system there
appear two associated states, degenerate in energy, and carrying the charges of ±e/2 (e is unit
fermion charge), depending on whether the given
state is occupied or empty. These states are interpreted as soliton states with a non-integer charge.

FERMI QUASI-LEVELS

Fermions in a soliton ﬁeld.

The phenomenon of fractional charge was predicted by R. Jackiw and C. Rebbi (1976) in the
model system described above. As an example of a
real system exhibiting a similar phenomenon, consider a polymer – the polyacetylene (CH)x which
may exist in two different forms: trans-(CH)x and
cis-(CH)x . The solitons in polyacetylene are the
domain walls (kinks) separating these two possible structures of the dimerized chains (CH)x (i.e.
chains with interlacing single and double bonds).
The ﬁgure shows the chain dimerized in the trans(CH)x form, with a domain wall (· · ·) separating
the two possible conﬁgurations A and B.
In the non-dimerized structure the equilibrium
separation is a = 0.122 nm between adjacent
CH-groups. The nondimerized structure has mirror symmetry, and a spontaneous breaking of this
symmetry due to Peierls instability in this quasione-dimensional electron–phonon system leads to
the illustrated dimerized picture with the lattice
period 2a (there occur small ∼ 0.004 nm bond
length variations). On the assumption of a halfﬁlled electron band the dimerized chain in the
ground state is an insulator, each state having two
electrons with up and down spins. In the uniform
conﬁguration (i.e. in phase A or in phase B) the
occupied states are separated from the unoccupied
ones by the energy gap 2Δ. Upon the introduction
of a domain wall in the system a radical rearrangement of the spectrum takes place: in the center of
the gap there appears a bound state ψ0 , the socalled zero mode, and in both the valence band
and the conduction band there appears a vacant
or “semi-state” (for one direction of spin). As the
total number of electrons is conserved, the missing electron in the valence band appears in the
state ψ0 . In the valence band all the electrons
are paired, and the individual electron with unpaired spin 1/2 is in the state ψ0 . As a result of
this, a soliton with charge Q = 0 and spin 1/2 is
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formed. The extra spin in the system is compensated by the spin of an antisoliton, to which the
remaining semi-state in the valence band corresponds. The existence of soliton–antisoliton pairs
is expected by Kramers theorem and by topological considerations.
If the state ψ0 is empty or doubly occupied,
then the soliton spin is zero, and the charge
Q = ±e. Charged and neutral solitons are formed,
respectively, in doped and undoped polymers, and
are recognized by their electrical and magnetic
properties.
FERMI QUASI-LEVELS

Energy levels associated with the ﬁlling of
allowed energy bands by charge carriers in semiconductors under nonequilibrium conditions. In
the state of thermodynamic equilibrium the distribution of carriers according to their energies
is described by Fermi–Dirac statistics, and it is
determined by the temperature T and the Fermi
energy εF . Irradiation of semiconductor or injection of charge carriers disturbs this equilibrium,
and a quasi-equilibrium state may appear. If the
relaxation times of the momentum and energy for
electrons and holes are much shorter than the
time of their recombination, then within each allowed energy band an equilibrium distribution of
energies is established corresponding to a lattice
temperature. Due to the correlation of electrons
and holes, however, this is not an overall equilibrium situation. It means that there is no deﬁnite
Fermi level for the system as a whole, but rather in
each band the Fermi distribution for electrons and
holes corresponds to its own individual “intrinsic”
Fermi level:



ε − εFe −1
,
e (ε) = 1 + exp
kB T
(8)


 h
εF − ε −1
h (ε) = 1 + exp
,
kB T
where εFe , εFh are the distances between the Fermi
quasi-levels and the band edges.
Under conditions when it is possible to introduce Fermi quasi-levels, the correlations which associate the concentration of electrons ne and holes
nh with the positions of corresponding Fermi
quasi-levels have a form which is similar to that
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under equilibrium conditions:

 e
εF − εFh
2
,
ne nh = ni exp
kB T

(9)

where ni is the equilibrium concentration of carriers of each sign in the intrinsic semiconductor.
Eq. (2) is a generalization of the law of mass action
for the quasi-equilibrium system. If there is a fast
enough exchange of charge carriers between the
conduction band (or valence band) and the local
electronic levels in the band gap, then it is possible to introduce a generalized Fermi quasi-level
for them.
FERMI RESONANCE (E. Fermi, 1931)

Anharmonic interaction of vibrational states of
a crystal having randomly coinciding or closely
spaced frequencies, which leads to the mixing of
their respective wave functions, and to the formation of two new states with other frequencies and
intensities within the spectrum. Usually in the simplest case vibrations of different orders resonate,
e.g., one fundamental frequency and the ﬁrst harmonic of another fundamental frequency. As a
result, the spacing between bands in the adsorption
spectrum or in the spectrum of Raman scattering of light increases (new states are repelled from
each other), and the intensity of the harmonic approaches that of the fundamental. There are more
complex cases, e.g., the interaction of two ground
state vibrations with the harmonic of at third. In
the lattice spectra of ferroelectric crystals (e.g.,
quartz, AlPO4 ) so-called soft modes of vibration
are observed, with frequencies that tend to zero
at the approach to the phase transition temperature. If the harmonic of an acoustic vibration is
below the frequency of the “soft” optical vibration,
then heating causes the distance between them to
decrease to such extent that, due to enhancement
of the anharmonic interaction, the frequency of
the soft mode within some neighborhood stops to
decrease, whereupon the harmonic frequency becomes lower, and its intensity grows.
A Fermi resonance often appears in the spectra of impurity crystals and solid solutions, which
permits one to vary the composition (or concentration) and properties of impurities, and thereby
change the frequency of lattice or local vibrations within wide limits. Thus, there is a probability of crossing the single-phonon band with

the two-phonon excitations (see Biphonon), with
the appearance of a Fermi resonance. This happens in such particular systems as Znx Cd1−x S,
Inx Ga1−x P, ZnTex Se1−x , etc. Attempts to explain the novel features of these vibrational spectra
without invoking the notion of Fermi resonance
have been unsuccessful.
A simpler case of a Fermi resonance interaction type appears when the frequency of a local
vibration enters the region of a two-phonon spectrum of the main lattice. In ZnSe:Mg crystals the
local vibrations created by the impurity atoms of
magnesium serve as an example of this. Due to
the high probability of the excitation of vibrational
excitons of small radius in molecular crystals,
a Fermi resonance in its pure form does not occur in them, but the presence of a Fermi–Davydov
combined resonance is a characteristic singularity
in most crystals of this type.
FERMI STATISTICS
The same as Fermi–Dirac statistics.
FERMI SURFACE
An isoenergetic surface in the space of quasimomenta (k -space) which separates the ﬁlled

electron states from the unoccupied states; it is
one of the main constructs of the electronic theory of metals. Due to degeneracy of the electron
system, the location of the Fermi surface plays a
major role in determining many properties of metals. Their velocities are in directions normal to
Fermi surface: v = (∂ε/∂k)F . As is the case for
all isoenergetic surfaces in k-space, the Fermi surface has a a periodicity
εF = ε(k) ≡ ε(k + b),

(1)

where εF is the Fermi energy, and b is an arbitrary vector of the reciprocal lattice. If a periodic
Fermi surface splits into separate regions (sheets,
pockets), each of which is located within a unit
cell of k-space, such a Fermi surface is called a
closed Fermi surface, and if the Fermi surface
ranges continuously through k-space, it is called
an open Fermi surface. Also electron Fermi surfaces and hole Fermi surfaces are distinguished.
In the former case the normal (velocity) is directed outside the surface, in the latter case it is

FERMI SURFACE
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Fig. 1. Hexagonal close packed structure Fermi surface of zinc showing the symmetry points Γ , A, K, L, and M: the
ﬁrst Brillouin zone exhibits hole “pyramids” at H points; the second zone comprises a hole “monster”; the third zone
involves electron needles at K points (the electron lens centered at the center Γ point is not shown).

inside the surface. A Fermi surface can have several convolutions (see Figs. 1–4). Among them
closed and open, electron and hole varieties are
encountered. The volume of each enclosure of a
Fermi surface Ωi (calculated for one unit cell of
k-space) is associated with the density of electrons: ni = 2Ωi /(2π)3 , whereas

ni = n,
(2)
i

where n is the density of conduction electrons of
the given metal (n = z/V0 , z is the number of
valence electrons in the unit cell of volume V0 ).
The volume of a hole-type Fermi surfaces is usu(h)
ally associated with the density of holes ni , so
Eq. (2) is naturally modiﬁed by this. Metals (Be,
Bi, P, Sb, etc.) where the volume of the hole Fermi
surfaces equals the volume of the electron Fermi
surfaces are called compensated metals. For them
the equation ne = nh (ne,h are the total densities
of electrons and holes, respectively) replaces the
condition (2).

In an applied magnetic ﬁeld B, under the action of the Lorentz force ev × B a conduction
electron between collisions moves along a trajectory in k-space which is at the intersection of the
Fermi surface with the plane k·B = const. The
projection of the electron trajectory in r-space to
the plane r·B = const is similar to its trajectory
in k-space. This circumstance served as a basis
for devising various methods for investigating the
conduction electron motion (on Fermi surfaces of
metals) according to their properties in a magnetic
ﬁeld (see Galvanomagnetic effect, De Haas–van
Alphen effect, Shubnikov–de Haas effect, Size effects, etc.). Fermi surfaces of all the monatomic
metals and of many intermetallic compounds are
known with good accuracy. The branch of the electronic theory of metals which focuses attention on
geometrical properties of Fermi surfaces (topology, including presence of singularities), and on
the relationships of these geometrical properties
with physical properties, is referred to as fermiology.
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Fig. 3. Lomer model of the body-centered cubic structure
Fermi surface of molybdenum and tungsten.

Fig. 2. Resonance cross-section of the “monster” (M) in
hexagonal close packed cadmium Fermi surface.

The Fermi surface is the speciﬁc “Hallmark” of
a metal. It is the details of the topological conﬁgurations of their Fermi surfaces that distinguishes
one metal from another. The variations in properties which occur in metals are naturally reﬂected
in their Fermi surfaces. Thus, at the transition
from the paramagnetic state to the ferromagnetic
one Fermi surface is split to two: electrons with
different projections of spins belong to separate
surfaces; at the superconducting phase transition
a gap forms above the Fermi surface, a region of
forbidden energy states which arises due to the
appearance of Cooper pairs; upon the onset of
a metal–insulator transition the conduction elec-

trons vanish (i.e. they bond to the metal atoms),
and the Fermi surface disappears with them. There
are transitions (called electron-topological transitions or Lifshits transitions) which arise directly
from a variation of the Fermi surface topology.
Under the inﬂuence of external pressure, or by a
variation of the density of conduction electrons
(due to donor or acceptor impurities) the Fermi
energy may “pass” through a value of the band energy εc at which an isoenergetic surface changes
its connectedness (see Van Hove singularities). At
εF = εc the following may happen: either a new
convolution of the Fermi surface appears (disappears), or a bridge near the Fermi surface is
severed (created). A variation of the connectedness is accompanied by a singularity of the density
of states ν(ε) at the energy equal to Fermi energy εF : δν(εF ) ∼ |εc − εF |1/2 , and also at the
temperature T = 0 by a free energy singularity δF ∼ |εc − εF |5/2 . At T = 0 the singularity
is diffused, but for kB T  εF the diffusiveness
is negligible, and the presence of the singularity
results in anomalous behavior of some thermodynamic and kinetic characteristics of the metal.

FERRIMAGNET
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Fig. 4. Fermi surface of divalent metals with a hexagonal close-packed lattice according to the model of almost free
electrons: (a) “monster”, (b) “pyramid”, (c) “needle”, (d) “lens”, (e) “star”, (f) “cigar”.

The Fermi surface generalizes the notion of a
Fermi sphere to the case of a degenerate electron
gas. The deviation of the Fermi surface from a
spherical shape arises from the inﬂuence of the
electric ﬁelds of the background of ions where
the conduction electrons travel. Taking into account interactions between electrons (transition
from Fermi gas to Fermi liquid) does not alter the
representation of the Fermi surface as the boundary between ﬁlled and empty states, but when
taking these interactions into account it is not the
particles but rather the quasi-particles which ﬁll
the states for p < pF (ε < εF ) that are being considered (see Fermi liquid).
FERMI SYSTEM

A quantum system involving many particles
with half-integer spin (fermions) which obey the
Pauli exclusion principle. Elementary excitations
in Fermi systems are described by Fermi–Dirac
statistics. See also Fermi liquid.

FERMIUM, Fm
See Transuranium elements.
FERMI VELOCITY
See Fermi energy.
FERRIMAGNET

Double sublattice or multisublattice magnetically ordered crystal with antiparallel orientation
of magnetization vectors of inequivalent magnetic sublattices. Many oxide crystals (ferrites)
with the spinel structure (ferrite spinels, cobaltite,
chromite, manganite), garnets (iron garnets) or
perovskites (orthoferrites with spins of ions of
rare-earth elements ordered at low temperatures),
and compounds with hexagonal structures (e.g.,
magnetoplumbites) are ferrimagnets. Ferrimagnets also include some amorphous magnetic materials which are related and contain several different
types of magnetic atoms (e.g., alloys of d- and
f -metals). Also a negative indirect exchange interaction between sublattices, which in ferrites acts
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through oxygen ions and in alloys acts through
conduction electrons, can lead to ferrimagnetic
ordering. Ferrimagnets form the most numerous
group among magnetically ordered media, with
applications in various areas of engineering. See
also Ferrimagnetism.
FERRIMAGNETIC RESONANCE
Selective absorption by a ferrimagnet of elec-

tromagnetic wave energy within the radio frequency and the infrared ranges; it is a type of
electron magnetic resonance. The presence of
two or more magnetic sublattices in a ferrimagnet leads to the presence of multiple branches of
ferrimagnetic resonance. Each branch is characterized by the dependence of the resonance frequency
ω on the value of the external magnetic ﬁeld B
corresponding to the excitation of a speciﬁc type
of resonance vibration of magnetization vectors of
the sublattices with respect to one another. The
low-frequency branch of ferrimagnetic resonance
corresponds to the excitation of the precession of
the spontaneous magnetization vector of the ferrimagnet M s in the effective ﬁeld B eff which is
determined by the external ﬁeld, by the ﬁelds of
magnetic anisotropy, and by the demagnetization
e lds, as in the case of ferromagnetic resonance.
The uniform precession takes place in such a
manner that the magnetization vectors of the sublattices remain antiparallel, so ω = γeff Beff . This
type of ferrimagnetic resonance is analogous to
ferromagnetic resonance, with its one particular
value of the gyromagnetic ratio γeff . In the simplest case of a ferrimagnet with two sublattices of
magnetizations M1 and M2 we have
γeff =

M1 − M2
,
M1 /γ1 − M2 /γ2

where γ1 and γ2 are the gyromagnetic ratios of the
sublattices.
The high-frequency branches of ferrimagnetic
resonance correspond to precessions of sublattice
magnetization vectors that violate their antiparallelism condition. These branches are sometimes
called exchange resonances. Their frequencies are
proportional to the exchange ﬁelds which act between the sublattices: ω = γ αM, where α is an
exchange interaction constant. These frequencies
are located in the IR range of the electromagnetic

spectrum. Ferrimagnetic resonance can occur in
ferrimagnets with noncollinear sublattice magnetization vectors, and it can also occur near the
compensation point of the ferrite.
FERRIMAGNETISM

A phenomenon involving antiparallel ordering
of the magnetization vectors of inequivalent magnetic sublattices, which leads to the presence of
an uncompensated net magnetic moment. A necessary condition for the appearance of ferrimagnetic
ordering is the existence of a negative exchange
interaction between the magnetic ions (atoms) associated with the different sublattices. Ferrimagnetism is observed not only in crystalline magnetic
materials, but also in amorphous ones, e.g., in alloys of d- and f -metals, in the temperature range
from 0 to the Néel point TN . Ferrimagnetic ordering allows the presence of magnetic compensation
at the temperature Tk < TN , where the resultant magnetic moment becomes zero. Intrinsic
ferrimagnetism and induced ferrimagnetism are
distinguished. The existence of intrinsic ferrimagnetism is caused by the crystallographic structure
itself, i.e. by the presence of inequivalent positions for the magnetic ions of the same or different
types; induced ferrimagnetism appears only in media with magnetic ions of different types due to
the formation of a superlattice. It is necessary
to distinguish ferrimagnetism from weak ferromagnetism (see Antiferromagnetism), when the
resulting magnetic moment is caused by small deviations from antiparallelism of the magnetization
vectors of two equivalent magnetic sublattices.
FERRITES

1. Ordinarily the term “ferrite” is used to designate double or more complex crystalline oxide compounds which contain iron sesquioxide
Fe2 O3 . In the general case the chemical formula of ferrites may be written in the form
n1 Fe2 O3 ·n2 Ma Ob ·n3 Rc Od , where the ni are integers, and M and R are metal ions. Ferrite spinels
correspond to the case n1 = n2 = 1, n3 = 0,
a = b = 1 (e.g., Fe2 MgO4 ); orthoferrites constitute the case n1 = n2 = 1, n3 = 0, a = 2, b = 3;
iron garnets comprise the case n1 = 5, n2 = 3,
n3 = 0, a = 2, b = 3 (e.g., gadolynium iron garnet Gd3 Fe5 O12 ; the names take their origin from

FERROELASTICS

the crystalline structures of single crystals formed
by the corresponding compounds); for n1 = 2k1 
6, n2  0, n3  1 and a = b = c = d = 1 the
corresponding oxide compounds are called hexaferrites; for the orthoferrites and iron garnets M
is an ion of a rare-earth element or yttrium. The
great majority of ferrites are ferrimagnets with
two or more magnetic sublattices. Magnetic ions
which enter the tetrahedral or (d)-sublattice are
surrounded by four oxygen ions, the octahedral or
[a]-sublattice is formed by the magnetic ions surrounded by six O2+ ions, in iron garnets rare-earth
element ions are located in dodecahedral coordination (12 nearest O2+ ions), thus forming a
{c}-sublattice. The exchange interaction between
different magnetically active (metallic) ions acts
through oxygen ions, i.e. it constitutes an indirect
exchange interaction. Both intrasublattice, as well
as intersublattice, exchange interactions in ferrites
are negative; the [a]–(d) interaction is the dominant one, which leads to ferrimagnetic ordering.
The total magnetization of ferrites is the vector
sum of the sublattice magnetization vectors.
Ferrites may form solid solutions, i.e. they allow the replacement of the initial metallic ions by
other dia- or paramagnetic ions with close ionic
radii. Undiluted from the magnetic point of view,
ferrites possess a high Néel point (up to 800 K);
the replacement of iron ions by diamagnetic ones
leads to a reduction of the Néel temperature. Many
ferrites have a magnetic compensation point at
which the net magnetization goes to zero.
Ferrites belong to the class of magnetic insulators, and they have narrow ferromagnetic resonance line widths B. For example, yttrium
iron garnet Y3 Fe5 O12 exhibits record low values
of B ≈ 0.01 mT. Due to this fact ferrites ﬁnd
their application in UHF engineering for the design of ﬁlters, gates, circulators, etc. Ferrites and
the more complex compounds based on them are
also used in radio engineering as cores, magnetic
circuit elements, etc.; for creating permanent magnets with a relatively low coercive force. Because
of their extensive technical applications the term
“ferrite” is often applied to any ferromagnetic insulator. Epitaxial iron garnet lms are characterized
by a pronounced magnetic anisotropy, and they are
used in magnetic bubble domain devices.

449

2. The term “ferrite” is also a name used for
an allotropic modiﬁcation of iron with a bodycentered cubic lattice (space group F m3̄m, Oh5 ;
a = 0.286653 nm at 298 K) which exists at temperatures below 1184 K. This ferrite is ferromagnetic up to the temperature Tc = 1040 K (alpha
phase), and above the Curie point it transforms
to the paramagnetic state (β-phase). The hightemperature phase (1665 to 1810 K) of iron (delta
phase or delta ferrite) with a body-centered cubic
lattice (space group I m3̄m, Oh9 , a = 0.29322 nm
at 1667 K, paramagnet) is also called ferrite.
3. Another use of the term “ferrite” is to designate one of the phases in iron alloys, steels, and
cast irons, which is a many-component solid solution of interstitial (usually C, N) and substitutional
(Si, Al, Mn, Cr, Ni, etc.) elements in α-iron. The
proportion of this ferrite may reach 95% depending on the alloy composition. The properties of
these ferrites depend on the type and concentration of the doping elements, on the dimensions of
the crystalline grains, the density of dislocations,
the presence of dispersed particles.
FERRITE SPINELS

Oxide monocrystals (ferrites) with the structural formula MO·Fe2 O3 (M = Mg, Ca, Zn, Cd,
Mn, Fe, Co, Ni, Cu, or their combination), isomorphous to the spinel mineral MgO·Al2 O3 . They
belong to the cubic system, space group F d 3̄m
(Oh7 ). The lattice constant is 0.833 to 0.851 nm;
density is 4.75 to 5.42 g/cm3 ; magnetic moment
per formula unit at T = 0 is (1.1–5.0)μB , where
μB is the Bohr magneton; Néel point is from
9.5 to 670 K. The O2− ions in ferrite form a
face-centered cubic lattice, where metallic magnetic ions occupy the tetrahedral ((d)-sublattice)
and octahedral ([a]-sublattice) coordinations. Indirect exchange interactions in ferrite spinels are
negative; the [a]–(d) interaction is the strongest
one, which in the great majority of cases leads to
collinear ferrimagnetism.
FERROELASTICS (term rst introduced by
K. Aizu, 1969)
Insulating monocrystals in which particular re-

gions (ferroelastic domains) differ in the spontaneous strain of their crystal lattice relative to some
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initial structure. When the sample temperature decreases, spontaneous deformation can develop as a
result of a structural phase transition from the initial paraelectric phase to a ferroelastic phase of
lower symmetry. The decomposition of the crystal
into separate domains corresponds to minimizing
the elastic energy of the crystal. In contrast to linearly elastic materials (see Hooke’s law, Elasticity),
the dependence of the deformation of a ferroelastic on the applied mechanical stress has the shape
of a hysteresis loop. Moreover, at a certain value
of stress, called the coercive stress, the crystal
undergoes a transition to a single-domain state, accompanied by a change of sign of its spontaneous
deformation. Among known ferroelastics are crystals of KH3 (SeO3 )2 (transition temperature to
the ferroelastic state Tc = −62 ◦ C), KD3 (SeO3 )2
(Tc = 12 ◦ C); Nb3 Sn, V3 Si, DyVO4 , TbVO4 , and
RbMnCl3 . Some ferroelastics are ferroelectrics at
the same time. Ferroelastics are promising materials for building acousto-electric and acoustooptical devices (see Acousto-electronics, Acoustooptics).
FERROELECTRIC CERAMICS

A polycrystalline material produced using ceramics technology, with a basic crystalline phase
exhibiting ferroelectric properties. Ferroelectrics
of the oxygen-octahedron type are the ones most
easily mastered in state-of-the-art ceramics technology. Their chemical composition and crystalline structure vary widely. Both simple and
complex ferroelectric compounds may serve as
the basis for ferroelectric ceramics, as well as
solid solutions based on them. Such are, ﬁrst of
all, materials with an ABO3 chemical formula
and a perovskite-type structure. Numerous ferroelectrics crystallize in that structure, the most
important of them being barium titanate, BaTiO3 .
Some ferroelectric ceramics have the tetragonal
potassium–tungsten bronze type of structure with
the common chemical formula: A6 B10 O30 or
AB2 O6 . Others have a layered structure and common chemical formulae: A2 B2 O7 , A2 Bi2 B3 O12 ,
ABi2 B2 O9 , A3 Bi2 B4 O15 , etc. Another group alternates perovskite-type layers of oxygen octahedra with layers of (Bi2 O2 )2+ , where the number
of perovskite layers usually varies from two to
ﬁve. There are also materials featuring a structure

similar to pyrochlore, with the common chemical formulae: A2 B2 O7 , A2 (BI BII )O6 , those with
a pseudoilmenite structure, ABO3 , etc. Since ceramics are agglomerates of randomly arranged
crystallites they appear isotropic in their properties. These properties depend quite strongly
on the ratios between the different crystalline
phases, the ratio between the relative distribution
of crystalline phases and the intercrystallite layers, on the stoichiometric composition of the basic
phase, the nature of impurities and doped additions that are introduced, the choice of production
and processing technologies and regimes. For example, a BaTiO3 ﬁne crystallite ceramic with
grain size below 1 μm exhibits a relative dielectric constant ε ∼ 3000–5000 which is 2–3 times
higher than that found in common ceramic samples with grain sizes of 20–100 μm. The dielectric
constant of these materials varies only slightly
with temperature, which is promising for building
compact ferroelectric ceramic capacitors. Adding
oxides of certain elements (e.g., Sn, Zr, Bi, Ca
and other compounds based on them) results in a
signiﬁcant broadening diffusion of the phase transition. Compounds, solid solutions, and heterogeneous mixtures with a diffuse phase transition
serve as a basis for numerous ferroelectric ceramic capacitor materials with signiﬁcantly nonlinear properties within broad temperature (−60
to 85 ◦ C) and frequency (103 –107 Hz) ranges.
The parameters of certain ferroelectric capacitor materials are summarized in Table 1. Materials with high nonlinearity produced by orientational polarization (see Polarization of insulator) are widely used to produce various nonlinear
ferroelectric elements. Solid solutions based on
BaTiO3 , SrTiO3 , PbTiO3 yield a basis for producing capacitor ferroelectric elements controlled by
either an alternating or a direct electric ﬁeld, the
so-called variconds. Using ferroelectric ceramics
with intergranular layers, such that the composition and structure of phases at the grain surface
and inside it are different, makes it possible to
reach ultrahigh values of ε (up to 50,000). Ferroelectric materials reduced in an atmosphere of
dry hydrogen or doped with oxides of rare-earth
elements feature a low speciﬁc resistance (10−3 –
102 ·m) and are semiconductors. Using semiconducting ferroelectric ceramics of BaTiO3 with
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Table 1. Ferroelectric ceramics
Ceramic
type

Dielectric
constant ε at
a temperature
of 20 ± 5 ◦ C

Relative variation in dielectric
constant ε, %

Relative variation
in reversible dielectric constant
εr , %

T-900
T-2000
SM-1
T-8000

900
2000
4000
8000

±30
±20
±70
–

±10
±10
±30
±30

Dielectic loss
tangent at two
temperatures
85 ◦ C
25 ◦ C
0.002
0.025
0.03
0.003

–
–
0.02
0.02

Resistivity
ρ, G·m at
100 ± 3 ◦ C
0.1
0.1
0.1
0.1

Electrical
strength E,
MV/m
5
4
3
3

Notes:
1. The relative changes in the dielectric constant ε are its changes in the temperature interval −40 ◦ C to +85 ◦ C
compared to ε at a temperature of 20 ± 5 ◦ C.
2. The relative change in the reversible dielectric constant εr is the change in ε with the applied electric ﬁeld growing
from 0 to 0.5 MV/m.

surface barriers or insulating layers several micrometers thick one may manufacture low-voltage
capacitors with a maximum speciﬁc capacity of
about 3 μF/cm3 . Semiconducting ferroelectric ceramics display a positive thermal resistance factor, and are used to produce a particular type
of thermal resistors – posistors. The nonlinear
current–voltage characteristics of semiconducting
ferroelectric ceramics make it possible to build
varistors with relative resistance variation to voltage variation ratios that exceed the value of 3. Ferroelectric materials with a high pyrofactor value
serve as a basis for various pyroelectric transformers. The operative spectral range of such devices
is quite wide, stretching from the far IR to shortwave X-rays and γ -rays. Some of the materials
found among pyroelectric ferroelectric ceramics
(see Pyroelectric materials) are solid solutions of
PbTiO3 –PbZrO3 (PZT); their composition usually corresponding to the morphotropic region,
in which the tetragonal and rhombohedral phases
coexist. Their pyrofactor, as well as many other
factors reach their maximum values there. The extreme compositions of either PbTiO3 or PbZrO3
differ in their properties: the former is ferroelectric (tetragonal structure), while the latter is antiferroelectric (rhombohedral structure). The morphotropic region in the mixture (PbTi1−x Zrx O3 )
is of the order of x and reaches 0.15 at around
the 50% composition. One may separate the ferroelectric ceramics used to fabricate electrooptical devices into speciﬁc types. The electroopti-

cal ferroelectric ceramic most thoroughly studied
and most widely used is zirconium–titanium–lead
(PZT), modiﬁed with lanthanum (PLZT). To obtain highly uniform and defect-free electrooptical
ferroelectric ceramics, one uses the techniques of
joint chemical precipitation from solutions, followed by hot pressing. Such electrooptical ferroelectric ceramics feature high transparency, and
exhibit pronounced electrooptical effects.
Using ferroelectric ceramics one may produce
polar-anisotropic textures (with a predominant orientation of the elementary electric moments of
crystal grains, or of separate grain regions). Such
textures exhibit piezoelectric properties. Ceramics with high piezoelectric parameters are usually
called piezoelectric ceramics. To produce piezoelectric ceramics, solid PZT solutions as well as
solid solutions based on BaTiO3 and NaNbO3
are used, with compositions close to the ferroelectric morphotropic region. Certain piezoelectric
ceramic materials with properties meeting various
piezoelectric instrumentation requirements have
been perfected. High workability, availability of
raw materials, possibility of task-speciﬁc alteration of their electrophysical properties, and reproducibility in samples of varying size and shape,
provide ferroelectric materials with a wide range
of applications in various branches of technology.
FERROELECTRIC DOMAINS

Separate regions differing in their spontaneous
polarization direction, into which an ideal crystal
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breaks up at a transition to the ferroelectric state
in the absence of external inﬂuences. Since the polarization direction (see Polarization of insulator) is
determined by the crystal symmetry, the magnetic
domain structure is characteristic for each particular crystal lattice. For example, in BaTiO3 the angle between ferroelectric domain polarization vectors can equal either 90◦ or 180◦ (called 90◦ - and
180◦ -domains, respectively) whereas in triglycinesulfate and ferroelectrics such as KH2 PO4 only
180◦ -domains are found. A typical width of a ferroelectric domain is of the order of 10−4 cm.
From the crystallographic point of view, ferroelectric domains are similar to twins, where the
elements of twinning of crystals are symmetry elements lost at the transition to the ferroelectric
phase. Therefore, the macroscopic crystal symmetry of the crystal broken into ferroelectric domains
resembles the symmetry of the non-ferroelectric
phase.
The formation of ferroelectric domains is due
to the decrease of crystal free energy in the
many-domain state. To determine the ferroelectric domain geometry one should minimize the
total crystal free energy, including the depolarization energy that depends on the sample shape,
and the domain wall energy. If the depolarization ﬁeld is compensated (e.g., in good conducting
ferroelectrics), the free energy minimum can correspond in the absence of defects to that of a
single-domain conﬁguration.
In imperfect crystals, defects of various types
inﬂuence the formation of ferroelectric domains.
For example, in the case of a rst-order phase transition the defects determine both the locations of
new phase seed nuclei, and the spontaneous polarization direction in them. A mismatch of the
polarization directions in individual seed nuclei
can also result in the formation of ferroelectric domains.
The geometry of ferroelectric domains is rather
complicated, and depends on many factors, including the crystal symmetry, electrical conductivity,
conﬁguration of defects, values of spontaneous
polarization, elastic and dielectric susceptibilities,
and also the prior history of the sample.
FERROELECTRIC DOMAIN SPLITTING
See Domain splitting in ferroelectrics.

FERROELECTRIC DOMAIN STRUCTURE

A system of uniformly polarized regions in a
ferroelectric material (domains). The cause of the

formation a domain structure during the process
of transition from a paraelectric phase to a ferroelectric phase (a polar one) is the appearance of
the polarization ﬁeld due to a jump of spontaneous
electric polarization. The depolarization ﬁeld increases the crystal free energy (see Thermodynamic potentials). In addition to the spontaneous
polarization shielding by free charges, the decisive
role belongs to the division of the sample into domains. The shape and the equilibrium dimensions
of domains are determined by a competition between the depolarization ﬁeld energy and the energy of the domain walls (boundaries) that divide
the domains. The relative orientations of polar axis
in neighboring domains as well as the direction of
the domain wall are determined by the crystal symmetry group in the paraelectric and ferroelectric
phases. There are single-axis and multi-axis ferroelectrics that have either two antiparallel directions or several directions of spontaneous polarization, respectively (see Ferroelectricity). In these
crystals domain structures occur with antiparallel orientation of the spontaneous polarization, as
well as domains with spontaneous polarization
directions at certain angles (90◦ , 60◦ etc.) with respect to each other. These angles are often used
to designate the corresponding domains and domain walls. For layer-shaped samples the concepts
of s-domains (direction of spontaneous polarization normal to the plane) and a-domains (parallel
arrangement of polar axis in the plane) are introduced. The domain structure can be changed by
applying an external electric ﬁeld. Various methods are employed for domain structure detection.
The most efﬁcient are optical methods based on
the difference between optical parameters of the
crystal along different crystallographic directions.
For multi-axis crystals, a widely used method is
the observation of transmitted polarized light. In
crystals such as lead germanate, the domain structure is observed through the dependence of the
rotation of light polarization plane on the polar axis
direction.

FERROELECTRICITY INDUCED BY IMPURITIES

FERROELECTRICITY

The complex of effects associated with the
presence of a spontaneous polarization Ps in a material, or the ﬁnal value of the polarization of an
insulator that arises irrespective of the presence of
an external electrical ﬁeld E, but can change its
direction under action of this ﬁeld. The value of
Ps for some ferroelectrics can range up to hundreds of μC/cm2 . Upon heating Ps decreases,
and at the Curie point TC it disappears when a
phase transition to the paraelectric phase takes
place, and the crystal lattice symmetry changes.
In the polar phase below TC the ferroelectric
is divided into separate regions called domains
with differing directions of Ps so that the overall polarization of the crystal remains close to
zero. The Ps originates from the displacements
of ions from their initial lattice sites in displacive
type ferroelectrics, and it arises from the ordering
of atomic groups with electrical dipole moments
in order–disorder type ferroelectrics (see Ferroelectrics). At a second-order phase transition the
second derivative of the thermodynamic potential
exhibits anomalies: also the dielectric susceptibility, dielectric constant, speci c heat, coefﬁcient
of thermal expansion, elastic modulus, piezomodulus, pyroelectric coefﬁcient, electrooptic coefﬁcients, etc. At a rst-order phase transition, besides
the distinct changes of the above mentioned quantities, the ﬁrst derivative of the thermodynamic
potential has a discontinuity: Ps , the volume, the
entropy, and the birefringence are discontinuous,
latent heat is released, etc. In ferroelectrics with
a domain structure (multidomain ferroelectric) an
applied ﬁeld E brings about its polarization not
only due to elastic displacements of atoms and
their electronic shells, but also due to the reorganization of the magnetic domain structure, which
proceeds by way of the formation and penetration
of domain germ nuclei with Ps close to the direction of E, and transverse motions of domain
walls. The dependence of the ferroelectric polarization on E exhibits hysteresis at increasing and
subsequently decreasing E, therefore, after removal of the ﬁeld the crystal retains a remanent
polarization. The ferroelectric phase transition is
the result of instability of the crystal lattice with
respect to a certain soft mode of lattice vibrations. Namely, in an intrinsic ferroelectric phase
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transition (where the order parameter is proportional to Ps ) the frequency of the polar transverse
optical mode tends to zero as it approaches the
transition to the ferroelectric phase, and the mode
condenses at the center of the Brillouin zone at
TC causing Ps to appear. At an extrinsic phase
transition the transition parameter is not proportional to Ps , but rather to a quantity with other
transformation properties, and Ps appears as a secondary effect because of the interaction of the soft
mode responsible for the transition with the polar
mode. The transition parameter can be nonuniform
across the crystal and vary with a certain period,
generally incommensurat with the lattice parameter. Such phases are referred to as incommensurat
phases. Several hundred compounds are known to
possess ferroelectric properties. Among them ferroelectrics with the perovskite type structure are
the most important for engineering applications.
Ferroelectrics are used as capacitor, piezoelectric, pyroelectric, electrooptic, and electrostrictive
compounds.
FERROELECTRICITY INDUCED BY
IMPURITIES

Ferroelectric ordering of dielectric crystals
caused by the introduction of impurities. It was
observed in KTaO3 crystals with Na, Nb, Li impurities, in PbTe with Ge impurities, and in other
strongly polarized insulators possessing phonon
soft modes. A characteristic of ferroelectricity is
the concentration dependence of the phase transition temperature TC , and at an impurity concentration of several percent TC ∼ 100 K. The simplest
physical mechanism for inducing ferroelectricity
is the changing of the unit cell dimensions by inserting impurity ions. Since in weak but strongly
polarized lattices there is almost complete neutralization of the long-range attractive forces between
ferroactive ions in different cells, and a shortrange repulsion of adjacent ions, even a small
change of lattice constant can disturb this balance
and lead to complete neutralization. This makes
the frequency of the soft mode vanish, that is,
it induces a ferroelectric phase transition. In the
above compounds, adding impurities can result
in a decrease of the unit cell dimensions. However, decreasing the unit cell size under hydrostatic
pressure causes a decrease in the dielectric constant, and the crystal is no longer ferroelectric.
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FERROELECTRICITY, VIBRONIC THEORY

The ionic radius of the impurities causing the
decrease of the lattice constant of the crystal is
smaller than that of matrix atoms. In this situation, the impurity ions, as a rule, become noncentral ions and generate impurity electric dipole
moments in an ionic crystal. The electric dipole–
dipole interaction forces result in the ferroelectric
ordering of dipoles. The spatial dielectric dispersion that is usually signiﬁcant in media with large
polarizability enhances the possibility of ferroelectric phase transitions in similar compounds.
The presence of spatial dispersion characterized
by the correlation radius of the polarization rc
changes the effective potential of the dipolar coupling, so that interaction between impurities that
are located at distances r < rc from each other
appears to be chieﬂy ferroelectric, and more longrange than the usual dipole–dipole interaction.
Owing to this long-range action, conﬁguration
ﬂuctuations of local ﬁelds (destroying the ferroelectric phase transition in weakly polarized,
e.g., in alkali-halide crystals) decrease, and longrange order can appear in the system under certain
conditions (see Long-range and short-range order). Such a phase transition is accompanied by
the emergence of a spontaneous polarization (see
Ferroelectricity) connected with displacements of
lattice atoms, since oriented dipole moments polarize the lattice.
The theoretical description of phase transitions
in ferroelectrics with impurities (disordered ferroelectrics) differs from that of phase transitions in
ordered crystals similar to BaTiO3 or KH2 PO4 .
The molecular eld theory is applicable to the latter but not to the former, since the local ﬁeld
ﬂuctuations are large in impurity systems, and this
violates the conditions required for applying molecular ﬁeld theory.
The thermodynamic mean l of the electric
dipole moment directions of impurities, averaged
over the conﬁgurations of impurities (indicated
by the overhead bar) L = l deﬁnes the relative
number of coherently oriented electrical dipole
moments, and can be chosen as the order parameter of the ferroelectric phase transition. The
quantity L obeys the self-consistent equation

L = dE f (E, L)lE ,
(1)

where f (E) is the random ﬁeld distribution function (see Random potential) of E exerted on
the ith dipole by the nearby impurities: f (E) =
δ(E − Ei ), δ(x) is the Dirac delta function, and
lE deﬁnes the mean value of the electric dipole moment of the random ﬁeld. The molecular
ﬁeld approximation corresponds to the substitution f (E) = −δ(E − Ei ). Under this approach,
ferroelectric order always exists at low temperatures. However, thermal ﬂuctuations can result in
the smearing of the δ-function, so the solution with
L = 0 does not always exist. It is precisely the
thermal ﬂuctuations that lead to the suppressing
of the ferroelectric phase transition in alkali-halide
crystals. Eq. (1) allows one to calculate the critical
impurity concentration ncr above which the ferroelectric phase transition induced by off-center
ions (ncr rc3 ∼ 10−2 ) is activated. At concentrations lower than this critical value, the dipole glass
state exists.
FERROELECTRICITY, VIBRONIC THEORY
See Vibronic theory of ferroelectricity.
FERROELECTRIC LIQUID CRYSTALS
Liquid crystals with spontaneous polarization
(see Ferroelectricity) that varies under the inﬂu-

ence of an external electric ﬁeld. These crystals
were predicted by R. Meyer (1975) and detected
by him and his collaborators in 1977. Unlike in
solids, spontaneous polarization in liquid crystals
does not arise from dipole–dipole interactions, but
rather is usually due to a short-range steric interaction. Dipolar ordering can arise in a smectic
C∗ -phase (see Smectic liquid crystal), consisting of
chiral (see Chirality) molecules with long axes inclined at an angle relative to the smectic layers.
In this case, the rotation of molecules around long
axes is restricted, and the spontaneous polarization P is directed perpendicular to the plane of
the molecule tilt. Hence, dipolar ordering arises
as a side effect of a steric interaction. The value
P ≈ 10−6 –10−4 C/m2 is proportional to the order parameter of the molecular short axis. Possible
uses of ferroelectric liquid crystals are in information handling devices, imaging, and recording,
because they ensure liquid crystal device performance times in the range 10−6 –10−3 s (see
Optical techniques of information recording).

FERROELECTRIC PHASE TRANSITION

FERROELECTRIC PHASE

Crystallographic modiﬁcation of a ferroelectric existing in a particular temperature range, and
exhibiting spontaneous polarization which is temperature-dependent, and can be reoriented by an
externally applied electric ﬁeld (see Ferroelectricity). The ferroelectric phase passes into the paraelectric phase above a temperature TC called the
Curie point by analogy with ferromagnets.
Most ferroelectrics have only one Curie point.
The transition to the ferroelectric phase takes
place at a temperature below the melting point.
For some ferroelectrics (e.g., Rochelle salt,
NaKC4 H4 O6 ·4H2 O) the ferroelectric phase is
bounded by upper (24 ◦ C) and lower (−12 ◦ C)
Curie points. Materials in the ferroelectric state
generally exhibit a ferroelectric hysteresis loop
(see Polarization switching), and in the case of
unipolar ferroelectrics there is a pyroelectric effect.
FERROELECTRIC PHASE TRANSITION
A structural phase transition in crystals involv-

ing the appearance of spontaneous polarization P
(electric dipole moment per unit volume), and the
pyroelectric effect which appears if the sample is
heated in the temperature range below the transition (T < TC ) when an electric ﬁeld is present
in it. At the transition some ions are displaced
from their equilibrium positions in the structure
of the more-symmetric phase (paraphase, or paraelectric phase) so that an electric dipole moment,
and hence bound surface charges, appear in the
crystal. This charge is usually compensated by
incoming free charges, and since its value depends on the lattice constant, the compensation
is disturbed by heating. The origin of the ferroelectric phase transition involves the softening
and loss of stability of certain oscillatory or relaxation lattice modes. The transition is accompanied
by features of the static dielectric constant ε and
a number of other variables. If at the transition
a polar mode loses stability then it is ordinarily convenient to select the polarization P as the
order parameter, and the transition is called an
intrinsic ferroelectric phase transition. The polar
mode is softened at the Brillouin zone center, and
the temperature dependence ε(T ) has a singularity of the type C/(T − TC ) (Curie–Weiss law).
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An extrinsic ferroelectric phase transition is related to the loss of stability of a nonpolar mode
with which the polar one interacts; as a result of
this effect, spontaneous polarization appears below TC . Thus ε is not a critical susceptibility,
and one ordinarily observes only a “weak” singularity on the diagram of the ε(T ) dependence,
e.g., a discontinuity. A ferroelectric phase transition can be either ﬁrst order or second order, and
can also be differentiated into a displacive type
transition or an order–disorder type transition. Let
V (Q) be a single-particle potential for a change
in the position Q of the ion which is related to
the transition, so that Q is a relevant collective
coordinate. Usually V (Q) is of the form of two
troughs or wells separated by a potential barrier
of height V . If V exceeds the interaction energy Uint of displaced ions in different elementary
unit cells then the polarization P is induced at a
temperature below TC because of a preferential
redistribution of ions in various potential wells,
and an order–disorder phase transition takes place.
If V < Uint the presence of the barrier is not
relevant, at the transition point the displacement
of the participating ions begins, and a displacive
type transition occurs. An example of a proper
displacive type ferroelectric phase transition occurs in barium titanate BaTiO3 from a cubic phase
to a tetragonal one at 393 K. In triglycinesulfate
(TGS), (CH2 NH2 COOH)3 H2 SO4 and potassium
dihydrogen phosphate (KDP), KH2 PO4 , intrinsic order–disorder ferroelectric phase transitions
are realized. The Curie–Weiss constant C for
order–disorder transitions is signiﬁcantly smaller
than that for transitions of the displacive type:
C = 170,000 K for BaTiO3 , 3200 K for TGS
and 3500 K for KDP. A whole sequence of ferroelectric and other structural phase transitions
sometimes take place in a single compound (e.g.,
BaTiO3 ). Usually, the critical region at a ferroelectric transition is sufﬁciently narrow; so it is
meaningful to take into account only the ﬁrst-order
ﬂuctuation corrections of the Landau theory of
second-order phase transitions. However, the introduction of defects into the crystal can expand
the width of the ﬂuctuation region, and modify the
transition or bring about its disappearance.
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FERROELECTRICS

FERROELECTRICS
Crystalline insulators (or semiconductors)
which exhibit ferroelectricity. Ferroelectrics may

be divided into two types: displacive ferroelectrics
and order–disorder ferroelectrics, depending on
the shape of the single-particle potential of their
ions.
Displacive type ferroelectrics are characterized
by low anharmonicity of their single-particle potential, so that their ferroelectrically active ions
are found in a single-well potential in the paraelectric phase. Within the harmonic approximation,
the dynamics of their lattice may be described
in terms of phonon modes. Their crystal lattice
is stable with respect to minor deformations provided all the normal phonon modes have real
frequencies. In certain ionic or partially ionic crystals, the frequency ω0 (q) of one of the polar
lattice modes may turn purely imaginary in the
harmonic approximation, thus resulting in a ferroelectric phase transition of the displacive type
(if q = 0). The imaginary nature of ω0 (q) is
a corollary of the fact that the harmonic force
constant in ionic crystals, and therefore ω02 (q),
contains two contributions with opposite signs
– short-range repulsive forces between ions and
long-range Coulomb forces. If the square of the
harmonic frequency ω02 (q) is negative for a given
normal mode, as a result of compensation between
short-range repulsive and long-range attractive
forces, anharmonic interactions will stabilize the
system above the Curie point TC . Taking into account the oscillation anharmonicity effects in the
quasi-harmonic approach yields a value of the observed quasi-harmonic frequency that is real and
positive, however, it depends on the temperature,
and the anharmonic contribution drops as the temperature decreases. The frequency of the so-called
soft mode decreases down to zero at the approach
to the Curie point, with the Cochran relationship
(W. Cochran) observed, ω02 (q) = k(T − TC ). The
low-temperature phase structure is determined by
frozen displacements corresponding to the soft
mode.
Order–disorder type ferroelectrics are characterized by strong anharmonicity of the singleparticle potential (see Fig.). Owing to this effect,
ions (or radicals) determining the crystal polarization can be located in two or more equilibrium positions, displaced relative to centrally symmetric

Sketch of single-particle potential in ferroelectrics of the
order–disorder type (Ω is the tunnel splitting).

positions in the unit cell. Above the ferroelectric
phase transition temperature TC these positions
are statistically uniformly populated, however, below TC a spontaneous population asymmetry appears, resulting in polarization of the crystal. Such
cases are encountered frequently, e.g., in crystals
with hydrogen bonds such as potassium dihydrogen phosphate (KDP), KH2 PO4 , where the
proton can move between two equilibrium positions (see Fig.) in a hydrogen-bond potential.
The proton position on the bond is usually described in terms of a pseudospin operator that is
the usual S = 1/2 spin operator used for quantum
two-level systems. As in displacive type ferroelectrics, the phase transition in systems of the
order–disorder type can be expressed in terms of
a soft mode. It is not phonons, however, but rather
unstable pseudospin waves that are represented
in this case of weak oscillatory excitations. The
pseudospin mode is present in order–disorder type
ferroelectrics, in addition to usual phonon modes
arising from harmonic lattice oscillations. There is
another important distinction between displacive
and order–disorder systems in respect to soft mode
dynamics. In displacive type systems, the soft
mode always has a resonant nature, although it can
be highly damped. In order–disorder type systems
the imaginary part of the soft mode frequency is
always nonzero, and the real part is not zero except for a strongly split ground states determined
by tunneling (as shown in Fig.); otherwise the system response has a relaxation but not a resonant
nature. This takes place in ferroelectrics similar to
NaNO2 or triglycinesulfate that are characterized
by negligible tunneling. The resonant nature of the
response has been detected in crystals similar to
KH2 PO4 characterized by strong tunneling.

FERROMAGNET

FERROELECTRICS, QUANTUM
See Quantum ferroelectrics.
FERROELECTRICS, VIRTUAL
See Virtual ferroelectrics.
FERROFLUID, magnetic liquid

A liquid with pronounced magnetic properties,
primarily with a relatively large magnetic susceptibility, χ (viz., with χ larger than is typical
for paramagnets or other weak magnetic materials, which typically have χ ∼ 10−9 –10−4 ).
Homogeneous liquid ferromagnets have yet to
be found, and ferroﬂuids are only exempliﬁed
by colloidal solutions of small (10−4 –10−6 cm)
ferromagnetic particles (as a rule, single-domain
particles; sometimes magnetic liquid particles exhibit superparamagnetism). Ferroﬂuids with χ up
to 10−1 are stable colloidal systems, which reach
a saturation magnetization of up to 3.5 mT with a
magnetizing ﬁeld up to 1 T. Ferroﬂuids are used
to make magnetically controlled mechanical devices (magnetic clutches and couplings, etc.), in
magnetic defectoscopy, and for magnetic domain
characterization by the magnetic powder pattern
method.
FERROICS

General name for materials which, below the
Curie point or in some temperature range, ex-

hibit spontaneous reorientable physical quantities
described by tensors of ﬁrst rank (spontaneous polarization (see Ferroelectricity), spontaneous magnetization), second rank (spontaneous strain) or
higher rank (e.g., piezoelectricity, elastic constants
(see Elastic moduli), etc.). In the ferrophase ferroics may become subdivided into orientation
states (domains) with different directions of the
vector order parameter (director). In speciﬁc physical situations the entire crystal of a ferroic may
be in an uniform orientational state (with a uniform direction of the vector order parameter). If
switching a crystal from one orientational state to
another is carried out under the inﬂuence of one
of the physical ﬁelds, the material corresponds to
ﬁrst-order ferroics, which include ferroelectrics,
piezoelectric materials and ferroelastics. If the
switching of the crystal may be performed only
under an action involving two ﬁelds (e.g., electric ﬁeld and mechanical stress, magnetic ﬁeld
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and mechanical stress, magnetic ﬁeld and electric
ﬁeld, etc.), such materials correspond to secondorder ferroics (e.g., NH4 Cl, CoF2 , Cr2 O3 , SiO2 ,
etc.). There also exist ferroics of higher orders.
FERROMAGNET

A material exhibiting ferromagnetism: below
the transition temperature (Curie point TC ) the
average values of the magnetic moments of ferromagnetic materials are oriented parallel to each
other, thereby producing strong spontaneous magnetization Ms . It is necessary to differentiate ferromagnets from the other magnetically-ordered materials with Ms = 0, e.g., from ferrimagnets, and
from magnetic materials with modulated magnetic
structures, although some of their macroscopic
parameters may be similar (see Atomic magnetic
structure). A large number of ferromagnets is
known (see Table 1), many of which are metals,
their alloys, or intermetallic compounds.
Among the chemical elements the 3d- and
4f -metals included in the table are ferromagnets (see Ferromagnetism of metals and alloys).
Also some insulating ferromagnets are known,
such as the ionic crystals EuO, EuS, CrBr3 , etc.,
which usually exhibit an indirect exchange interaction through the ions S, O, or Se, as is the case
for ferrimagnets. Insulator ferromagnets are often
transparent, with magneto optical effects observed
in them. Ferromagnets are widely used in modern
engineering (see Magnetism, Magnetic materials).
Table 1. Curie temperature TC and spontaneous magnetization Ms of some ferromagnets
Material

TC , K

Ms (T = 0), G

Fe
Co
Ni
Gd
Tb
Dy
MnAs
CrBr3
EuO

1043
1338
627
293
219∗
85∗
313†
33
69

1740
1446
510
2100
2713
2910
870
270
1910

∗ Point of transition to a simple helical structure.
† First-order phase transition with pronounced hystere-

sis.

458

FERROMAGNETIC RESONANCE

FERROMAGNETIC RESONANCE
Selective absorption by a ferromagnet of the

electromagnetic wave energy at frequencies (usually microwaves), which coincide with the intrinsic precession frequency of the ferromagnet magnetic moment (see Larmor precession); a variety of
electron magnetic resonance. Ferromagnetic resonance involves the resonance precession of the
magnetization Ms of a ferromagnet in the effective magnetic ﬁeld Beff , which is determined by
the magnetic anisotropy, by the magnetoelastic
interaction constants, and by the demagnetization ﬁelds. The latter dependence means that Beff
depends on the shape of the sample (see Demagnetization factor tensor). The presence of the domain
structure complicates ferromagnetic resonance.
Unlike electron paramagnetic resonance, in
the case of ferromagnetic resonance the electron
spin moments (see Spin) of the sample atoms,
due to their strong exchange interaction with each
other, perform vibrations in unison, and the presence of spontaneous magnetization in the sample
causes the local magnetic ﬁeld to differ from the
external applied ﬁeld. Some generators and ampliﬁers in the UHF range, frequency transformers,
and other UHF devices are based on the phenomenon of ferromagnetic resonance.
FERROMAGNETISM (fr. Lat. ferrum, iron, and
magnetism)
Magnetically ordered state of a material (ferromagnet) where the average values of the magnetic
moments of all the atoms (ions) are oriented in
parallel due to the exchange interaction. The or-

dering occurs at temperatures T below the Curie
point TC (see Magnetic phase transitions). For
ferromagnets the existence of spontaneous magnetization Ms (T ) in each individual domain in
the absence of an external magnetic eld B is
a characteristic property, the value of Ms reaching a maximum at T = 0, and going to zero at
T = TC . The dependence of the overall or net
magnetization M on the external ﬁeld B (magnetization curves) has a fairly complex nature due
to its existence in the equilibrium (demagnetized)
state of the magnetic domain structure. In this state
at B = 0, prior to having placed it in an applied
magnetic ﬁeld, the total magnetic moment of the
sample arises from the cancellation of the magnetic moments of different magnetic domains, and

the average magnetization M is zero. Small ferromagnetic particles may be too small to split into
domains, so they become single-domain particles.
The single-domain state, which is a metastable
state, may also exist in bulk ferromagnetic samples.
In single-domain samples, and in individual
component domains of bulk samples, the magnetization is oriented along an easy magnetization
axis. Upon magnetization along this axis, due to
the growth and merging of energetically favorable domains, the magnetization of the sample
M may grow very fast and even reach the nominal saturation value of Ms in very weak ﬁelds, in
this case the magnetic susceptibility χ = M/H
reaches values up to 106 . The same situation may
also occur in polycrystals, high values of χ make
ferromagnetism useful in electrical engineering
applications (see Soft magnetic materials). During
the magnetization of a ferromagnetic monocrystal
along a hard magnetization axis domain magnetization rotation processes play the main role, and
the susceptibility is lower, of the order of Ms /HA ,
where HA is the anisotropy ﬁeld (see Magnetic
anisotropy), i.e. the values of χ are quite low for
some anisotropic magnetic materials, but they may
also be higher for weakly anisotropic materials.
In ferromagnetic materials magnetized up to saturation the variation of the magnetization takes
place due to the paraprocess (the corresponding susceptibility is low). The above-mentioned
magnetizations are related to the magnetic susceptibility relative to the internal magnetic ﬁeld H i ,
which differs from the external magnetic ﬁeld H e
due to demagnetization elds. The connection between H i and H e is determined by the sample
shape, their values being close only for particular types of geometry (see Demagnetization factor
tensor).
Upon increasing the magnetic ﬁeld the value
of M tends to Ms , i.e. the magnetization curve
is sharply nonlinear. Ferromagnetism is characterized by magnetic hysteresis so M depends on the
history of the sample, i.e. the connection of M
with He and other external parameters (temperature, pressure, etc.) is multivalued. Due to this
fact a ferromagnetic material can possess a magnetic moment (remanent magnetization) even for
the applied ﬁeld He = 0, hence it may be used
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as a permanent magnet (see also Hard magnetic
materials). During a variation of the magnetization of a ferromagnetic material its dimensions and
size vary slightly (see Magnetostriction), and in the
adiabatic case the temperature may also change
(see Magnetocaloric effect). In addition anomalies
are observed in some nonmagnetic properties of
the material: elastic moduli, speciﬁc heat, thermal
expansion coefﬁcient, etc.; the maxima of these
singularities occur in the vicinity of TC or at the
positions of other phase transitions.
FERROMAGNETISM OF METALS AND ALLOYS
Phenomenon of ferromagnetism observed in
three of the 3d-transition metals (Fe, Co, Ni), in
six of the 4f -transition metals (lanthanides, rareearth elements: Gd, Tb, Dy, Ho, Er, Tm), in a

series of alloys (ordered as well as amorphous),
and in intermetallic compounds. They may be classiﬁed according to the electronic structure of the
component atoms:
(1) Alloys of the d- and f -transition metals with
each other: (a) pure ferromagnetic transition
metal alloys (Fe–Ni, Co–Ni, Fe–Co–Ni, Fe–
Gd, Gd–Dy, etc.); (b) transition metal ferromagnetic materials with antiferromagnetic
and paramagnetic metals (Fe–Cr, Ni–Ti, Co–
Pt, Gd–V, Y–Ni, etc.); (c) transition antiferromagnetic metals with transition paramagnetic
metals (Cr–Pt, Mn–Pt, etc.).
(2) Alloys of transition metals with normal (nonmagnetic) elements: (a) transition ferromagnetic metals with normal elements (Ni–Cu,
Co–Ag, Fe–Al, etc.); (b) transition 3d-antiferromagnetic metals (Mn, Cr) with normal
metals (Heusler alloy types): Cu2 MnM, where
M = Sm, Al, Ge, Zn, As, In, etc., and also
Mn4 N, Mn–Au, Mn–Bi, Mn–Te, etc.; (c) transition paramagnetic metals with normal elements (Zr–Zn, Sc–In, Au–V, etc.).
In the ferromagnetic alloys and intermetallides
a transition metal having an unﬁlled internal d- or
f -shell with an uncompensated spin and orbital
magnetic moment (Hund rules) can be one of the
components. The d-electron wave functions in the
crystal overlap considerably, which can lead to the
bonding or delocalization of these electrons. For
deep lying f -electrons there is no such overlap, so
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they are localized within the atom of the crystal in
almost the same way as in an isolated atom.
In the theory of ferromagnetic metals there
are two main approaches: for d-electron ferromagnetic metals there is the model of delocalized electrons or band magnetism (Frenkel, Bloch,
Stoner, Moriya, et al.), for f -electron ferromagnetic metals there is the model of localized electrons (see Heisenberg magnetism). The fact that
in the ferromagnetic metals Fe, Co, Ni the average
magnetic moment (in Bohr magneton units μB :
Ps = Ps  = Ms /(nμB ), where n is the number
of atomic magnetic moments per unit volume) is
less than that in the isolated atoms, and in addition they have fractional values such as 2.2, 1.7,
0.6 instead of the corresponding 4, 3, 2 values
in the isolated atoms, gives support to the model
of delocalized electrons. Further support is the
high value of the low-temperature electronic speci c heat of transition metals compared to normal
metals. In the case of d-electron metals and alloys the magnetic properties are determined only
by the spin magnetic moment of the d-level, because the orbital moments are “quenched” and the
coupling between spin and orbital components of
the d-electron angular momentum in the level is
broken by the strong crystalline electric ﬁeld (ligand ﬁeld), therefore the exchange interaction acts
between the individual electrons with spin J =
S = 1/2. Fig. 1 shows that for the d-electron ferromagnetic metals the theoretical dependence of
the magnetization on the temperature Ms (T ) calculated for J = 1/2, coincides most closely with
experiment.
The magnetism of the delocalized electrons
may be described by the single-electron approximation. A free electron in the periodic crystal e ld,
taking into account only its interaction with the
electric ﬁeld of the ion cores (neglecting dynamic
electron correlation) has a standard band theory
spectrum which consists of bands of ﬁnite width,
separated by the forbidden gap E, with a complex dispersion law E(p), only coinciding with the
quadratic form near “the bottom” and “the top”
of the bands. The external magnetic ﬁeld H in
a paramagnetic metal changes the distribution of
electrons with the spin projection values, equal to
+1/2 or −1/2 (i.e. up “+”, or down “−” spins):
the levels which were degenerate at H = 0 are
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Fig. 1. Dependence of the normalized magnetization
on the normalized temperature. Theoretical curves are
shown for spin J = 1/2, 1 and ∞.

Fig. 2. Shift of the density of states curves for spin up
(+ spin) and spin down (− spin) electrons in an applied
magnetic ﬁeld.

now split to two with the separation EH = 2μB H ,
and the density of state curves g + (E) and g − (E)
for “+” and “−” electrons will be shifted by EH ,
as shown in Fig. 2.
Electrons from the upper part of the subband
“−” with thickness EH /2 will transfer to the
upper part of subband “+”. Their number is
n = (1/2)g(EF )EH = g(EF )μB H , where
EF is the Fermi energy, and g(EF ) is the
density of electron states at the Fermi surface.
Thus the magnetization of an electron gas
has the value M = 2μB n = 2g(EF )μ2B H .
Within the framework of this approximation it
is possible to describe Pauli paramagnetism. The
Pauli–Dorfman susceptibility (W. Pauli, 1927;
Ya.G. Dorfman, 1924) of a Fermi gas is
χpm = M/H = 2μ2B g(EF ). In a ferromagnetic
metal the same shift of “+” and “−” subbands
occurs spontaneously, and at H = 0 under the effect of the molecular eld Hmol = N M, where
N is the molecular ﬁeld constant, which is the
main assumption of the Frenkel–Stoner theory
(Ya.I. Frenkel, 1928; E.C. Stoner, 1936). By
this the Fermi kinetic energy increases: Ekin =
(1/2) nEH = ( M)2 /(2χpm ), the exchange energy reduction is
Eexc = − MHmol /2 =
−N( M)2 /2 and the total energy balance is
( M)2 (1 − Nχpm )/(2χpm ), with its sign depend-

ing on the correlation between χpm and N −1 ,
the ferromagnetic state appears at χpm > N −1 or
at g(EF )A > 1, and A = N/(2μ2B ) (the Stoner
criterion). Therefore, an appreciable exchange energy A and a high value of g(EF ) are necessary
for ferromagnetism. It is also necessary to determine the origin of A. It is either due to direct d–d
exchange, to indirect exchange between the different groups of d-electrons, or through conduction
s-electrons. The development of the Stoner model,
which is correct in principle, but only qualitative,
occurs by specifying the calculations of the dispersion law and of the density of states g(E), and
by taking into account the electronic correlation
and the ﬂuctuations of the spin and charge density
of the magnetic ions. One of the difﬁculties of the
Stoner model lies in the impossibility of explaining the temperature dependence of χpm in many
ferromagnetic metals, which at T > TC is close
to the Curie–Weiss law, rather than following the
weak quadratic dependence of all paramagnetic
metals. Also some properties of weakly ferromagnetic metals, such as those of strong band
paramagnets of the ZrZn2 type with Ms /μB n,
which have a very small exchange displacement
of the “+” and “−” electron subbands (see Fig. 3)
compared to EF , are not understood.
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Fig. 3. Dependence of the atomic saturation magnetic moment on the number of electrons per atom.

At T < TC the magnetic properties are well explained by a correlated electron model, although
at T > TC the Curie–Weiss law is closely obeyed.
The same fact is observed for paramagnetic metals, close to ferromagnets (of Pt type). T. Moriya
developed a general theory of spin ﬂuctuations
which provides a uniﬁed description of ferromagnetic metals, ferromagnetic semiconductors and
insulators, including in the limit the models of delocalized and localized electrons (Moriya theory).
For a general approach to spin ﬂuctuations the
Rhodes–Wohlfarth curve (P.R. Rhodes, E.P. Wohlfarth, 1963) (see Fig. 4) provides the dependence
of Pc /Ps = Mc /Ms on TC for ferromagnetic metals, alloys and intermetallides. Here Ps and Pc are
the average atomic magnetic moments in the units
of μB , calculated respectively from Ms at T = 0,
and from the constant C in the Curie–Weiss law
under the assumption of localized magnetic moments, that is C = nμ2B Pc (Pc + 2)/(3kB ).
In the model of localized electrons Pc /Ps = 1,
and in the model of delocalized electrons Ps → 0,
which follows from the general theory of spin ﬂuctuations, and agrees with experiment (see Fig. 4).
The values of Pc /Ps are widely distributed along
the length of the curve. This points to the fact
that general theory of spin ﬂuctuations explains

the paradox concerning the Curie–Weiss law in
the model of delocalized electrons, and provides
a uniﬁed picture of ferromagnetic metals. In metals close to ferromagnets (Pd and Pt), due to
the exchange ampliﬁcation in the paramagnetic
state, local spin ﬂuctuations (paramagnons) are
formed which tend to be conserved, i.e. to pass
over to the state of “nuclear paramagnetism” or to
that of a paramagnet with exchange ampliﬁcation.
Yu.P. Irkhin et al. showed that the strong dependence χpm (T ) at T > TC in the ferromagnetic
metals may be explained by the sharp dependence
of the density of states g(E) near EF . This is important in the general theory of spin ﬂuctuations
because the spin ﬂuctuations themselves depend
strongly on the type of g(E). It is also necessary
to take into account the hybridization of s- and
d-bands (s–d exchange); there are some reasons
to think that the d-band in ferromagnetic metals is
split to two bands.
The reduction of Ms with the increase in
temperature at low temperatures follows from
the appearance of magnetic excitations, i.e. spin
waves (magnons). In the case of ferromagnetic
metals, in addition to the exchange of magnons,
Stoner type excitations are also possible. Magnons
lead to the Bloch law dependence Ms ∝ T 3/2 ,
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Fig. 4. Dependence of the ratio Pc /Ps of various materials on the Curie temperature TC .

and Stoner excitations lead to the parabolic dependence Ms ∝ T 2 . For weak ferromagnetic metals
the model of delocalized electrons leads to the
dependence Ms ∝ T 2 at not very low temperatures, T < 0.5TC .
The magnetic properties of ferromagnetic metals, alloys and intermetallides are caused by rareearth atoms, whose partly ﬁlled inner 4f -shells
which are shielded by surrounding outer closed
5s 2 5p6 shells determine the magnetic moment.
Unlike the d-metal case, these shells are not subjected to the effect of the surrounding ligand ﬁelds,
which quenches the orbital angular momentum
in d-metals. In 4f -metals the magnetic coupling
is small compared to the electrostatic ﬁelds, and
even relative to the spin–orbit interaction within
the shell, therefore the magnetic moment of a rareearth ion is determined by the sum of its spin and
orbital momenta. Thus for 4f -shells it is not possible to use the single-electron approximation, but

it is necessary to consider the many-electron system of a 4f -shell. Due to weak overlapping of the
wave functions of 4f -electrons of adjacent layers of the crystal lattice direct f –f exchange is
vanishingly small. Moreover, the values of TC in
ferromagnetic metals of the rare-earth elements
reach 300 K (in Gd), which is brought about
by the indirect exchange interaction with adjacent 4f -shells through the conduction electrons,
the so-called s–f exchange (Shubin, Vonsovski,
Zener, Ruderman–Kittel–Kasuya–Yosida interaction). The exchange integral Aind has an alternating sign, is a variable function of the distance r
between electrons with the dependence ∼ r −3 ,
and its maximum value is of the order of A2sf /EF .
The oscillating characteristic of the Ruderman–
Kittel–Kasuya–Yosida (RKKY) exchange interaction has been experimentally veriﬁed by nuclear
magnetic resonance. The long-range character of
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this interaction leads to the appearance of a helical or spiral magnetic atomic structure which is
observed in all the rare-earth ferromagnetic metal
elements except Gd. I.Ye. Dzialoshinskii developed a general theory of this phenomenon based
on the theory of second-order phase transitions,
taking into account the effect of the band structure of the rare-earth elements (shape of Fermi
surface).
Ferromagnetic alloys possess a great variety
of properties. Their values of TC and Ms depend
essentially on the concentration of magnetic components, and on the structure. The Slater–Polling
curve shown in Fig. 3 provides the dependence of
average atomic magnetic moment on the number
of electrons per atom, and we see that for Ni–Co
alloys the experimental points lie at the straight
line between the points with coordinates (1.7, 27)
and (0.6, 28), and the simple mixing predicted
by the model of localized electrons is observed.
For other alloys this model may not be observed,
e.g., for Ni–Cu. For this case it is not possible to
use the model of localized electrons, but rather
the model of delocallized electrons to account of
the shape of g(E). Partial atomic magnetic moments of the components of alloys are determined
by the method of magnetic neutron diffractometry. The magnetic properties of ferromagnetic
intermetallides, i.e. of chemical compounds with
integer proportions of the components, are more
complex. In the series of ferromagnetic alloys
(Cu–Mn, Fe–Al, Ni–Mn, et al.), particular compositions exhibit the spin glass state. With the
increase in concentration of the magnetic component ferromagnetic clusters may appear instead of
individual disordered spins, and these may form
an antiferromagnetic system with each other; this
state is called mictomagnetism. There are also
other magnetic states which can appear in amorphous magnetic materials. In addition there are
intermetallides based on the actinides (UNiS4 ,
URu2 Si2 , etc.) in which ferromagnetism sometimes coexists with superconductivity (URu2 Si2 ,
etc.). Also, there are ferromagnetic intermetallides
which exhibit the weak ferromagnetism of delocalized electrons in a speciﬁc temperature range,
known for the lowest critical point (Y2 Ni7 ).
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FERRONS
Quasi-particles which may be formed in
magnetic semiconductors. Ferrons are conduction
electrons self-localized within regions with increased magnetization values. Self-localization can
arise when the exchange interaction of conduc-

tion electrons with magnetic atoms causes the
electronic energy to attain a minimum value at
complete ferromagnetic ordering. The conditions
for the existence of ferrons are especially favorable in antiferromagnetic semiconductors. In
a nondegenerate antiferromagnetic semiconductor
each electron may individually create a ferromagnetic microregion, and cause it to be stable
by its localization there. In these semiconductors
collective ferron states are possible, when several electrons with spins, parallel to each other,
are self-localized simultaneously in the same ferromagnetic microregion. As a result, the crystal
appears to be in a heterophase antiferromagnetic–
ferromagnetic state.
In isotropic three-dimensional antiferromagnetic crystals the conditions for the existence of
ferrons are fulﬁlled at Néel temperatures (see Néel
point) TN < 10 K, and the number of magnetic
atoms in a ferromagnetic region per electron may
reach 103 to 104 . The conditions for the existence of ferrons in two-dimensional and quasi-twodimensional crystals are far more favorable (they
are possible even in antiferromagnetic semiconductors with TN ∼ 100 K). The stability of ferrons
is increased by polarization of the crystal lattice
by the self-localized electron, and as a result, the
self-localized state becomes a ferron–polaron one.
By increasing the temperature up to T ∼ TN ferrons are destroyed; they also may be destroyed by
applying a magnetic ﬁeld which transforms the entire crystal into the ferromagnetic state.
The effective mass of ferrons is very high,
and grows with an increase of the spin S of the
magnetic atoms. Thus the conditions for Anderson localization of ferrons, caused by impurities
and defects within the crystal, are very favorable.
For high spin it is possible to consider ferrons immobile, and their destruction should lead to the
transition from the insulating to the conducting
state, observed experimentally in EuSe and EuTe.
See Magnetic semiconductors.
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FEYNMAN DIAGRAMS (R. Feynman, 1949)

A graphical technique used for the visual representation of perturbation theory expansions. This
diagrammatic technique is widely employed in
modern quantum solid state physics. Its idea is
as follows: cumbersome analytical expressions of
separate terms entering the perturbation series are
represented in a pictorial and concise graphical
manner, utilizing a construction called a Feynman
diagram. After establishing the correspondence
between the elements of this diagram (edges, vertices, and so on) and the elements of the analytical
expressions (matrix elements, multipliers, energy
differences, and so on), certain rules of graphical
operations (summing, multiplication etc.) are introduced, so that any Feynman diagram composed
of these elements can be uniquely converted back
into its analytical counterpart. The characteristics
of these rules are different for boson and fermion
operators (see Second quantization), or for spin
operators. The rules are speciﬁc for the particular
type of particle interactions in the system under
study.
A remarkable feature of Feynman diagrams,
which underlies the efﬁciency of this diagrammatic technique, is the fact that a particular rule
for “summing” these diagrams can be correlated
with the actual summation of some series of terms
(either ﬁnite or inﬁnite) entering the perturbation
theory expansion. The Feynman diagram depicting this sum is composed of elements that, in
their turn, also denote certain summations. This
makes it possible to simultaneously handle blocks
composed of many elements, instead of being
restricted to treating the individual elements oneby-one. Although we are unable, as a rule, to
exactly sum an entire perturbation series, the partial sums obtained by operating with Feynman
diagrams provide a considerably more accurate ﬁnal answer. By using Feynman diagrams, a more
rigorous reasoning and a more thorough understanding became possible for a number of fundamental concepts in modern solid state physics,
that hitherto had been only intuitive. In particular, Feynman diagrams were largely instrumental in substantiating the theory of Fermi liquids
(L.D. Landau), of Bose systems with a Bose condensate (N.N. Bogolyubov), the molecular eld
theory of magnetism, and many others.

FEYNMAN INTEGRAL
See Path integral.
FIANITES (named after FIAN, Physical Institute of
the USSR Academy of Sciences, where they were
originally synthesized in 1970–1972)

Transparent synthetic crystals (Zr, Hf)O2 . The
cubic modiﬁcation is stabilized by Y2 O3 . Small
amounts of the impurities (Ce, Eu, Tb, Ho, Ti
V, Mn, Fe, Co, Cu) give ﬁanites various colors
and hues: yellow, yellow-brown, red, pink, violet,
green, white, etc. The melting temperature of the
ﬁanites is from 2873 to 3023 K; Mohs hardness
is 7.5 to 8.5; density is 6 to 10 g/cm3 . Refractive index approaches that of diamond: 2.10 to
2.25, dispersion is 0.059 to 0.065. Manufacturing
is carried out by high-frequency fusion in a cold
container. Fianite is used as a material for optical
laser devices, and for high-quality optical lenses
and “windows”. It also serves for jewelry in imitation of precious stones.
FIBER GLASS

The ﬁnest ﬁlaments which are produced from
molten glass. The diameter of these threads ranges
from 1 to 30 μm. Two types of ﬁber glasses
are distinguished: continuous ﬁber (up to several kilometers in length) and staple ﬁber, which
consists of short segments (up to 50 cm long).
Continuous glass is similar to silk in appearance,
whereas a staple ﬁber resembles cotton. Glass
ﬁber materials exhibit an uncommon combination
of properties: high ﬂexural (see Flexure), tensile,
and compression strength; thermal resistance; low
hygroscopicity; insensitivity to chemical and biological attacks; high light translucence. The above
properties favor using ﬁber glasses as electric-,
thermal- and sound-insulating materials; glasses
of high purity serve as materials for optical light
pipes (see Fiber optics) for transmission of information in the form of light pulses. A light pipe
consists of a glass light-guiding ﬁlament (core)
embedded in a cladding (usually another type of
glass) of lower refractive index so that total internal re e ction takes place at the interface between
the core and the cladding, and the light propagates
along the core. The following techniques of ﬁber
glass production are known in modern engineering: drawing ﬁbers from billets (billet method),
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extruding the molten glass through spinnerets by
application of a reel block or a bobbin (spinneret
method), the centrifugal method (separation of
glass mass jet by centrifugal force), the technique
of glass blowing, which consists in moulding the
glass mass using a jet of vapor or air with a high
nozzle speed.
FIBER OPTICS

A branch of optics involving the propagation
of light along ﬁber light guides, and related phenomena. Fiber optics appeared in the 1950s, and
during the ﬁrst 20 years of its development single
ﬁber light guides or bunches of them with regular and irregular packing and lengths up to several
meters were used. They were made from multicomponent optical glasses, and had a transmission
factor in the visible region of only 30–70% at the
length of one meter. The numeric aperture of light
guides can reach 0.5–1. Light guides are mostly
used in instrument making, particularly in technical and medical endoscopy for illuminating not so
easily accessible regions (nasopharynx, stomach,
cavities in the machines, etc.) and for transmission
of images. In the latter case a regular packing of
many ﬁbers is used. The resolution is determined
by the number of ﬁbers, the diameter of the light
guide core and the quality of their fabrication, and
it is usually about 10 to 50 lines per mm.
Fiber light guides of quartz based glass with
small optical losses (∼1 dB/km) have been developed for the near-IR region. These guides have
minimal optic losses in the range of wavelengths
1.3 to 1.6 μm, as shown in Fig. 1. Their transmission factor is about 50% at the length of several kilometers. As a result, new applications of
ﬁber optics had appeared, such as ﬁber telecommunication systems, transmission of telemetric
information, and sensors for monitoring different physical values (magnetic ﬁeld, temperature,
acoustic waves, rotation speeds, etc.). An infrared
guide in its simplest version is a long ﬁlament with
a core from highly-transparent glass, surrounded
by a shell from material with a lower refractive index (Fig. 2(a)). Usually glass is used for the shell,
but different polymers can also be employed. Fiber
light guides are divided into multi- and singlemode ones depending on the number of modes
which can be propagated along them. The core diameter is usually 5 to 8 μm for a single mode in

Fig. 1. Optical loss spectrum of a single-mode ﬁber light
guide with SiO2 core and SiO2 :F coating, showing the
attenuation, dB/km (vertical scale), plotted versus the
wavelength λ, μm (horizontal scale).

Fig. 2. Cross-section and proﬁle of the refractive index
along the cross-section for single-mode (a) and multimode (b) light guide.

the near-IR range, and from several tens to several hundreds micrometers for multimode ones.
The difference between the refractive indices of
the shell and core materials, providing light channeling by means of total internal re ection at their
boundary, is, as a rule, 1 to 2% for multimode
light guides, and several tenths of a percent for the
single-mode ones.
In the mid-1980s, multimode light guides with
a refraction index proﬁle distributed over the
cross-section (gradient light guides) and singlemode light guides (Fig. 2(b)) became widely used.
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FIELD DESORPTION

For a refraction index proﬁle close to parabolic
mode-to-mode dispersion is sharply reduced and
an information transmission band about 1 GHz
wide was achieved in the near-IR spectral range.
Fiber light guides based on quartz glass have a
breaking strength up to 5 GPa.
The technology for manufacturing light guides
from quartz glass is based on chemical deposition
of the light guide material from the vapor phase,
with volatile halides and oxygen serving as source
materials. From among the volatile halides usually
the chlorides of silicon, germanium, etc. are used.
The quartz glasses of the core and shell are distinguished by different addition compounds (GeO2 ,
P2 O5 , B2 O3 , F− ).
FIELD DESORPTION
See Field emission of atoms.
FIELD EFFECT

Bringing about a change of the near-surface
electrical conductivity by the application of an electric ﬁeld normal to a solid surface (see Fig.). As

a rule, the ﬁeld effect is observed in semiconductors, but its appearance in a metallic phase is
also possible (in particular, in thin lms ). An induced electric charge is distributed between the
bulk semiconductor (space charge region) and the
surface states. The concentration of free electrons
(holes) in the space charge region is determined
by its surface potential ϕ s (surface band bending
eϕ s ) (see Surface phenomena in semiconductors)
and the position of the Fermi level E F in the bulk
semiconductor. An external ﬁeld establishes three
states of the space charge region (and, correspondingly, three regimes of the ﬁeld effect):
(i) the enhancement with majority carriers (in
comparison with the bulk of the n-type semiconductor this means a strong bending of the
bands downward, i.e. eϕ s > 0);
(ii) the formation near the surface of the depletion layer where the bands are bent up; in
this case the conductivity relative to the ﬁeld
effect decreases with the subsequent upward
bending;
(iii) as the concentration of minority carriers (with
respect to the bulk) increases near the surface, a point is reached where the minority

(a) Electrical connections of a metal (M), insulator (I),
semiconductor (S), metal structure showing the applied
voltage V and the current density J in the space charge
region (SCR). (b) Plot of the voltage V as a function
of the distance x from the insulator (I) into the semiconductor (S) in the subsurface regions of enhancement,
depletion, and inversion. The energies of the bottom of
the conduction band E C , the top of valence band E V , the
Fermi energy E F , and the surface band bending energy
eϕ s are indicated. In Fig. (b) electrons (solid circles) are
shown just above the bottom of the conduction band, and
holes (open circles) are shown just below the top of the
valence band.

carriers near the surface exceed in concentration the majority carriers in the bulk, and
an inversion layer emerges. When the surface
bending becomes so pronounced that the valence band crosses the level E F (not shown),
then a degenerate electron gas forms (in certain situations this includes two-dimensional
quantization of the carrier band spectrum).
The formation of the inversion layer again
produces an increase of the conductivity, but
this time due to minority carriers. Thus a dependence of the conductivity on the applied
voltage V has the shape of a curve with a
minimum. From the analysis of this curve

FIELD ELECTRON EMISSION

one can determine ϕ s as a function of V , as
well as the distribution of the induced charge
between the space charge region and the surface states.
The study of the kinetics of the formation of
electrical conduction under the conditions of the
ﬁeld effect provides the nonequilibrium parameters of the surface states. For the regime of enrichment these are the kinetic parameters involved
in the trapping of carriers, in the case of the
inversion layer regime these are the generation–
recombination parameters of the surface minority carriers. By measuring the ﬁeld effect relaxation one can divide the surface centers into
fast (with relaxation time <10−3 s) and slow
ones (10−1 s). A long-time constant relaxation of a non-exponential nature is due to surface heterogeneity. Slow relaxation can be caused
by ionic processes (ion diffusion), adsorption–
desorption processes, and ﬁeld-stimulated chemical reactions.
FIELD-EFFECT TRANSISTOR (FET)
Semiconductor transistor of planar conﬁgura-

tion, in which the ﬂow of majority carriers goes
from the emitting electrode (source S) to the collecting electrode (drain D) through a layer of
doped semiconductor material. A change of voltage at the middle electrode (gate G) modulates the
width of the region under the gate, thus changing the conduction characteristics of the material
(see Field effect). Small changes of voltage at
the gate cause pronounced changes of current in
the source–drain circuit (see Fig.). The width and
level of doping of the semiconducting material determine the limiting value of the current in the
transistor. The upper frequency limit of a ﬁeldeffect transistor increases with a decrease of the
gate length and an increase of mobility of the

Sketch of a ﬁeld-effect transistor (FET).
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carriers in the material. According to constructional features ﬁeld-effect transistors are divided
into three groups:
(1) Transistors with a gate in the form of a p–n
junction or Schottky barrier at the boundary
between the metal and semiconductor; there
is one conductivity type in the space between
source and drain.
(2) Transistors with a gate in a metal–insulator–
semiconductor structure (MIS structure); in
particular, with an oxide as insulator (metal–
oxide–semiconductor structure, MOS structure), the regions of emitter and collector, and
the gate region are oppositely doped (see Doping) as shown in the ﬁgure.
(3) Transistors with a heterostructure gate.
FIELD ELECTRON EMISSION

The emission of electrons by conducting bodies under the action of a strong (E ∼ 109 –
1010 V/m) external electric ﬁeld.
The mechanism of ﬁeld electron emission is
electron tunneling (see Tunnel effect) through the
potential barrier near the conductor surface. Under ﬁeld emission from a metal to the vacuum,
the emission current density j over a wide range
(10−1 –1011 A/m2 ) is well described by the approximate Dushman equation


4πme
(kB T )2 e−ϕ/ kB T ,
j=
h3
where ϕ is the work function of the emitter, in eV.
The energy spectrum of electrons in ﬁeld emission from a metal is quite narrow (half-width
∼0.1 eV), with a shape which depends on the
energy distribution of electrons inside the emitter, and on the characteristics of the quasi-levels
of adsorbed atoms. Field electron emission from
semiconductors has several characteristic features
(nonlinearity of the log(j/E 2 ) versus 1/E dependence, photo- and thermosensitivity, the “contraction” of the emission cone from the needle-shaped
emitter at high voltages) arising from the smaller
electron concentration and the penetration of the
ﬁeld inside the semiconductor. If the emitter temperature increases and, accordingly, the electric
ﬁeld strength decreases, the ﬁeld electron emission transforms into thermal electron eld electron
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emission, and then to the thermionic emission ampliﬁcation by the ﬁeld due to the Schottky effect
(see Schottky diode). At j ∼ 1012 A/m2 , a rapid
destruction (explosion) of the emitter tip occurs,
a cathode plasma torch arises, the emission current rises by about a factor of 100, and ﬁeld
electron emission transforms to explosive electron emission which is the initial stage of vacuum
breakdown.
For applications see Field-emission cathode.
FIELD-EMISSION CATHODE

A cold cathode that emits electrons by means
of eld electron emission.
Field-emission cathode materials are various
metals (clear or coated with activating layers), and
metal-like compounds of semiconductors. A typical ﬁeld-emission cathode is a needle produced by
chemically or electrochemically etching a wire or
a rod. The limiting ﬁeld electron emission current
density of a needle is determined by the heating of the needle tip by the current, and it has
the value ∼1011 A/m2 . With typical needle tip
radii r ∼ 0.1–1 μm, the limiting ﬁeld electron
emission current is 0.01–1 A. To obtain higher
currents the emitting area can be increased by increasing r and thereby increasing the operating
voltage (e.g., V ≈ 5Er and E ∼ 109 –1010 V/m),
or by using many-needle systems, blades, etc. The
stability of a ﬁeld-emission cathode is degraded
by the adsorption of impurities which change its
work function, and by ionic bombardment which
pits its surface. Ways to increase the stability are
to improve the vacuum; to use materials that adsorb residual gases; to separate the electron and
ion trajectories; and to use ﬁeld electron emission
of microcells where, due to small (1–5 μm) interelectrode distances and low (20–50 eV) electron
energy, ionic bombardment is strongly suppressed.
Field-emission cathodes are used in e ld emission microscopy, in vacuum microelectronics, and
in infrared receivers (see Autophotoelectronic
emission). Electron guns with a ﬁeld-emission
cathode are 103 –104 times brighter than those
with heated cathodes, and are used in electron
microscopy and scanning electron microscopy, microanalysis, X-ray microscopy, etc.

FIELD EMISSION MICROSCOPY, eld electron
microscopy

A method for obtaining a factor of 105 –106
times magniﬁcation of the image of the surface of
a solid by using eld electron emission from the
surface.
The sample which serves as the cathode in
the ﬁeld of an electron microscope is a needle
of a conducting material having a tip radius of
curvature r ∼ 10−7 –10−8 m. The anode is a luminescent screen placed at a distance of R ∼ 10 cm
from the tip. A high vacuum (residual pressure
10−7 –10−8 Pa) is maintained inside the microscope. Several thousand volts are applied between
the screen and tip, which induces an electric ﬁeld
of strength 109 –1010 V/m near the tip surface, as
needed for the ﬁeld electron emission. The emitted electrons are accelerated radially and produce
on the luminiscent screen an image of the needle
tip magniﬁed approximately R/r times. The resolution of 2–3 nm is limited by electron diffraction
of the tangential components of the electron velocity. The device thus cannot quite resolve the
atomic structure of the surface. The contrast of
the ﬁeld electron image is determined by the local curvature (determining the local electric ﬁeld)
and the work function of different parts of the
tip surface. Due to its small size, the tip is typically a monocrystal. The ﬁeld electron image of
a tip, smoothed and cleansed from impurities by
high-temperature heating, exhibits the lattice symmetry of the tip material. Such a surface is used
to study the changes in work function of different faces under adsorption of different materials,
as well as the surface diffusion of adsorbed atoms,
phase transitions in the adsorbed layers, ﬁeld desorption of atoms (see Field emission of atoms),
etc. Processes involving crystal shape changes under thermo-ﬁeld treatments are also investigated
by means of ﬁeld electron emission.
FIELD EMISSION OF ATOMS, eld evaporation
of atoms

Emission or evaporation of surface atoms of a
solid or liquid electrical conductor under the action of a strong electric ﬁeld (of intensity
∼1010 V/m). This emission of adsorbed layers
is also called ﬁeld desorption. Field evaporation
is the limiting case of positive surface ionization

FIELD ION MICROSCOPY

in strong electric ﬁelds; its mechanism consists
in thermal evaporation of ions through the surface energy barrier, which is lowered by the ﬁeld.
Emission of multiply charged ions (charge of
emitted ion may reach 6) is a distinctive property
of ﬁeld evaporation. These ions are believed to be
generated by post-ionization, i.e. additional ﬁeld
ionization of outgoing ions at short distances from
the surface. Field evaporation of refractory materials is enhanced at adsorption of certain molecular
gases (H2 , N2 ); as this takes place, emission of
ions of complexes (hydrides, nitrides) is observed.
Surface evaporation of semiconductors and liquid
metals produces a large quantity of polyatomic
ions.
Field evaporation is used in e ld ion microscopy
for primary cleaning of the surface of the sample,
for step-by-step removal of layers to investigate
the internal composition of the sample, at the operation of ﬁeld ion microscope in the mode of an
atomic probe, etc. Field evaporation is the basis
of operation of a ﬁeld desorption microscope, and
liquid metal sources of ions.
FIELD EMISSION OF ELECTRONS, cold
emission of electrons

Electron emission by conducting bodies at low
temperatures under the inﬂuence of external and
internal electric ﬁelds. Cold emission involves
eld electron emission and emission of nonequilibrium electrons (including hot ones) excited by
internal electric ﬁelds. Generally the term cold
emission does not apply to various types of electron emission arising from irradiation of a cathode
(photoelectron emission, secondary electron emission, ion–electron emission, etc.) or from other
types of action upon it (exoelectronic emission,
etc.).
FIELD EMISSION, THERMAL
See Thermal electron eld emission.
FIELD IONIZATION, autoionization

The ionization of atoms and molecules in a
strong electric ﬁeld.
When a bound atomic electron resides in a
potential well and an electric ﬁeld is applied, a potential barrier is formed at one side of the well.
The basic mechanism of ﬁeld ionization is the tunneling of an electron (see Tunnel effect) through
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the barrier away from the atom. The probability
of tunneling depends exponentially on the barrier
height and thickness, and these depend on the electric ﬁeld strength, E, and on the electron energy.
A pronounced ﬁeld ionization of simple gas molecules occurs at E ≈ (2–6)·1010 V/m, and that
of alkali atoms and excited molecules occurs at
108 –109 V/m. The area of the potential barrier
near the metal surface becomes reduced due to image forces, and the probability of ﬁeld ionization
with the same E increases noticeably. The ﬁeld
ionization starts at a critical distance xcr between
the atom and surface, at which the energy level of
an atomic electron rises above the Fermi level in
the metal owing to the applied electric ﬁeld, and
the possibility for an electron tunneling into the
empty energy levels in the metal is enhanced. If
x > xcr , the tunneling probability decreases due
to the widening of the potential barrier, and thus
the ionization zone half-width is a few tenths of
an angstrom. The ﬁeld ionization phenomenon is
used in e ld emission microscopy, in the construction of ion sources for mass-spectrometers (see
Mass spectrometry), in scanning tunneling microscopes, etc. A considerable increase of the ion
current is achieved in cryogenic ion sources where
the ﬁeld ionization of gas molecules is concentrated at the surface of the tip.
FIELD ION MICROSCOPY

Method of investigation of atomic structure of
pure metals and their alloys. The method is based
on eld ionization of noble gas atoms near the
surface of the sample under investigation. The autoionic image of the surface is produced by an
ion projector for a sample in the form of a needle
with the radius of the curvature of the point in the
range 10–100 nm. Because of its high magniﬁcation (>106 ) an ion projector provides information
on the arrangement of individual atoms, and structural details of atomic sizes on the surface of the
point. Field ion microscopy is used to study point
defects of a crystal structure (vacancies, intrinsic and impurity atoms), grain boundaries, stacking
faults, twin boundaries, segregations of impurities
at defects and various surface phenomena, e.g.,
surface diffusion, adsorption, corrosion, oxidation,
deposition of thin lms . Limitations of ﬁeld ion microscopy are related to the necessity to use needleshaped samples, which must be cooled to helium
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temperatures, and the fact that the surface of many
metals is severely damaged or destroyed by strong
electric ﬁelds. Field ion microscopy does not provide a direct identiﬁcation of the chemical nature
of observed atoms. This problem is solved by using a combination of an ion projector with a mass
spectrometer (see Mass spectrometry).
FILAMENTARY CRYSTALS
See Thread-like crystals.
FILM GROWTH, RADIATION-INDUCED
See Radiation-induced lm growth.
FILM IONIC MODIFICATION
See Ionic modi cation of lms.
FILMS

Layers of a particular material, commonly
grown on a substrate for different purposes. As a
rule, the properties of a ﬁlm differ from those of
the bulk material: there exists a transition region
between lm and substrate, the ﬁlm shows size
effects (see Thin lms) and exhibits internal mechanical stresses. The ﬁrst applications of ﬁlms
in engineering were for protective and decorative
coatings. Films form the basis of solid-state electronics, hence numerous preparation techniques
have been developed, and electrical, optical, mechanical, and other properties of ﬁlms have been
widely studied. The development of production
methods like epitaxy and photolithography, followed by the attainment of microminiaturization,
reproducibility of parameters, and high reliability
of radio electronic circuits and devices based on
them, promoted the wide application of ﬁlms in
electronic engineering. Modern methods of ﬁlm
technology, including molecular beam epitaxy and
electron, ion, and X-ray lithography, continually
increase the number of active elements that can be
deposited per unit surface area of ﬁlm.
See also Thin lm growing, Thin lms, Amorphous lms, Diamond-like carbon lms, Epitaxial
iron garnet lms, Granular lms, Insular lms,
Langmuir–Blodgett lms, Magnetic lms.
FILMS, GRANULAR
See Granular lms, Insular lms.

FILM VIBRATIONS
See Vibrations of rods and plates.
FILTER, NUCLEAR
See Nuclear lte rs.
FINE STRUCTURE of electron paramagnetic
resonance (EPR) spectra
An observable line splitting for S  1 paramagnetic centers (here S is the electron or ef-

fective spin) due to the indirect inﬂuence of the
crystalline electric ﬁeld (molecule, ligand) upon
the position of spin levels, via the interaction of
the electric ﬁeld with the orbital angular momentum, and of the latter with the spin. Fine structure
energy splittings are often comparable to Zeeman level splittings for paramagnetic materials in
magnetic ﬁelds close to one tesla in magnitude.
This structure is described by including in the
spin Hamiltonian the irreducible tensor Tlm (S) or
Stevens’ operators Olm (S) (see Irreducible tensor
operators) with even l (values lm allowed for particular symmetry groups of the spin Hamiltonian
are listed in Spin Hamiltonian). Spin Hamiltonian
parameters for operators with l = 2 are sometimes
represented in the form of a Cartesian D-tensor.
Typical forms of the spectra demonstrating the ﬁne
structure and the dependences of splitting on the
orientation of the applied magnetic ﬁeld are shown
in the ﬁgures in Hyper ne structure and Angular
dependence of spectra.
FINE STRUCTURE of X-ray absorption spectra

A system of extrema in X-ray absorption spectra. The greatest interest is associated with the
structure located in the range of threshold ionization energy maxima of internal atomic shells
in solids (so-called absorption edges) which are
related, mainly, to X-ray excitons, and the structure whose energy exceeds the energy of edges
by 10–1000 eV. The latter structure is called extended X-ray absorption ﬁne structure (EXAFS);
this results from the interference of the photoelectron wave emerging from the region of the
ionized atom, with the wave of the same electron reﬂected from the neighbors of this atom.
Such structure contains information about the spatial distribution of atoms in the solid, and this is
employed for the structural analysis of crystalline

FINITE ELASTIC STRAIN
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Oscillating part of K-absorption spectrum of Fe in deoxyhaemoglobin, and (insert) its Fourier transform which reﬂects
the radial distribution of the Fe neighbors (solid lines are experimental data; dashed lines correspond to analytical calculation).

and noncrystalline solids, as well as polymers and
macromolecules (see the ﬁgure).
FINITE ELASTIC STRAIN, nite elastic
deformations
Elastic strains with values comparable to unity.

Rubber is an example of a medium in which large
deformations are possible (see Elasticity). The theory of ﬁnite elastic deformations is expressed in
the language of differential geometry. If a medium
before deformation is characterized by the metric tensor gij and after deformation by Gij then
the strain tensor is uij = (Gij − gij )2 . Let the
deformation vector v = vi Gi (see Displacement
vector), where the Gi are basis vectors after deformation, then uij = (Dj vi + Di vj − Di v r Dj vr )2 ,
where the symbol Dj means covariant differentiation: Dj vi = ∂vi /∂q i − Γjsi vs , the q i are
Lagrangian coordinates of a point in the medium,
and the Γjsi are Christoffel symbols. Deformation
tensor invariants (see Invariants of elasticity theory) I1 , I2 , I3 are deﬁned as the coefﬁcients in the
expansion of the determinant |g rm Gms + δsr | =
λ3 + I1 λ2 + I2 λ + I3 in powers of λ. Thus, I1 =
g rm Grm , I2 = Grm grm , I3 = G/g. Here G =
|Gij |, g = |gij |. For an incompressible medium
I3 = 1. If a deformable medium before and after deformation can be located in a Euclidean

space, the components of curvature tensor calculated with the help of the metric tensor gij or Gij
are equal to zero. This imposes on the deformation tensor components some constraints that are
called compatibility criteria. The application of
these criteria means that disclinations and dislocations do not appear during deformation of the
medium. The equations of motion of an elastic
medium for ﬁnite elastic deformations have the
form Di σ ij + ρF j = ρa j , where σ ij is the stress
tensor, ρ is the medium density after deformation,
F j is the bulk force density per unit mass, and a j
is the acceleration of a unit mass of the medium.
The stress tensor σ ij is symmetric if the moments
of stresses acting on the medium are equal to zero,
otherwise it can be asymmetric. If the surface
forces P are deﬁned on the surface of an elastic
body characterized by a normal vector n then the
boundary conditions look like σij nj = P i . The
deformed medium is called an elastic medium if a
unique dependence exists between stresses and deformations, and it is called a hyperelastic medium
(see Hyperelastic material) if it can be described by
an elastic energy W which is a unique continuous
scalar function of the deformation tensor uij .
It is possible to consider W as a polynomial
of the components uij without loss of generality, as it is possible to approximate a continuous
function to any precision by a polynomial, and

472

FINITE ZONE POTENTIAL

the deﬁnition of W is reduced to the creation
of a polynomial basis of deformation tensor invariants. For a known deformation energy the
deformation tensor is determined by the formula
σ ij = (δW/δuij + δW/δuj i )2 . For a uniform
isotropic body W is a function of I1 , I2 , I3
only. In practice the following expressions for the
deformation energy of a uniform isotropic body
are commonly used: harmonic (semilinear) energy, Murnaghan deformation energy (F.D. Murnaghan, 1967), Rivlin–Saunders deformation energy (R.S. Rivlin, D.W. Saunders, 1951), etc.
Solving elasticity theory problems for ﬁnite elastic deformations can be carried out by the method
of successive approximations when the deviations
from linear behavior are small, or by the so-called
semi-inverse method when the deformed state is
deﬁned beforehand with an accuracy to within
constants and some unknown functions, and it is
necessary to determine these constants and functions to satisfy the boundary conditions. Finite
elastic deformation theory can be converted into
linear elasticity theory when it is possible to neglect higher powers of the deformation vector
components and their derivatives in comparison
with their ﬁrst powers.
FINITE ZONE POTENTIAL

A potential u(x) of a one-dimensional Schrödinger operator H = −∂x2 + u(x) (where ∂x denotes differentiation with respect to coordinate x)
with the spectrum as a sum of a ﬁnite number
of intervals of a double absolute continuum. An
arbitrary N -zone potential, its respective eigenfunctions, boundaries of spectra, density of states,
etc. are expressed via the N -dimensional Riemann
Θ-function:

Θ(z) =
exp iπ(Bn, n) + i2π(z, n) ,
n∈CN

where z ∈ CN , B is a symmetrical complex
N × N matrix possessing a positive deﬁnite imaginary part. An example of the N -zone potential is
u(x) = C − 2d2x ln Θ(αx + β),
where C ∈ R, α, β ∈ CN are constants. With the
eigenfunctions in hand, making use of the theory
of residues, one is able to determine matrix elements of any single-particle operator, and hence,

to compute any single-particle property of an electron within the ﬁnite zone potential, e.g., the
electron–phonon interaction constant. Generally,
the ﬁnite zone potential is a quasi-periodic function and becomes periodic only when its periods
satisfy the mutual commensurability condition. In
the case of a smooth periodic potential, the band
gaps in the spectrum of the respective Schrödinger
operator rapidly shrink with energy, so any periodic potential could be approximated by the ﬁnite
zone potential within any desired accuracy by neglecting small band gaps. This potential is an
exact solution to the Peierls problem of the selfconsistent state of conduction electrons within the
lattice (see Peierls transition), yielding polarons
and charge density waves as particular cases. The
ﬁnite zone potentials are a periodic general case of
non-reﬂective potentials.
FIRST-ORDER PHASE TRANSITION
The phase transition of a material from one
thermodynamic phase to another, accompanied by
a certain quantity of heat (heat of phase transition)

being either absorbed or evolved. Examples of ﬁrst
order phase transitions are melting and crystallization, certain ferroelectric and magnetic transitions,
etc. If the symmetry of the system does not change
at the transition, then the curve of the ﬁrst-order
transition on the phase diagram may end at the
critical point. The free energy and the thermodynamic potential of the system are continuous at the
ﬁrst-order transition point, but their ﬁrst derivatives have discontinuities at this point. The order
parameter, susceptibility, speci c heat and other
quantities undergo an abrupt change at a ﬁrst-order
transition. An abrupt decrease or increase of the
temperature may result in thermal hysteresis, and
the substance may reach a supercooled or superheated metastable state (pure water, e.g., may be
supercooled down to −40 ◦ C without crystallizing
to ice). The presence of thermal hysteresis is often
used for identifying ﬁrst-order phase transitions.
FISKE STEPS in tunnel junctions (M.D. Fiske,
1964)

Stepwise dependence of the current on the
voltage at a Josephson tunnel junction or Josephson junction, caused by the excitation of standing
electromagnetic waves matched to the Josephson

FLASH HARDENING

current. At a voltage step V of the junction in a
constant magnetic ﬁeld with intensity B the current density has the form j = jc sin(ωt − kx),
where ω = 2eV /, k = 2eΛB/, and Λ is the
penetration depth of magnetic eld into the superconducting junction. A step appears at the
current–voltage characteristic of the tunnel contact when ω coincides with one of the resonant
frequencies of the coupled stripline superconducting resonator. The variation of the applied ﬁeld B
causes an oscillating dependence of the Fiske step
height on B.
FISSURES, tears

Macrodefects appearing during plastic deformation of solids, and metals in particular. Fissures
are tears at edges and surfaces of billets (ingots)
that appear during the course of their rolling,
forging, stamping and piercing, and result from deformations that are pronounced in both degree and
rate, that is, they go beyond what is technically
acceptable. Further strain after the appearance of
ﬁssures leads to failure of the billet. Most often
ﬁssures form in the course of processing materials of low plasticity by pressure. Such materials
are best processed under uniform compression (see
Hydroextrusion). The material plasticity increases
with increasing processing time. However, there
may be a danger of metal overheating (that may
lead to the formation of extensive crystallization)
and even of burning (oxidation and sometimes
even melting of grain boundaries). It all results in
a signiﬁcant decrease of plasticity and viscosity.
In certain cases billets with minor ﬁssures may be
used after the perturbed surface layer is cut away.
FIXED POINT

A point in a space that remains invariant with
respect to a prescribed set of transformations of
that space. In critical phenomena theory such
transformations are elements of a renormalization
group, operating either in the Gibbs distribution
space for the conﬁgurations of ﬂuctuating ﬁelds
of dynamic variables describing the order parameter, or in the space of corresponding effective
Hamiltonians. The ﬁxed point is associated with
a self-similarity distribution which describes the
system at a critical point, determines the nature of
a phase transition, and allows evaluating the critical indices (see Renormalization group method).
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FLAKING
See Scabbing.
FLASH HARDENING

A technical operation consisting essentially in
the fast cooling of a melt. Physically ﬂash hardening may be provided in several ways. One approach is to form a thin layer or a small droplet
of melt fast enough while maintaining its good
thermal contact with a thermally highly conductive substrate, or some tempering medium to carry
away the heat, and ideally the rate of cooling may
reach 106 –1010 K/s. High initial supercooling of
the melt and quick removal of heat from the crystallization front and from the cooling solidiﬁed material then combine to produce a heavily supersaturated solid solution. New metastable phases may
also appear in this manner (see Metastable state).
One may achieve highly disperse microstructures
with a speciﬁc crystal morphology, or freeze an
amorphous state into metals and alloys. Flash
hardening techniques may be divided into three
basic groups. Sputtering techniques envisage that
droplets of melt cool and solidify during their
ﬂight through a gaseous medium. The second
group of techniques provides hardening at certain cooling surfaces or in ﬂowing media. In the
latter case, the melt is entering a heat receptor
continuously. By injecting the melt into a cooler
crucible one may produce solid ﬁlaments. Extracting the melt or punching its droplets between two
colliding pistons may form microwires and narrow bands encased in glass coating; the so-called
Taylor–Ulitowski techniques (J.F. Taylor, 1924;
A.V. Ulitowski, 1957). Next come the techniques
of melt spinning whereby one pressure-feeds the
melt onto a rotating cooler. A widely used version
of that technique consists in rolling the melt between the two rotating coolers. The droplet may
be shot onto a substrate (the so-called splatting).
Splatting provides cooling rates up to 1010 K/s.
The techniques belonging to the third group of
methods (welding) envisage that a localized surface layer of limited thickness cools and hardens
due to heat evacuation into the bulk volume of
metal or metal substrate. Such techniques are employed during electric arc welding. They are also
at work during electric pulse machining, electron beam or laser beam processing of surfaces.
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The output products of ﬂash hardening have the
form of powder particles of various shapes, ﬂakes,
beads, ﬁlaments, or surface coatings. To obtain
bulk samples and pieces with ﬂash-hardened surfaces one has to gradually build up thicker layers
of modiﬁed metal by repeatedly processing their
surface with electron or laser beams. Next, one
has to apply high hydrostatic pressure to compact the products of ﬂash hardening. To achieve
the needed physical and chemical properties of the
piece, and attain its required operational qualities,
one has to select and apply appropriate technological schemes.
FLEXIBILITY OF POLYMER CHAIN
Ability to change the conformation of a poly-

mer chain through thermal motion (equilibrium or
thermodynamic ﬂexibility), or under the action of
an external, in particular mechanical, action (kinetic ﬂexibility). A conformational change results
from a rotation about a single bond of the main
chain. The mechanical and relaxational properties
of polymers are related to the ﬂexibility of macromolecules. The following parameters are used as
characteristics of the equilibrium ﬂexibility: the
ratios of mean-square distances between the ends
of a chain in a solvent, and the free rotation of
its segments; the magnitude of a Kuhn segment
(a statistical segment); the persistence length of a
macromolecule. The kinetic ﬂexibility determined
by the magnitude of a kinetic segment is not a constant for an isolated macromolecule, but depends
on the rate of application of an external load (or the
oscillation frequency). In the absence of a solvent
the ﬂexibility of amorphous polymers manifests
itself in a vitri ca tion region and at higher temperatures.
FLEXOELECTRIC EFFECT

Appearance of macroscopic electrical polarization in a crystal during e xure deformation. The
inverse ﬂexoelectric effect involves the ﬂexure of
a crystal under the effect of an electric ﬁeld. The
direct and inverse ﬂexoelectric effects appear particularly strong in liquid crystals. The presence of
a constant electric dipole moment in the molecules, and the asymmetry of their molecular shape,
is a physical cause of the ﬂexoelectric effect in
liquid crystals. In the absence of strains the orientation of the dipoles “forward” and “backward” is

Flexoelectric effect.

equally probable so there is no sample polarization
(see Fig. (a)). Upon the ﬂexure of a liquid crystal (Fig. (b)), due to the asymmetry of the shape
of molecules the dipole orientation appears in the
preferred direction, and therefore a macroscopic
polarization P develops. A quadrupole mechanism for the appearance of the ﬂexoelectric effect
is also possible.
FLEXURAL WAVES

Elastic waves in long rods or plates when the
vibrations are accompanied by e xure (bending)
strain. The displacements in ﬂexural waves are
normal to the rod axis or the plate plane. The ﬂexural wave length, λ, must be much greater than the
body thickness. Two kinds of ﬂexural waves with
dispersion laws of the form


EIi 1/2 2
ωi =
k
ρS
are possible in rods (ω is the frequency, k = 2π/λ
is the wave vector, E is Young’s modulus, ρ is the
matter density, S is the cross-section area, i = 1, 2,
Ii are the principal moments of inertia). Only one
type of ﬂexural wave with a similar dispersion law
 2 1/2

−1/2 2
h E
k
1 − ν2
ω=
12ρ

FLUCTUATION-DISSIPATION THEOREM

(h is the plate thickness; ν is the Poisson ratio)
can propagate in plates. These waves exhibit dispersion, and in both cases their phase velocities are
√
cph ≈ ω, the group velocities being cgr = 2cph .
FLEXURE

A strained state (see Strain) which emerges in a
specimen under action of forces and moments directed normally to its axis, and it is accompanied
by distortion of the axis. Normal stress σ developing in a cross-section of the sample results in a
moment M of force, normal to the axis, referred
to as a bending moment. Static bending tests are
commonly employed for assessment of mechanical properties of a material. Two loading schemes
can be used in bending tests of a specimen at rest
on stationary supports:
(i) The load is applied by a concentrated force at
the midpoint between the supports.
(ii) The load is applied by two equal forces at two
points equally distant from the supports.
The ﬁrst scheme leads to a distribution of bending moments along the sample length in the shape
of an isosceles triangle, the moment attaining its
maximum at the midpoint of the span between the
supports. Under the second scheme, the bending
moment distribution follows the trapezium law,
whereas the magnitude of the moment in the interval of “pure ﬂexure” is constant. Bending tests are
useful to determine mechanical properties of brittle materials, to evaluate the temperature of their
transition from the brittle state to the viscous state
(see Cold brittleness), and to study dislocation mobility at a given level of stress and temperature.
FLICKER NOISE, excess noise
Fluctuations of the dependence of the spec-

tral density Sf on the frequency of the form
1/f α , where the exponent α is close to unity
(usually 0.8 < α < 1.4). This is observed in diverse types of conductors: in carbon resistors, in
semiconductors, in devices based on semiconductor junctions, in continuous metallic insular lms,
etc. The quantity Sf decreases with an increase
in frequency, and at high frequencies ﬂicker noise
is hardly noticeable in the background of other
noise sources. The highest frequencies at which
it has been observed are ≈ 106 Hz. The lower

475

boundary of ﬂicker noise, where the dependence
Sf ∼ 1/f α no longer holds, has not been reached
experimentally, although measurements have been
carried out down to extremely low frequencies
(∼10−6 Hz). Existing theories of ﬂicker noise
do not explain the absence of the lower limit,
although in some systems they predict the possibility of noise with a dependence close to 1/f
over a broad spectral range. The spectral density
of electromotive force noise of the 1/f α type is
generally proportional to the square of the current
ﬂow, indicating that it arises from a broad spectrum of two-level systems wth extremely low level
cutoffs so the 1/f noise can persist to arbitrarily
low temperatures.
FLUCTUATION DIAMAGNETISM
Anomalous diamagnetism of superconductors
above the superconducting phase transition tem-

perature Tc , arising from the ﬂuctuation formation of Cooper pairs. The ﬂuctuation diamagnetic
susceptibility χﬂ is much lower in magnitude
than the susceptibility of a perfect superconductor
χ = −1 in SI units (−1/4π CGS, see Meissner
effect). Fluctuation diamagnetism becomes more
pronounced with the reduction of the system dimensionality (in thin lms , thread-like crystals and
small particles), and also upon contamination of
the material by impurities (see Fluctuations in
superconductors). Measurements of χﬂ in small
superconducting particles with the size d  λ
(λ is penetration depth of magnetic eld) allow
one to determine the width of the critical region,
and its dependence on d. The value of χﬂ may be
differentiated from the background diamagnetic
susceptibility of a metal by its strong temperature
dependence, which follows a power law.
FLUCTUATION-DISSIPATION THEOREM

Theorem of statistical physics, establishing the
connection between the uctuations of a system
in its equilibrium state and its nonequilibrium
properties. It was proposed by H.B. Callen and
T.A. Welton (1951). The reaction of a system to
some perturbation under the action of a force f
(depending on time t as cos ωt ) which enters as the
additional term −f x̂ in the system Hamiltonian
(x̂ is an operator corresponding to the physical
value of x), leads to a variation of the average
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FLUCTUATION LEVELS

value x of the quantity x to δx = α(ω)f , where
α(ω) is called the generalized susceptibility of the
system which determines its nonequilibrium properties. According to the ﬂuctuation-dissipation
theorem, the Fourier transform of the correlation
function
+∞


ϕ(ω) =
−∞

1
2

elementary excitation spectra in disordered solids.
The identiﬁcation of this region of the spectrum,
and its detailed investigation, was initially carried
out by I.M. Lifshits. A series of important and exacting results substantiating the picture of such a
ﬂuctuation spectrum was obtained by J. Fröhlich
and his colleagues.

x(t) x(0)
FLUCTUATION REGION

+ x(0) x(t) eiωt dt
is associated with α(ω) by the relationship ϕ(ω) =
 coth[ω/(2k B T )] Im α(ω), where Im denotes
imaginary part. The ﬂuctuation-dissipation theorem is important for the evaluation of noise in
quantum systems. It is applicable to many systems
in which correlations are studied, and frictional or
ﬂuctuating forces are operating.
FLUCTUATION LEVELS
Energy levels of quasi-particles in the ﬂuctuation region of a spectrum (see Elementary excitation spectra of disordered solids). The quantum

states corresponding to ﬂuctuation levels are localized; they appear at low-probability uctuations associated with the potential wells of quasi-particles,
and they are concentrated at these ﬂuctuations.
In a macroscopic (inﬁnite) system the spectrum
of ﬂuctuation levels becomes dense, but the distance separating the centers of the localized of
states corresponding to two ﬂuctuation levels (i.e.
between corresponding potential wells) grows exponentially in proportion to the convergence of
their energies. As a result, the movement in each
such well, which “seems” to the quasi-particle to
be inﬁnitely deep, is almost independently quantized. The density of ﬂuctuation levels at any
particular energy is, as a rule, exponentially small,
and it is in fact formed by a single optimal ﬂuctuation, for which the energy E corresponds to
the ground state in the ﬂuctuation potential well.
Nevertheless, within the scope of this exponential
smallness in different parts of the ﬂuctuation region there may appear energy dependences of the
ﬂuctuation level density, which reﬂect a different
structure of the optimal ﬂuctuations forming the
spectrum at these regions. The presence of ﬂuctuation levels is a characteristic singularity of the

The same as Critical region.
FLUCTUATIONS in solids

Random deviations of physical values xi , characterizing a solid, from their average values x̄i .
The random, undetermined character of the ﬂuctuations means that in the same physical system subject to constant external conditions the value of xi
depends on time (xi = xi (t)), but it is impossible to predict the explicit form of this dependence
from the experimental conditions. A description
of the state of a solid based on a restricted set of
values xi corresponding to the temperature, magnetization, polarization, concentration of current
carriers, etc., can only be approximate. The transition from a fundamental description based on
mechanical equations of motion for the particles
belonging to the body, to a simpler description
based on actual measurements, requires that approximations be made, which obscure detailed
information about the initial state of the particles
when their motion is averaged over short intervals
of space or time. Thus the ﬂuctuation δxi = xi − x̄i
provides a measure of the incompleteness of the
statistical description of the system. Fluctuation
process may be characterized with the help of a
correlation function S(t, t  ) = δxi (t) δxi (t  ), where
the top bar means averaging over all possible values of δxi (t) at t < t  , or of δxi (t  ) at t  > t . In
stationary systems S(t, t  ) depends only on the
time difference t − t  : S(t, t  ) = S(t − t  ). The
function S(t, t  ) indicates how the presence of a
ﬂuctuation δxi at a moment t inﬂuences its value
at the later instant t  , where t < t  . The function
S(t, t  ) declines with the growth of |t − t  |, eventually vanishing with the characteristic memory time
of small ﬂuctuations. Instead of a time correlation
function it is possible to use the spectral presenta-

FLUCTUATIONS IN SUPERCONDUCTORS

tion determined by the expression
+∞


Sω =

dt eiωt δx(t) δx(0),

−∞

where Sω is called the spectral density of ﬂuctuations of the value x. It is often possible to correlate
ﬂuctuations with values characterizing the linear
response of the system to an external ﬁeld. For
example, the spectral densities of ﬂuctuations of
heat ﬂow, and of electric currents in a state of thermodynamic equilibrium, determine the values of
the corresponding thermal conductivity and electrical conductivity, respectively. It is possible, by
measurements of Sω , to ﬁnd the values mentioned
above. In addition, ﬂuctuations are the cause of
noise appearing in weak signal ampliﬁers, and also
in various generators.
FLUCTUATIONS, CRITICAL
See Critical uctuations.
FLUCTUATIONS IN SUPERCONDUCTORS
Random deviations of the order parameter in

superconductors from its average value which
minimizes the free energy F . The probability W
of the appearance of ﬂuctuations is determined
by Gibbs factor W ≈ exp(− E/T ); it depends
on the volume of the ﬂuctuations V , and on
the free energy of the condensate in the superconductor F ≈ V Bc2 (T )/(2μ0 ), where Bc is
the thermodynamic critical ﬁeld. The extent of the
ﬂuctuations is of the order of the coherence length
ξ(t) = ξ(0)(1 − T /Tc )−1/2 . Here

 

vF
vF 1/2
,
,
ξ(0) = min
l
kB Tc
kB Tc
where vF is the Fermi velocity, l is the electron
mean free path, and Tc is the critical temperature.
Fluctuations are strongest in superconductors of
reduced dimensionality n < 3 (n is a number of
dimensions along which the size of superconductor exceeds ξ(T )), and they show their presence
within a narrow temperature range δT near the
phase transition point at T = Tc . The width of the
critical region where ﬂuctuations are strong is determined by the Ginzburg number

1/(2−n/2)
kF−3
εF
δT
εn ≡
=
,
Tc
Tc ξ n (0)d 3−n
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where d < ξ(T ) is the smallest dimension of
the material, εF and kF are the Fermi energy
and momentum, respectively. In pure (type I)
three-dimensional superconductors the width of
the critical region ε3 ≈ 10−15 is not experimentally measurable. However, dirty superconductors
of reduced dimensionality (ﬁlms, ﬁlaments, granules, lamellar and chain crystals) exhibit values
of εn ∼ 10−1 to 10−3 , and ﬂuctuation effects
are experimentally observed. Their presence is
evident in the experimentally measurable effects
uctuation diamagnetism, paraconductivity, speci c heat anomalies. Above the critical temperature the ﬂuctuations lead to the possibility of
combining electrons into nonequilibrium (ﬂuctuation) Cooper pairs, with life times near Tc of
τ = π/[8kB (T − Tc )]. Due to the relatively small
size ξ of a Cooper pair and the large number of
particles with a negligible probability of forming
one, the ﬂuctuations of a superconducting region
should be involved in the pair generation process.
Fluctuations inﬂuence various physical parameters of superconductors: speciﬁc heat, conductivity, magnetic susceptibility, resistance of tunnel junctions, sound absorption factor, etc. Several diverse factors contribute to this. The ﬁrst
concerns the inﬂuence of ﬂuctuation-generated
Cooper pairs themselves on these physical characteristics of a normal metal. Thus in superconductors at temperatures somewhat above the critical
temperature the mechanism of paraconductivity,
predicted by A.G. Aslamazov and A.I. Larkin
(1968), results in the additional transport of electrical charge by ﬂuctuation-generated Cooper
pairs. The corresponding correction factor to the
conductivity appears to be singular near Tc :
σ/σn ∝ [Tc /(T − Tc )]2−n/2 , where n is the dimensionality of the superconducting system. The
second contribution to the physical parameters
of superconductors above Tc is caused by variations of the single-electron density of states. It
is not so signiﬁcant very near Tc because it has
a much weaker dependence on T − Tc than the
ﬁrst one, but it is comparable to it in respect to the
temperature range associated with its contribution
( T  Tc ). Finally, in sufﬁciently dirty superconductors (l < ξ ) above Tc there is a third ﬂuctuation
contribution, the so-called Maki–Thompson contribution (K. Maki, 1968; R.S. Thompson, 1970).
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FLUCTUATIONS, MESOSCOPIC

This is caused by quantum interference associated
with the scattering of the electrons that form the
ﬂuctuation Cooper pairs. At the same impurities,
and close to Tc , it has the same (and in ﬁlms to
some extent an even stronger) temperature dependence as the Aslamazov–Larkin contribution. The
Maki–Thompson contribution in low-temperature
superconductors depends essentially on the presence in them of paradestructive mechanisms (of
the magnetic ﬁeld, paramagnetic impurities, etc.).
Below Tc ﬂuctuation phenomena appear to be
more diverse, involving the modulus and phase of
the order parameter, or ﬂuctuations of scalar and
vector potentials. These ﬂuctuations also inﬂuence
other properties of superconductors, and in particular they lower the value of Tc , as expected from
the Bardeen–Cooper–Schrieffer theory.
FLUCTUATIONS, MESOSCOPIC
See Mesoscopic uctuations.
FLUCTUATIONS OF ATOMIC POSITIONS,
u ctuation wave
Variations in static displacements of atoms,
and of displacements in the concentration of solid
solutions, involving long-range and short-range
order parameters, and also other internal para-

meters, which can have equilibrium and spatially
nonuniform distributions in the volume of a crystalline material. Fluctuation inhomogeneities of
the internal parameters play a determining role in
the diffuse scattering of X-rays, neutrons and electrons. They are especially high in systems located
near the point of a second-order phase transition.
FLUCTUON

Self-localized conduction electron in a disordered or partially ordered nonmetallic medium. It
is a region of variation ( u ctuation) of the medium
parameter which creates the potential well where
an electron is localized, and it supports by its ﬁeld
the persistence of the ﬂuctuations. A ﬂuctuon may
be regarded as the bound state of an electron and
a ﬂuctuation (unstable in the absence of an electron). In solutions ﬂuctuons may be formed in
a region of varying concentration, in gases – in
regions of varying density. In para- and ferromagnetic semiconductors (see Magnetic semiconductors) a ﬂuctuon is associated with the ﬂuctuation of

magnetization. It forms a ferromagnetic region in
a paramagnet, and a zone of increased magnetization in a ferromagnet. In the vicinity of a r st-order
phase transition there may appear ﬂuctuating regions of the second phase near which the electrons
may be localized, thus forming the particular case
of ﬂuctuons – phasons.
When particular conditions are satisﬁed ﬂuctuons can trap a large number of atoms. Fluctuons
are thermodynamically favorable only in a limited
range of temperatures surrounding the Curie point
in a ferromagnet and the critical point in solutions
or gases, but usually not including low temperatures. The narrowness of the temperature range
where free electrons can transform into ﬂuctuons,
a process which is considered as a diffuse phase
transition in the electronic subsystem, is a characteristic feature of ﬂuctuons.
Fluctuons move in an external electric ﬁeld
since they are current carriers; and they have an
unusual mechanism of mobility, associated with
the diffusion of atoms or spins, or with viscous
ﬂow in the medium. Bound ﬂuctuons may appear near impurity centers. The transformation of
electrons into ﬂuctuons can strongly inﬂuence the
electrical, magnetic, optical, and other properties
of semiconductors.
FLUORESCENCE
Luminescence during the excitation with a
short-duration afterglow (unlike phosphorescence). It is characteristic of molecular crystals,

excitons, plasmas, and some other types of luminescence in crystallophors (see Luminophors).
Fluorescence may arise from electronic, as well
as vibrational radiative quantum transitions. Most
elementary processes which lead to luminescence
have been investigated in detail, and the term ﬂuorescence refers to those cases in which the system
returns to its initial state almost instantaneously after the radiative quantum transition takes place, so
that the maximum duration of afterglow is mainly
determined by the probability of this radiative
transition taking place.
FLUORIDES

Compounds of ﬂuorine with other elements.
This halogen forms compounds with all elements
except the light noble gases helium, neon and argon. Fluorides are divided into covalent and ionic

FOCUSON

ones, although there is no rigid line of demarcation
between these two groups. The most characteristic examples of covalent ﬂuorides are compounds
with nonmetallic elements (B, C, Si, N, P, As, O,
S, Se, Te, Cl, Br, I). These compounds are characterized by low melting and boiling points (most
are gases, some are volatile liquids). In the solid
state these ﬂuorides possess molecular lattices of
low strength. Another group of covalent ﬂuorides
involves polyvalent metals (platinum metals, V,
Nb, Sb, Ta, Mo, W, Tc, Re, U, Np, Pu) and noble
gases (krypton and xenon). Most of these ﬂuorides
are volatile solid substances, which form a molecular crystal lattice of low strength. Molecules of
certain ﬂuorides of this group are held together
by bridges of ﬂuorine atoms. Fluorides of various
transition and nontransition group metals, which
exist in low oxidation states (usually from +2
to +4), are intermediate in properties between the
two above groups. All of them are low-volatility
high-melting compounds of polymeric structure
(see Polymers). The driving force for the polymerization is the tendency of atoms to increase
their coordination numbers. The process of polymerization involves the formation of bridges of
ﬂuorine atoms. Both chain and three-dimensional
polymeric structures are known.
Typical representatives of ionic ﬂuorides are
those of alkali and alkaline-earth metals. They exhibit the highest melting and boiling points among
all ﬂuorides, and possess ionic lattices of high
strength. Ionic ﬂuorides are soluble in water, because hydration energies of ions of alkali metals
(except Li+ ) and the F− ion exceed the crystal lattice energies of the corresponding ﬂuorides.
Interhalogen compounds of ﬂuorine with chlorine are used as rocket fuel oxidizers. Ionic ﬂuorides are used for growing monocrystals of highmelting materials, in optics (CaF2 and LiF are
transparent to UV and visible radiation), as heattransport media and working media in atomicpower engineering (ﬂuorides of lithium, beryllium, thorium, uranium), in electrochemical production of aluminum and other active metals, as
ﬂuxes for welding refractory materials, as thermoluminescent and lyoluminescent ionizing radiation dosimeters (ﬂuorides of calcium, magnesium,
lithium).
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FLUXOID
See Flux quantum.
FLUXON
See Josephson vortex.
FLUX QUANTIZATION
See Quantization of ux.
FLUX QUANTUM, uxoid

The minimal value of magnetic ﬂux Φ0 that
can be frozen in a superconducting ring carrying
an electric current. The value of the ﬂux quantum
is Φ0 = h/2e = 2.06785·10−15 T·m2 . See Quantization of u x.
FOCUSON, focusing collision

One of the types of short-lived excited states
of an atomic chain in a crystal. If an atom of the
chain receives an impulse (e.g., from a foreign particle ﬂying by) at a sufﬁciently low angle to the
chain direction, then it transfers the momentum
to a neighboring atom in the chain at a smaller
angle, thereby returning after the collision to its
original lattice site. A succession of such elastic collisions leads to a considerable amount of
excitation transfer along the chain (of the focuson passage). In an undistorted crystal the focuson
transit does not induce structural changes. If there
is a defect along the focuson path (impurity atom,
dislocation, solid surface, etc.), the spreading of
the focuson may lead to some atomic reconstruction in the vicinity of a defect at a considerable
distance from the place where the focuson originated. The condition for focuson formation in the
standard model of a solid, where the atoms are
represented by hard spheres of radius R, has the
simple form d < 4R, where d is the interatomic
distance. As R decreases with the growth of the
energy of the atom, focusons are formed with very
low amounts of energy transferred to the primary
atom, of the order of hundreds of electronvolts. At
the small angles and high energies of the primary
collision, when the primary knocked-out atom replaces an adjacent one in the chain, the effect of
collision focusing leads to the formation of a dynamic crowdion (see Crowdion), which proceeds
along the chain, ending with the appearance of a
static conﬁguration of widely separated Frenkel
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FOKKER–PLANCK EQUATION

pairs (see Frenkel defect). At sufﬁciently high angles of momentum transfer to the primary atom, a
defocusing of atomic collisions takes place.
FOKKER–PLANCK EQUATION (A.D. Fokker,
1914; M. Planck, 1917)

Equation for the propagation density of probabilities f (Q, t), where Q = (q1 , . . . , qn ) is a set
of dynamic variables. A general representation of
the Fokker–Planck equation has the form
 ∂
∂f
ai (t, Q)f
=−
∂t
∂qi
n

i=1

+

n
∂2
1 
bik (t, Q)f .
2
∂qi ∂qk
i,k=1

The coefﬁcients ai (t, Q) are called drift coefﬁcients, and bik (t, Q) are matrix diffusion ratios.
Many equations of physical kinetics are reducible to the Fokker–Planck equation, such as
(a) self-diffusion and interdiffusion processes (see
Interdiffusion) in systems with large numbers
of particles (gases, liquids) are described by
the Fick equation
 ∂2f
∂f
,
=D
∂t
∂x 2
3

i=1

i

where x1 , x2 , x3 are Cartesian coordinates of
a designated particle, f = f (x1 , x2 , x3 , t) are
probability density distributions of the particle
location within the space, and D is the coefﬁcient of diffusion;
(b) the process of Brownian motion of a foreign
particle in a liquid is described by the Smoluchowski equation

3 
3


∂f
Fi ∂f
∂2f
+D
,
=−
∂t
γ ∂xi
∂x 2
i=1

i=1

i

where F1 is the force of gravity which acts on
the particle, γ is a coefﬁcient of friction;
(c) a relaxation distribution process involving the
momentum of a heavy gas impurity in an

atmosphere of light gas molecules in thermodynamic equilibrium with each other, is described by the equation
3
3

∂f
∂
σ  ∂2f
= −γ
(Pi ; f ) +
,
∂t
∂Pi
2
∂Pi2
i=1
i=1

where P1 , P2 , P3 are the Cartesian components of the heavy-particle momentum vector,
f = f (P1 , P2 , P3 , t) are probability distribution densities for the heavy particles, and σ
is the strength of the effect that the light gas
molecules have on the heavy particle.
For the applicability of the Fokker–Planck
equation to the description of the time variation of
the distribution density f (Q, t) it is necessary to
fulﬁll the following conditions (see Kinetic equation):
(1) the variation of f (Q, t) in a short time interval t is totally determined by the function
f (Q, t) itself, and by the forces applied at the
moment t , i.e. there is no “memory” of the
character of the system evolution in the past,
(2) the complete evolution process of the set of
physical values (q1 , . . . , qn ) consists in a large
number of individual elementary acts, which
occur at random times, and have random durations. The process of variation of the distribution of values qi is far slower than the
elementary processes which generate it, i.e.
the average duration of events comprising the
microscopic mechanism of evolution is much
less than the characteristic times of variation
of the values qi ;
(3) the average variations of the values q1 , . . . , qn ,
on which f (Q, t) depends in every elementary act, are low compared to their individual
characteristic values.
For all of the above-mentioned physical phenomena these conditions are fulﬁlled because the
described processes proceed much slower than the
elementary acts (collisions of particles) generating them, and the average relative change of the
dynamic variables (coordinates, momenta) at each
collision is very small. It is necessary to take into
consideration that the actual processes involved in
the variation of the physical values have a statistical nature, hence conditions 1 and 2 are only approximately satisﬁed, and therefore describing the

FORCE CONSTANTS

physical values with the help of the Fokker–Planck
equation is only an approximation, whose accuracy depends on the accuracy of fulﬁlling these
conditions. This is clearly demonstrated by the example of diffusion processes of atoms in solids,
and especially by the passage of gases through
pressed powders when a random arrangement of
the medium reinforces the random variation of the
particle motion. Since this state varies so slowly,
there remains some memory of the past evolution
of the particle, which is expressed in the statistical
connection between the separate elementary acts
associated with the particle motion, and this connection may become pronounced to such an extent
that condition 1 would not be satisﬁed. In particular, there is a so-called percolation threshold
(see Percolation theory) depending on the parameters characterizing the medium, above which
diffusion ordinarily cannot occur, and hence the
Fokker–Planck equation only applies in the above
mentioned physical systems when the parameters
of the medium are much less than their threshold
values.
FORBIDDEN BAND
See Band gap.
FORBIDDEN ENERGY ZONE
See Band gap.
FORBIDDEN QUANTUM TRANSITIONS

Conventional term for transitions with an intensity much less than that of allowed transitions.
They include the transitions with M = ±1,
n = 1, and, in strong magnetic ﬁelds, those transitions with the simultaneous changing of the projections of two spins M1 = M2 = ±1, n =
1, or M1 = − M2 = ±1, n = 1, where n is
the change in the number of photons (see Fig. in
Hyper ne structure). Included also in the forbidden category are many-quantum transitions with
n = 2, 3, . . . . With intersecting energy levels
forbidden quantum transitions become comparable to the allowed ones in their intensity. The
position, width and intensity of lines of forbidden
quantum transitions can provide additional information not available from allowed transitions,
e.g., details about low-symmetry spin Hamiltonian
parameters. Quantum transitions between some

481

states, forbidden via one type of interaction, might
be easily observable in other circumstances. For
instance, electric dipole-forbidden transitions under light absorption can be allowed for Raman
scattering of light, and vice versa (see Mutual exclusion).
FORBIDDEN TRANSITION, DIPOLE
See Dipole-forbidden transition.
FORCE CONSTANTS

Coefﬁcients in the quadratic term for the series expansion of the crystal potential energy U
for displacements of atoms from equilibrium positions us (n) (n labels the unit cells in the lattice,
s labels the atoms in the unit cell):
1  ik
U = U0 +
βss  (n, n )uis (n)uks (n ),
2
where the summation is carried out over all indices
(here i, k are the indices of Cartesian coordinates). The symmetrical and real force constants
ik (n, n ) deﬁne the type of crystal lattice vibraβss
tions and the spectrum of their frequencies:
ik (n, n ) = β ki (n , n).
βss

ss

They obey the following relations:

ik (n, n ) = 0,
βss


n s 

ns

ik (n, n )R l (n ) =
βss

s


n s 

il (n, n )R k (n ).
βss

s

Here Rsk (n) is the kth component of the coordinate
of the sth atom in the nth cell. The correlations
between force constants may be obtained from the
symmetry of each speciﬁc lattice (note that some
terms may vanish). In an inﬁnite (uniform) crystal
we have
ik (n, n ) = α ik (n − n ).
βss

ss 

In the limiting case of long-wavelength acoustic vibrations the equations of crystal lattice vibrations are equivalent to the dynamic equations
of motion of elasticity theory, where the elastic
moduli are expressed with the help of the force
constants. For instance, in a monatomic crystal
1  ik
α (n)R l (n)R m (n),
ciklm = −
2V0 n
where V0 is the unit cell volume.
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FORCE, IMAGE

FORCE, IMAGE
See Image forces.

ture in order to enhance the material strength and
plasticity.

FORCE, SURFACE
See Surface force.

FORM FACTOR
In X-radiography and neutron diffractometry,

FORERUNNER
See Precursor.
FORGEABILITY, malleability
The ability of metals (alloys) to change their
shape or size via forging and volume pressing.

When comparing the feasibility to process metals
with pressing one should take into account both
their plasticity (transverse contraction, ψ , and extension before failure, δ) and strength (σ t ). Forgeability is characterized by a malleability index K
with its value given by the expressions Kψ =
ψ/σ t or Kδ = δ/σ t . The value of K depends
upon the metal identity, chemical composition and
structure, as well as on temperature, plastic deformation rate, and the state of stress. To enhance its
forgeability a metal should be cleansed of chemical elements which form low-melting compounds,
as well as of oxygen, hydrogen and nitrogen; the
processing by pressure should be carried out at elevated temperatures; and surface defects should
be eliminated. To determine the material forgeability, one gauges the magnitudes of strength and
plasticity at varying temperatures and rates of deformation.
FORGING

A technique of metal processing by pressure
whereby a mechanical part is shaped into a required conﬁguration and dimensions by means
of repeated impacts of a hammering tool. The
metal is heated at forging to enhance its plasticity and to reduce the pressures required. Forging
is performed using hammers and presses. The
most important smithy operations include: setting, broaching, punching, chopping, bending and
twisting. The parts obtained with forging stand out
by their enhanced toughness and impact strength
compared to parts that are cast (see Casting).
The forging regime is chosen so it not only ensures the material shaping, but also provides for a
favorable grain structure and dislocation substruc-

and in atomic and nuclear physics the electromagnetic form factor is a function characterizing
the space charge distribution (electric form factor) or magnetic moment distribution (magnetic
form factor) within the atom, elementary particle or nucleus. An X-ray form factor corresponds
to an electric form factor (it describes the electromagnetic wave interference within the region
occupied by the overall electronic cloud of the
atom), and a neutron form factor corresponds to
a magnetic form factor (it describes the neutron
wave interference within the limits of the atom’s
outer electronic shells with spin density). These
form factors are measured with the help of the
elastic scattering of X-rays, neutrons, electrons (or
muons) in crystals or other materials.
In X-ray crystallography an atomic form
factor is
 deﬁned by the expression f (K) =
−(1/e) eiK·r ρ(r) d3 r, where ρ(r) is the
charge distribution in the atom, and K is a reciprocal lattice vector. Form factors for strongly inelastic processes can be deﬁned. The weak form
factors which characterize weak interactions of elementary particles are introduced analogously to
electromagnetic form factors, and it is not only
the vector currents, but also the axial currents that
take part in this kind of interaction. Weak interaction processes are associated with vector and axial
form factors. The spatial variation of the matrix elements of an atomic or nuclear interaction can be
described by a form factor.
FORM FACTOR, ATOMIC
See Atomic form factor.
FOURIER SPECTROSCOPY of solids

Method for recording absorption, reﬂection
and emission spectra in the long-wavelength,
medium and short-wavelength IR spectral regions.
Optical–infrared Fourier spectroscopy has progressed very rapidly since Fourier spectrometers
have demonstrated their advantages over classical
(frequency scanning) ones; the method features
high intensity, monochromatic sources, precise

FOURIER SPECTROSCOPY
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Infrared spectrum of Ho3+ doped LiYF4 (a), and enlargement of the low-frequency region (b).

wavelength determination (Fourier spectrometers
incorporate a laser interferometer), use of computers for data acquisition and processing.
The required spectrum is obtained by calculating the Fourier transform of the measured interferogram (autocorrelation function) at the output
of a double beam interferometer (often Michelson
interferometer). The resolvable spectral interval
is inversely proportional to the maximum range
in the optical path achievable by the interferometer, and the overall spectral range is inversely
proportional to the smallest resolvable interval of
the interferogram sampling. Fourier spectrometers
exhibit resolving powers up to 10−3 cm−1 , and
the observable spectral region extends from 5 to
5·104 cm−1 , i.e. from submillimeter wavelengths
to the UV. Of prime importance for the phonon
spectroscopy of crystals is the broad interval of
observable wavelengths, and the high photometric
accuracy with which reﬂection spectra are obtained. The optical constants of materials may be
obtained from these spectra through the use of
the Kramers–Kronig relations. The investigation
of the temperature dependence of the IR reﬂectivity permits one to evaluate the energy gap of

high-temperature superconductors. With the use

of Fourier spectrometers, total internal reﬂection
spectroscopy has become a leading method for investigating surface molecular adsorbate structure;
this method provides information on the composition, type of chemical bond, structure of layers and their rearrangement at phase transitions.
This spectroscopy is nondestructive in nature, involves no surface reactions (catalysis, corrosion),
and does not disrupt the structure of adsorbates
and their two-dimensional patterns. The method
of probing the surface by electromagnetic waves
is two orders of magnitude more sensitive for
monomolecular layers. This technique is carried
out using a Fourier spectrometer over a broad
range of wavelengths. The implementation of the
method of photothermal ionization of ﬁne donors
in semiconductors (Lifshitz method) using Fourier
spectrometers increases the sensitivity for the determination of impurity content to the level of
106 atoms per cm3 , which is still unattainable
by atomic emission spectroscopy. The measurements of optical absorption in the long-wavelength
IR spectral region provide important information
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on the nature of two-dimensional layers of space
charge in metal–oxide–semiconductor structures:
effective mass, characteristics of the scattering
processes, band structure of surface states, and elementary excitations. A Fourier thickness gauge
is used for exercizing control over the thickness
of epitaxial layers. High-resolution Fourier spectroscopy (0.001 cm−1 ) may be successfully used
to study hyper ne interactions of atomic impurity centers in crystals, since nonuniform widths
of bands are 0.03–0.06 cm−1 , whereas hyperﬁne
splitting reaches 2 cm−1 , and the overall Stark
multiplet spans 100–150 cm−1 (see Stark effect).
A portion of an absorption spectrum of the crystal
LiYF4 –Ho3+ at 6 K in the region of the transition
5 I –5 I of the impurity ion Ho3+ is given in Fig.:
7
8
(a) represents a Stark multiplet, and the enlargement of (b) shows part of this multiplet (resolution
0.04 cm−4 ); the eight components of the hyperﬁne
splitting (I = 7/2) are distinctly visible in all the
spectral bands.
FRACTAL

Term (combined from words: fraction and fracture) coined by Benoit B. Mandelbrot (1977) to
describe objects that have a non-integer or fractional dimension; in addition to this property they
also exhibit self-similarity. In terms of mathematics, for a one-dimensional Euclidean space
(DE = 1) fractals are sets of points along a line
with a fractional dimensionality DH in the range
DT < DH < DE ,

(1)

where DT = 0 is the intuitive topological dimensionality of a point. The quantity DH is called the
Hausdorff–Bezikovich dimensionality (F. Hausdorff, 1918; A. Bezikovich) or the fractal dimensionality. For a two-dimensional Eucklidean space
DE = 2 fractals are sets of lines (DT = 1) with a
nonintegral dimension DH in the range 1 < DH <
2, and so forth for fractals in higher-order Euclidean spaces. It is characteristic of a fractal that the
dimension DH is not related to topology, but rather
to the way in which the set under consideration is
constructed.
To obtain a formula for dimensionality consider a line segment of length a0 divided into N
line segments each of length a0 /N , a square a0 on
the side divided into N squares each with a side

Cantor set of line segment fractals.

of length a  a0 , or a cube of side a0 divided up
into N small cubes each with dimension a  a0 .
In each case the number of objects N is given by
the equation
 D
a0
,
(2)
N(a) =
a
where the dimension D = 1, 2, 3 for the line segment, the square and the cube, respectively. Taking
the logarithm of both sides of this equation gives
for the dimension
log N(a)
.
(3)
D = DH =
log(a0 /a)
This expression is not only valid for the example,
but it is also the Hausdorff or fractal deﬁnition of
dimensionality DH . As an example of its signiﬁcance, consider the Cantor set of line segments depicted in Fig. An initial line segment of length a0
in one-dimensional Euclidean space (DE = 1) is
divided into two segments of length a = a0 /3 with
a space of length a0 /3 between them. Fig. shows
one further subdivision of this type. If this subdivision process is repeated n times we obtain N(a) =
2n micro line segments or points, each of length
a = 3−n a0 . The points have the topological dimension DT = 0. Inserting these expressions into
Eq. (3) gives DH = log 2/ log 3 = 0.6309, a noninteger value which shows that the Cantor set is
a fractal object. It is clear that this Hausdorff dimensionality obeys inequality (1). The Cantor set
also exhibits self-similarity since, if a portion of
the set after many subdivisions is magniﬁed, it will
resemble the set after only a few subdivisions.
Fractals occur in various physical objects such
as the coastline of a beach, geothermal rocks,
cloud formations, woody plants, and speech forms.
Fractals are often associated with the presence of
random processes or chaos, such as the kinetics of

FRACTON DIMENSIONALITY

the generation of clusters, the growth of dendrites,
turbulent ﬂow, problems of percolation through
disordered lattices, etc. See Percolation theory.
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FRACTON DIMENSIONALITY, spectral
dimensionality

A characteristic Ds of a fractal system, which
is determined by the fractal dimensionality D and
anomalous diffusion index Θ of the system: Ds =
2D/(2 + Θ). The name of this quantity arose from
the behavior of the density of states of a fractal
system (see Fractal). For example, the density of
vibrational states in a system with isotropic elastic forces (see Isotropy of elasticity) is given by
D −1
the equation N(ω) ∝ ωs s (the density of vibrational states for ordinary lattices under the same
conditions is given by N(ω) ∝ ωd−1 , where d is
the space dimension). The corresponding vibrational excitations are often localized and are called
fractons. Systems which appear homogeneous at
large scales exhibit a transition from fracton behavior to ordinary phonon behavior (see Phonons)
at sufﬁciently low frequencies. This behavior of
the density of states accounts for certain features
of the speci c heat of polymeric resins. The same
quantity determines the spectrum of electronic
states of the fractal system within the tight binding
approximation (see Tight binding method): N(ε) ∝
ε(Ds /2)−1 for ε → 0.
The value of Ds is responsible for certain
features of diffusion and random walk in fractal
systems. The random walks are unrestricted (non
self-avoiding) for Ds  2, and are self-avoiding
for Ds > 2 (see Migration). The value of Ds also
determines the kinetics of diffusion-controlled reactions in fractal systems (chemical reactions in a
porous matrix, luminescence of mixed molecular

FRACTAL DIMENSIONALITY

See Fracton dimensionality.

FRACTOGRAPHY

Physical method of investigating the structure
of fractures for the purpose of determining the
causes and nature of the failure in connection with
the structure of the material under investigation.
Fractography permits the qualitative and quantitative determination of the origin of failure, i.e.
the location and dimensions of the defect, the direction of crack propagation, and an evaluation
of the energy consumption during the process.
Fractography provides the basis for classifying
failure mechanisms according to the criteria of
fracture toughness and fracture structure (brittle
fracture, quasi-brittle fracture, tough fracture, etc.).
The main instrument used in these investigations
is the scanning electron microscope (see Scanning electron microscopy), which provides images
of fractures over a broad range of magniﬁcation
from 20 to 2000. Fractography methods are used
to inspect the quality of materials with respect to
strength and reliability of materials, and to detect
inhomogeneities in the structure of alloys.

Table 1. Asymptotic behavior of certain types of diffusion-controlled reactions in fractal systems
Type of reaction
A+B →B
Extinguishing the agitation in ﬂux
saturation and mobility
The same

Asymptotic limit
nA ∼ exp(−anB t), Ds > 2,
nA ∼ exp(−anB t Ds /2 ), Ds < 2
2/(2+Ds ) Ds /(Ds +2)
t
),

nA ∼ exp(−anB

A+A→0
Annihilation of triplet excitons

nA ∼ t −1 , Ds > 2,
nA ∼ t −Ds /2 , Ds < 2

A + B → 0, nA (0) = nB (0)
Electron–hole recombination,
annihilation of radiation defects

nA = nB ∼ t −1 , Ds > 4,
nA = nB ∼ t −Ds /4 , Ds < 4

Comments
nB is the concentration ﬂux,
a is a numerical coefﬁcient.
Intermediate asymptote
Actual asymptote after long time
–

Actual asymptote after long time
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crystals, with the concentration of one component
close to the percolation threshold, etc.). The time
dependence of concentrations (nA , nB ) of excitations and reagents for different types of reactions
are given in Table 1.
In the case of an inﬁnite percolation cluster the
Alexander–Orbach relation, Ds ≈ 4/3, is satisﬁed
for a space of any dimensionality (S. Alexander,
R. Orbach, 1982). See also Percolation theory.
FRACTURE

The surface damage resulting from the failure
of a mechanical part, a semiﬁnished item, or a
specimen. The study of fracture is one of the ancient methods of metal quality control performed
either visually or with the help of an optical microscope; at the present time one makes use of a
transmission electron microscope (replica method)
or a scanning microscope. The type of the fracture
depends on the variety of crystal lattice, the metal
structure, the testing (or operating) temperature,
the loading rate, and the strain state. Using structural indicators, a distinction can be made between
transcrystalline failure and intercrystalline failure;
and using a fracture toughness criterion one distinguishes between brittle failure, quasi-brittle failure
and tough fractures. Some fractures may exhibit
these signs in various combinations. In visual observation, the brittle fracture surface obtained by
spalling is shiny and bright; that of a ductile fracture is dull gray.
FRACTURE BRANCHING
See Branching of fractures.
FRACTURE, BRITTLE
See Brittle fracture.
FRACTURE TOUGHNESS, fracture ductility,
crack resistance

The ability of a material to resist the spreading
of large macroscopic cracks within itself. Fracture
toughness depends on the level of intermolecular bonding forces, on plastic deformation in the
crack, and on barriers in the way of its spreading. The mechanism of plastic ﬂow in front of the
crack vertex involves dislocations at low levels,
and rotations at high levels of plastic deformation (see Plastic twisting deformation, Dislocation

model of plastic deformation). Macroscopic obstacles (boundaries of composite layers, pliable
insertions, welded joints, riveted stringers, slots,
local thermal and elastic ﬁelds) as well as microscopic ones (interblock boundaries and grain
boundaries, triple grain junctions, slip bands and
faults, second phase inclusions, etc.) may serve
as barriers. At the beginning of the spreading of a
crack the external stress should break the bonds at
its opening, with accounts for the work expended
in plastic deformation and overcoming barriers.
As a quantitative measure of fracture toughness
three main parameters, ﬁxed at the moment of
the crack movement under the load, are commonly used: (1) G1c , the critical velocity of energy
release, J/m2 , (2) K1c , critical stress intensity factor, MPa·m1/2 , (3) δc , critical crack opening, mm.
For quasi-elastic (low plasticity) materials (see
Quasi-brittle failure), the values G1c , K1c and δc
are interrelated as

G1c = σs δc =

2 (1 − ν 2 )
K1c

,
E
where σs is the yield limit of the material, ν is the
Poisson ratio, and E is Young’s modulus. The parameter K1c is determined experimentally by tensile
tests of special samples with an applied fatigue
crack (see Fatigue) and a ﬁxed minimum load,
whereby the crack increases via ﬂat deformation,
i.e. by ﬂat break-off under the effect of normal
stresses. The factor K1c is almost independent
of the sample dimensions (for sufﬁciently large
dimensions) and at a given temperature and deformation speed it is a constant determined by the
structure of the material. For construction steels
of average strength (σb = 400 to 600 MPa) typical values are K1 ≈ 25 to 30 MPa·m1/2 (∼80
to 100 kg·mm−3/2 ). Fracture toughness is not applicable for describing stress resistance involving
small cracks and defects of submillimeter dimensions (see Defect resistance).
FRAGMENTATION

Process of formation of a fragmented structure in crystalline materials, i.e. the generation
of small structural units which are called fragments. There is no unambiguous deﬁnition of the
concept “fragment”. Originally the term referred
to a structural unit immediately below polycrystal
grain in the size scale. In this context, fragments

FRANCK–CONDON PRINCIPLE

of polycrystal grains and monocrystals result from
various processes: crystallization, recrystallization,
phase transition in the solid state, plastic deformation under conditions of both creep and resistive
load, including pressure treatment of metals. In all
cases, except for resistive plastic deformation, the
disorientation angles between the fragments are
θ ≈ 0.2–2◦ , and a block structure is often observed
inside the fragments. The sizes of fragments range
from decimal fractions of a micrometer to several
millimeters (in monocrystals).
Substructures with dislocation boundaries,
which arise under active plastic deformation, can
be called cellular structures. Slightly (θ  2–4◦ )
and highly (larger θ , up to tens of degrees) disoriented cellular structures are distinguished. The
dimension of cells ranges from 0.2 μm to several micrometers. Sometimes the cells (particularly highly disoriented ones) are assumed to be
types of fragments. Two size ranges of fragments
are distinguished: (1) dimensions ranging from 0.5
to 1 μm, θ = 1–15◦ ; (2) dimensions ranging from
several micrometers to several tens of micrometers, with disorientation angles of tens of degrees,
and narrow “knife-edge” boundaries. In certain
cases (particularly at moderate temperatures) the
fragmented structure (of the second size range)
has a streaky appearance. Fragments of this size
often serve as boundaries for the texture component region of a deformation texture. In the context
of this approach, it is appropriate to use the term
“cell” when they are slightly disoriented with wide
dislocation boundaries. These various structural
scale levels may occur both simultaneously and
separately. The tendency toward fragmentation
increases with the elevation of the strain temperature, increase of the number of slip systems,
increase of the stacking fault energy. Fragmentation exerts a profound inﬂuence on mechanical
properties, and in a number of cases it results
in an increase of the strength of a material with
a concurrent decrease of the temperature of the
brittle–ductile transition.
FRANCIUM, Fr

Radioactive element of the Group I of the periodic table with atomic number 87 and atomic
weight 223.0197; belongs to alkali metals. Francium is the least stable among all the radioactive
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elements occurring in nature. The only natural radionuclide 223 Fr (produced at one of the stages
of 227 Ac decay) has a half-life of approximately
21.8 min. The surface layer of the Earth’s crust
(1.6 km thick) contains only 24.5 g of Fr. The
electronic conﬁguration of the outer shell is 7s 1 .
Atomic radius 0.280 nm; radius of the ion Fr+
0.180 nm. The work function is 1.8 eV, and the
electronegativity is 0.7.
The following characteristics of francium are
deduced through extrapolation calculations. It is
expected that francium exhibits a body-centered
cubic lattice; Tmelting ≈ 293 K, Tboiling ≈ 913 K,
heat of melting 2.1 kJ/mole, heat of sublimation
69 kJ/mole; speciﬁc heat 32 J·mole−1 ·K−1 ; resistivity 0.45 μ·m (at 290 K). 223 Fr is used in
radiochemical determinations of the radioactive
element actinium.
FRANCK–CONDON PRINCIPLE (J. Franck,
E. Condon, 1925)

A principle which governs the distribution
of intensity in the optical transition band of an
electronic-vibrational system such as a molecule
or impurity center of a crystal. The Franck–
Condon principle is an analogue of selection rules
for coupled electronic-vibrational (i.e. vibronic)
transitions. However, this principle does not impose strict exclusions on the possibility of particular transitions, like selection rules do; rather it
indicates which transitions are more likely. The
classical Franck–Condon principle states that during the period of an electronic transition in a
molecule (or a crystal) the atomic nuclei do not
appreciably change their coordinates or momenta.
It is also assumed that the transition occurs at
the turning points (points of slowest speed) of
the classical motion of the nuclei. The semiclassical Franck–Condon principle, though accepting
the claim that the coordinates and momenta of nuclei remain ﬁxed during the course of the vibronic
transition (which is inconsistent with the uncertainty relation), allows for transitions at all values
of the vibrational coordinates R of the atomic nuclei, with probabilities that are determined by the
quantum-mechanical distribution of R. A rigorous calculation of the probability of a vibronic
transition (quantum-mechanical Franck–Condon
principle) involves the assumption that the ma-
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trix element of the electronic operator of the dipole moment is only slightly dependent on the
coordinates of the nuclei; thereby justifying the
expansion of this operator in a power series in
terms of R in the neighborhood of the equilibrium positions of the nuclei. If we restrict our
consideration to the zeroth-order term of this series (Condon approximation), then the probability
of the electronic-vibrational transition is determined by the overlap integral of the vibrational
wave functions of the initial and ﬁnal states of
the system under consideration. In particular, if
the adiabatic potentials of both states are identical, then in the context of this approximation,
those transitions which involve a change of the vibrational state of the lattice are forbidden, which
follows from the orthonormality of the vibrational
wave functions.
Frank–Read source.

FRANK DISLOCATION

A pinned dislocation which generates additional dislocations when subjected to an applied
stress. The site of a Frank dislocation is called a
Frank–Read source.
FRANK NETWORKS

Networks generated by dislocation lines, which
belong to three (or more) different slip systems in
the case when the dislocations form stable dislocation sites (see Dislocation grid), at which their
Burgers vectors sum to zero. If the dislocation
densities in these systems are equal, then there
is a possibility of generating stable Frank networks with nearly equal cell sizes. These Frank
networks, which exhibit cells several micrometers
in size, are observed in polygonized alkali-halide
crystals. Since individual units of Frank networks
belong to different slip systems, the network sites
may turn out to be ﬁxed points of dislocations;
under the action of applied external stresses the
segments of these networks act as Frank–Read
sources.
FRANK–READ SOURCE (F.C. Frank, W.T. Read,
1950)
A source of a Frank dislocation, which is a

pinned dislocation that generates additional dislocations when subjected to an applied stress. It
is a source of multiplication of dislocations at the

plastic deformation of crystalline materials. There

exist two types of Frank–Read sources: two-pole
sources and one-pole sources.
A two-pole Frank–Read source is the dislocation segment AB (see Fig. (a), where b is Burgers
vector, and the arrow indicates the direction of the
dislocation line), which has ends that are ﬁxed by
the nodes of the dislocation grid, by impurities, or
by segments of the dislocation line which leave the
slip plane. This segment buckles at slipping under
the action of an applied shear stress. If the stress
is so strong that it cannot be compensated by the
stretching force of the dislocation line, then the
dislocation segment goes through the successive
stages 1–2–3–4 depicted in Fig. (b). Dislocation
line segments of opposite signs meet each other
and annihilate (annihilation proceeds at the dashed
line in Fig. (a)) at the fourth stage (see Annihilation
of dislocations). This results in the formation of the
dislocation loop (4 ), and the recovery of the initial
segment, which is capable of producing new dislocation loops.
In the process of development of a single-pole
Frank–Read source the original line dislocation
turns into a spiral, which increases the length of
the dislocation line in the bulk of the crystal, i.e.
leads to the growth of the dislocation density.
Seven arbitrarily chosen successive stages of the
spiral development are shown in Fig. (b), where

FREE RADICALS

D is the point of the dislocation pinning. Frank–
Read sources have been repeatedly observed in
crystals.
FRANZ–KELDYSH EFFECT (W. Franz,
L.V. Keldysh, 1958)
The shift of the intrinsic light absorption edge
of a semiconductor toward lower frequencies,

which takes place in the presence of an external
applied electrical ﬁeld. This effect was experimentally discovered by V.S. Vavilov and I.K. Britsyn
in silicon. In the absence of an electric ﬁeld, the
frequency corresponding to the absorption edge is
given by the formula ω = Eg /, where Eg is the
width of the band gap. In an electric ﬁeld E the
absorption edge becomes blurred because of electron tunneling (see Tunnel effect) from the valence
band to the conduction band, and the absorption of
light of frequencies ω < Eg / becomes possible.
The effective shift of the band edge is given by the
formula E ∼ (e2 E 2 2 /m∗ )1/2 , where m∗ is the
effective mass of the electron. Accompanying a
change of the absorption coefﬁcient edge there is a
change of the refractive index. The Franz–Keldysh
effect is used for the modulation of optical radiation (see Modulation spectroscopy).
FREDERIKS TRANSITION (V.K. Frederiks, 1927)
The change of orientation of the director n in
liquid crystals, as a result of the action of mag-

netic or electric ﬁelds. The physical cause of the
Frederiks transition is that the liquid crystals tend
to reach the ﬁeld conﬁguration n of the lowest
free energy. In the case of a nematic liquid crystal with ﬁnite and inﬁnite values of energies of
adhesion of molecules to the supporting surfaces
the Frederiks transition is a threshold process. The
physical cause of the existence of a threshold lies
in the fact that the change of the director orientation (the director orients along the external ﬁeld
direction) is hindered by elastic deformations in
the neighborhood of the supporting surfaces. As
the ﬁeld increases, the undistorted texture n turns
into a distorted one through a second-order phase
transition. The critical ﬁeld values for the Frederiks transition for magnetic and electric ﬁelds are,
respectively:


π Kii 1/2
,
Bc =
d χa

Ec =

π
d
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4πKii 1/2
,
εa

where d is the sample thickness, Kii are elastic
constants which assume different values depending on the geometry of the experiment, χa and
εa are the respective values of the diamagnetic
and dielectric anisotropy of the liquid crystals (see
Anisotropy of liquid crystals).
Typical values are Bc ∼ 0.1–0.5 T, Ec d =
Vc ∼ 1–5 V. In the case of an inclined orientation
of the director with respect to the ﬁeld direction
the Frederiks transition is a non-threshold type. An
analogous effect may be observed in smectic liquid
crystal C. In the case of cholesteric liquid crystals,
in which χa > 0 and εa > 0 and the direction of
the ﬁeld is perpendicular to the spiral axis, the
Frederiks transition involves uncoiling the spiral
structure and a cholesteric–nematic transition.
FREE ENERGY

The quantity of energy available to perform
work, or the capability of a system to do useful
work. The Helmholtz free energy F for constant
volume processes, F = U − T S, and the Gibbs
free energy G for constant pressure processes,
G = H − T S, are deﬁned thermodynamically in
terms of the energy U , the enthalpy H , the temperature T , and the entropy S. See Thermodynamic
potentials, Gibbs free energy, Helmholtz free energy.
FREE RADICALS

Paramagnetic compounds with unpaired electrons at outer atomic or molecular orbitals, and
which usually display high reactivity. Some free
radicals are stable (have long lifetimes), but most
are unstable. Stable free radicals may be isolated
as chemically pure substances, and unstable free
radicals can be obtained and studied in solid matrices or in solutions. One of the principal methods
used to detect and study free radicals is electron paramagnetic resonance (EPR). Free radicals
having two or more uninteracting unpaired electrons are called biradicals or polyradicals, respectively. If they are charged they are called radical
ions. Free radicals form from corresponding molecules under the effect of electromagnetic radiation,
high-energy particle ﬂuxes, at catalyst surfaces,
during heating, etc. Free radicals are widely found
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in nature: at the Sun, in stars and comets, in interstellar space, etc. Respiration and photosynthesis
as well as many individual processes, such as
combustion, polymerization, etc., involve free radicals.
FREE SPIN COMPLEXES
The same as High-spin complexes.
FREE VOLUME MODEL

A theoretical model used to describe the physical properties of liquids and solids in the amorphous state. The model is based on the assumption
that the amorphous state is completely determined
by the distribution of volume in it. The free volume vf per given atom is the difference between
the volume of the cell vn occupied by the given
atom and the volume of that atom itself, va ∝ a 3
(here a is the atomic diameter). The basic assumptions underlying the model are as follows:
(a) free volume may redistribute itself between
cells without any changes in either the total
volume or the total free energy of the solid;
(b) diffusion of atoms takes place along ﬂuctuationally developing cavities, their volume exceeding a certain critical value v ∗ that is close
to va (these form during the course of free volume redistribution);
(c) the total free volume changes with changes in
temperature, and under the effect of tensions
that produce plastic deformations.
For a liquid in thermodynamic equilibrium the
distribution function p(vf ) of free volume was
found to have the form:


 
vf
γ
exp −
,
p(vf ) =
v̄f
v̄f
where γ is a geometric factor of the order of unity,
the average free volume v̄f may be represented in
the form of a polynomial expansion over temperature T as v̄f = ξ(T − T0 ); here ξ is the thermal
expansion coefﬁcient, T0 is a phenomenological
parameter. An expansion of the diffusion coefﬁcient D follows from the formula for p(vf ) and
assumption (b) above:


1
γ v∗
D ≈ au exp −
,
6
v̄f

where u is the thermal motion velocity of atoms.
From the above formula, there follows an expression for the viscosity coefﬁcient, η = AkB T /(aD),
where A is a constant of the order of unity. In
this form the above formula coincides with the
empirical expression for the viscosity coefﬁcient
known as the Vogel–Fulcher–Tamman formula:
η = B exp[C/(T − T0 )], where B and C are parameters. Within the model of free volume, this
formula is satisﬁed by amorphous metals and
metallic alloys around the vitri ca tion temperature,
so that the model may be applied to metallic
glasses.
Using the model of free volume, a phenomenological description has been suggested for plastic
deformations, diffusion, and glass–liquid transitions in metallic glasses. The applicability of the
model to such glasses, however, has not yet been
proven.
FRENKEL DEFECT

Crystal structure defect which arises when an
atom migrates from its regular lattice site to an interstitial one. Thus, Frenkel defects consist of two
components: the vacancy and the interstitial atom,
therefore this defect is also called a Frenkel pair
(interstice–vacancy pair). In nonmetallic crystals
the components of a Frenkel defect may exist in
various charge states, e.g., in alkali-halide crystals
the neutral Frenkel pair consists of color centers of
type F (halogen vacancy with an electron) and H
(interstitial halogen atom); a charged Frenkel pair
consists of color center α (halogen vacancy without an electron) and I (negatively charged halogen
ion at interstice). In crystals of complex composition there can exist several types of Frenkel
defects which are associated with different sublattices; e.g., the binary crystal MX contains pairs
VM –IM and VX –IX (V are vacancies in sublattices M and X, I are interstitial atoms of M
and X). Frenkel defects can be generated at sufﬁciently high temperatures as a result of thermal
uctuations. The probability that an atom escapes
the potential barrier of height U , which separates the site and the interstice, is of the order
of ν exp[−U/(kB T )], where ν is the oscillation
frequency of the atom at the lattice site. Frenkel
defects are also produced at elastic collisions between crystal atoms and high-energy particles at

FRENKEL–KONTOROVA MODEL

exposure of the crystal (e.g., alkali-halide) to nuclear radiations, and they can arise from excitation
and subsequent annihilation of electron–hole pairs
or excitons. The energy U for the thermal generation of a Frenkel pair (of the order of eV) is
often several times less than the energy released at
the impact generation of defects. This difference
is due to different patterns of strain of the atomic
environment associated with the slow thermal and
rapid impact mechanisms of defect generation.
Separated and bound Frenkel defects are distinguished. A separated Frenkel pair consists of
isolated vacancies and interstitial atoms, which do
not interact because they are too far removed from
each other. The evolution of the bound Frenkel
pair, the members of which are close to each
other, may lead either to its annihilation or to its
dissociation into isolated defects. The character
of this process has a pronounced effect on the
efﬁciency of the exposure of the crystal to irradiation with various energies of defect-producing
particles. Frenkel defects and more complicated
objects, which include Frenkel defects and other
types of crystal defects, may have a profound effect on the crystal properties. See also Unstable
Frenkel pair.
FRENKEL EFFECT
Generation of pores (cavities) in the diffusion
zone during the course of diffusion homogeniza-

tion; the pores are generated because of the coagulation of surplus vacancies in systems where diffusion occurs by a vacancy mechanism. The presence and oversaturation of surplus vacancies are
maintained by the inequality of counter diffusion
ﬂows of the system components. In the simplest
case of diffusion homogenization, the Frenkel effect may be observed also in a single-component
system, in which the directional ﬂux of vacancies
is maintained by the structural nonuniformity of
the sample. The strength or effectiveness of the
source of surplus vacancies, which are responsible
for the generation of pores, is given by the equation gv = div Iv , where Iv is the ﬂux of vacancies,
which is equal to the difference between the ﬂuxes
of the system components. The role of centers of
pore nucleation is played by intrinsic defects of
the structure (boundaries, cracks) and the defects,
which arise at relaxation of the diffusion-induced
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stresses (see Stress relaxation). The Frenkel effect in multicomponent systems is accompanied
by swelling of the diffusion sample by an amount
which equals the volume of the pores produced.
The swelling manifests itself clearly at sintering
of the mixture of powdered mutually insoluble
substances. This effect may be prevented by the
application of low (∼ 102 atm) uniform compression (see Barodiffusional effect). In alkali-halide
crystals in an external electric ﬁeld, the Frenkel
effect shows itself in the form of vacancion breakdown.
FRENKEL EXCITON (Ya.I. Frenkel, 1931)
An exciton consists of a single excited atom

with a ﬁnite lifetime in a lattice (or a single excited
molecule in a molecular crystal). It was introduced to explain photoelectrically inactive light
absorption. By virtue of its interaction with the
environment, the excitation may be transferred
(without energy loss) to neighboring (identical)
atoms (or molecules). If the excitation is not accompanied by a lattice deformation, then it can
travel throughout the crystal, being characterized
by a certain wave vector k (or by momentum
p = k) and by the dispersion law ε(k) = p2 /2m∗
with the effective mass m∗ = 2 (∂ 2 ε/∂k 2 )−1 . In
this case a Frenkel exciton is a free or traveling
exciton. When there is an interaction with the environment then a deformation of a certain region
of the lattice (which provides obstacles for migration of the excitation) may take place; in this case a
self-localized exciton is formed, which may travel
throughout the crystal carrying along this region
of deformation. Therefore, a self-localized exciton
is characterized by a substantially larger effective
mass than the free exciton. There exists a possibility of deexcitation of the crystal, which involves
the transfer of the Frenkel exciton energy to photons (luminescence) and phonons.
FRENKEL–KONTOROVA MODEL (Ya.I. Frenkel,
T.A. Kontorova, 1937)

A one-dimensional microscopic model of a
crowdion or dislocation in a crystal. An inﬁnite

chain of atoms linked together by elastic (spring)
forces is considered to be located within the range
of an externally applied periodic potential. In
the context of a linear (with respect to relative
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shifts) approximation the equation of atomic motion takes the form
d2 un
2πun
,
= α(un+1 + un−1 − 2un ) − aω02 sin
2
a
dt
where un is the shift in position of nth atom,
a is the equilibrium interatomic distance, ω0 is
the frequency of uniform small-amplitude vibrations of the chain, and α is the elastic interatomic
interaction constant. The dislocation satisﬁes the
following boundary conditions:
un = a,

n → −∞,

un = 0,

n → +∞.

Assuming that the length of the region of localization of the inhomogeneous strain is much
greater than a, we take the limit to the equation
for the continuous function u(x):
∂2u
2πu(x)
∂ 2u
= c2 2 − aω02 sin
.
2
a
∂t
∂x
This sine-Gordon equation is widely used in onedimensional nonlinear dynamics. The solution of
this equation with prescribed boundary conditions
corresponds to the solitary wave of the nonlinear
deformation ﬁeld ∂u/∂x, and it is the simplest
type of soliton. The dislocation described in this
continuum approximation may be displaced by an
inﬁnitesimal force. There is an initial or threshold
stress which must be exceeded to start the dislocation motion (Peierls stress for dislocation in a one
dimensional crystal; see Peierls–Nabarro model).
FRENKEL PAIR
See Unstable Frenkel pair.
FREQUENCY MIXING in a solid

A nonlinear process during which a pump
wave (electromagnetic) ﬁeld containing two or
more frequency components (e.g., ω1 and ω2 )
is transformed in a nonlinear medium into waves
with frequencies that are linear combinations of
the pump wave frequencies (e.g., ω3 = ω1 ± ω2 ,
ω4 = 2ω1 ± ω2 , . . .). The wave transformation
takes place with conservation of the total electromagnetic ﬁeld energy, so the nonlinear medium
does not absorb or radiate energy. From a
quantum-mechanical point of view the frequency

mixing is a multiphoton process in the solid state,
with the same starting and ending energy conditions. When looked upon as a macroscopic
phenomenon, the mixing of frequencies is characterized by a nonlinear susceptibility of the second,
third, and higher order (see Nonlinear optics of
solids).
Because of the frequency dispersion of the refractive index, the spatial distribution of the initial
nonlinear wave polarization in the medium does
not coincide with that of the electromagnetic wave
excited at the new “mixed” frequency. Therefore, phenomena like interference are observed:
the characteristic direction of the mixed frequency
radiation has a sharp minimum and maximum, and
the dependence of its power on the path length
in the medium (in the direction of maximum intensity) has an oscillating nature. The frequency
mixing processes of greatest practical importance
are the optical generation of sum and difference
frequencies ω3 = ω1 ± ω2 used for frequency conversion (e.g., for generating the second harmonic),
and four-wave frequency mixing of the types of
ω4 = 2ω1 ± ω2 that is the basis for a nonlinear spectroscopy method corresponding to active
spectroscopy of Raman scattering of light. See also
Optical parametric oscillator.
FRESNEL EQUATIONS (A.T. Fresnel, 1823)

Relations which connect the amplitudes,
phases and polarizations of reﬂected and the refracted light waves. The reﬂected and refracted
waves arise at the passage of light through the
plane boundary between two transparent media,
and they are described in terms of corresponding
parameters of the incident wave. Fresnel obtained
these relations using the now discredited concept
of a vibrating elastic ether. The Fresnel equations
follow from the electromagnetic theory of light,
and may be obtained from the solution of Maxwell
equations with boundary conditions at the interface between two homogeneous isotropic media
with refractive indices n1 and n2 . For plane waves
the amplitudes of the electric vectors of the incident (i), reﬂected (r) and transmitted (t) waves
are respectively resolved into components, which
are parallel (subscript p) or perpendicular (subscript s) to the plane of incidence, and the Fresnel

FRICTION CONSTANT

equations take the form
Tp =

2 sin θt cos θi
Ip ,
sin(θi + θt ) cos(θi − θt )

Ts =

2 sin θt cos θi
Is ,
sin(θi + θt )

Rp =

tan(θi − θt )
Ip ,
tan(θi + θt )

Rs = −

sin(θi − θt )
Is ,
sin(θi + θt )

where θi , θt are respectively the angles of reﬂection and refraction of light, which are related to
the refractive indices n1 and n2 by Snell’s law:
n1 sin θi = n2 sin θt . It follows from the above
equations, that the phase of every component of
the reﬂected and transmitted wave is either equal
to the phase of the corresponding component of
the incident wave or differs from it by π . Therefore, e.g., if the incident wave is linearly polarized,
then the reﬂected and refracted waves are also linearly polarized.
The applicability of the Fresnel equations is
limited by the requirement that the irregularities of
the surface must be small compared to the wavelength, and refraction indices of the media must
not depend on the amplitude of the E-vector of
the light wave. In the case of very intense light
sources (laser light) the reﬂection and refraction
are accompanied by a number of new effects, and
the amplitudes of the waves at the boundary between the two media no longer satisfy the Fresnel
equations (see Nonlinear optics).
FRICTION

A dissipative process arising as a result of the
resistance to motion of a body or a system of bodies, or a relative displacement of parts of the same
system which leads to scattering and the loss of energy. The sliding motion of bodies in contact leads
to external friction; and this situation in respect to
relative displacements of parts of the same system
is referred to as internal friction. In a mechanical system friction causes the total mechanical
energy E to decrease with its partial transformation into other types of energy, including heat
energy, energy accumulated in material defects,
and so on. As a rule, one introduces dissipative
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forces (friction forces) which counteract the relative body motion. In the case of the dependence
of these forces on generalized velocities q̇, it is
convenient to consider a dissipation function Φ =
(1/2) ij aij q̇i q̇j , where qj are the generalized
coordinates of the system, aij are the coefﬁcients
(which, in general, depend on qi ) representing a
measure of the scattering of the total mechanical energy per unit time, and E = −2Φ. In this
case, when writing the equations of motion of the
mechanical system it is necessary to take into account the terms proportional to q̇ which represent
the frictional forces. Friction in momentum space
is the process of a particle decellerating (braking)
under the action of small forces uncorrelated in regard to either direction nor magnitude. Diffusion in
momentum (P ) space (see Fokker–Planck equation) can be described by a kinetic-type expression
∂
f = b· gradp P f + gradp (kB Tf ) ,
∂t
where f is the particle distribution function over
momenta, and the ﬁrst term of the right-hand side
determines the force acting upon a particle which
is directed opposite to its motion, and proportional
to its speed. It can be shown that the time averaged momentum increment is  P  = −bP τ ,
where τ is the correlation time of the forces acting
upon the particle, and b is the friction constant.
Such a consideration is used, e.g., when calculating the coefﬁcient for the transfer and dissipation
of the energy of channeled particles (see Friction
of channeled particles). By introducing the dissipation term the kinetic equation can be regarded as
including dynamic friction forces. The energy dissipation produced by dipole moment oscillations
can be described as the action of a radiation friction force.
FRICTION CONSTANT

A coefﬁcient in the Fokker–Planck equation
that determines the force acting on a moving
particle, proportional to the particle velocity and
directed oppositely to the direction of motion.
By considering the particle motion as a random
process, and introducing the total force F (t) acting on the particle at every instant of time t , it is
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FRICTION, EXTERNAL

possible to determine the friction constant b:
1
b=
mkB T

t




F (t + t˜)F (t) dt˜,

−τ

where m is the particle mass, τ is the correlation time of the forces acting on the particle,
and F (t + τ )F (t) is the correlation function of

the effective forces. Here the averaging . . . is
performed over all the particles of the system excluding the probe particle under consideration, and
in accordance with the assumption that the random nature of the process does not depend on
the time, and determines the subsequent increment
of momentum  P . During the time τ ,  P  =
−bP τ , where P is the momentum of the particle.
The friction constant is similar to the coefﬁcient
of mobility in the diffusion equation, and is associated with the diffusion coef cient in momentum
space Dp = 2bmkB T . The friction constant b is
used to obtain expressions for the transport coefﬁcients in liquids and gases, in investigations of the
energy dissipation during the channeling of particles (see Friction of channeled particles), etc.
FRICTION, EXTERNAL
See External friction.
FRICTION, INTERNAL
See Amplitude-dependent internal friction, Internal friction.
FRICTION OF CHANNELED PARTICLES

A characteristic of the process whereby channeled particles dissipate energy by scattering off
electrons and thermally displaced atoms (see Thermal displacements of atoms) of the crystal. When
describing the energy change of the particle (in a
direction normal to the forward motion, E⊥ ) per
unit channel length z, one can introduce an index
of dynamic braking  E⊥ /z where the averaging
. . . is carried out over the entire region available
for a particle with a given transverse energy E⊥ .
Considering this value as the dynamic friction
coefﬁcient, one can write down a kinetic equation (similar to Fokker–Planck equation) where the
above-deﬁned term is related to the change of
transverse energy due to braking (see Channeling,
Neutral particle channeling).

FRIEDEL OSCILLATIONS (J. Friedel, 1952)

Periodic space oscillations of the electron density ne , which occur with the period L = π/kF
(where kF is Fermi wave number), and are due
to excessive electric charge in the bulk of a metal
or at its surface. The magnitude of Friedel oscillations has a power-law-type dependence on
the distance r from the charge. The particular
form of the decay law depends on the nature (dimensionality) of the electron conﬁguration, and
on the shape of the Fermi surface. In the case
of a point charge in an isotropic metal with a
spherical Fermi surface, the electron density perturbation decreases at large distances r
kF−1
in inverse proportion to the cube of the distance
∝ cos(2kF r)/r 3 . In anisotropic layered (see
Quasi-two-dimensional crystals) or chain (see
Quasi-one-dimensional crystals) metals with
nearly cylindrical or slightly corrugated ﬂat Fermi
surfaces the asymptotes of Friedel oscillations are
of the form ∝ cos(2kF r)/r 2 in the plane of the layers or ∝ cos(2kF z)/z in the direction of the chains.
The generation of Friedel oscillations is due to
the diffraction of de Broglie waves of electrons
with the wavelength λD = 2π/kF (corresponding to conduction electrons in the neighborhood
of the Fermi surface) by point defects (impurity atoms, vacancies), and by extended defects in
crystals (dislocations, phase boundaries, twinning
surfaces). Friedel oscillations play an important
role in the screened Coulomb interaction of atoms,
which are adsorbed by the metal surface, and in
the indirect interaction of spins (see Ruderman–
Kittel–Kasuya–Yosida interaction).
FRIEDEL SUM RULE

A relation which permits the determination of
the change in the density of electron states N
in a solid due to impurities introduced into it. It is
derived in terms of a wave function which is a sum
over products l (r)Pl (cos θ) of radial functions
and Legendre polynomials. The Friedel sum rule
given by
N=

2
(2l + 1)δl
π
l

expresses N in terms of the phase shifts δl of the
wave functions of electrons at the Fermi surface

FROZEN CONDUCTIVITY

which are scattered by impurities. Ordinarily the
phase shifts are negligible for l greater than 3 or 4.
FRÖHLICH CONDUCTIVITY

Contribution to the conductivity of a quasione-dimensional semiconductor, which takes
place at temperatures below that of the Peierls
transition, and is due to the motion of an electronic charge density wave (CDW) in the electric
ﬁeld. The Fröhlich conductivity may be observed
when the magnitude of the electric ﬁeld exceeds
a certain threshold value ET which is determined
by the pinning of the charge density wave at
lattice defects, and by commensurability effects.
Typical values of ET for a number of quasi-onedimensional inorganic compounds (NbSe3 , TaS3 ,
K0.3 MoO3 ), in which the motion of a CDW is observed, lie in the range between 0.01 and 1 V/cm.
It is assumed that the phenomenon of Fröhlich
conductivity is related to certain unusual properties of the semiconductors with charge density
waves: the sharp frequency dependence of the conductivity in a weak alternating ﬁeld at frequencies
∼ 10–100 MHz; the nonlinear nature of static conductivity in ﬁelds with magnitudes that exceed ET
at T < TP (TP is the temperature of the Peierls
transition); the generation of narrow-band noise
at a frequency which is proportional to that of
the transport current carried by the charge density
wave; the generation of Shapiro steps (see Josephson effects) on the current–voltage characteristic
in the regime of Fröhlich conductivity, etc.
FRÖHLICH HAMILTONIAN (H. Fröhlich, 1950)
Hamiltonian of the electron–phonon interaction
in the quasi-momentum space in the solid, which is
written in the formalism of second quantization:



HF =

k,k  ,q,j,σ

+
gkk  (q)ak+ ,σ ak,σ (bqj
+ b−qj )
j


×
j

j

ωq
Δ(q + k  − k),
2V

(1)

where gkk  (q) is the vertex part (triple pole) of the
+
+
(akσ ) and bqj
electron-phonon interaction, akσ
(bqj ) are respectively creation and annihilation
operators of the electron of quasi-momentum k
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and spin σ , the phonon of momentum q bej
longs to the j th branch of frequency ωq , V is
the normalizing volume, and Δ(q) takes into account the quasi-momentum conservation law. The
constant g in covalent crystals (insulators, semiconductors) is proportional to the strain potential.
The Fröhlich constant in ionic crystals is equal to
 

1
2e
1
gF (q) =
π
−
,
(2)
q
ε∞ ε0
where ε0 and ε∞ are the static and high-frequency
dielectric constants, respectively. In the case of
metals, one should include in Eq. (1) the ma-

trix element of the electron–phonon interaction for
j
j
gkk (q)[ωq /(2V )]1/2 :
1/2

n
j
j
M  (q) = −i
k  |∇Vei |keq , (3)
kk
Mωq2
where Vei is the pseudopotential of the electron–
j
ion interaction, eq is the polarization vector of
the j th phonon branch, q = k − k  , M is the
ion mass, n is the concentration of free electrons.
The Fröhlich Hamiltonian describes processes of
single-phonon electron scattering, and the related
effective attraction between electrons in secondorder perturbation theory.
FROZEN CONDUCTIVITY, residual conductivity,
stimulated conductivity, metastable conductivity

A physical phenomenon in semiconductors,
consisting in the persistence of an elevated value
of electrical conductivity for a long time after the
external action (e.g., illumination) is terminated.
Frozen conduction is not a common property of
semiconductors; it appears only after special techniques of sample preparation. A fast relaxation
from the frozen conduction state to the equilibrium
state can be caused by increasing the temperature,
by applying a strong electrical ﬁeld, or by illuminating with light having quanta of energy less than
the width of the band gap (thermal, ﬁeld, and IR
extinction of frozen conduction).
There are several mechanisms of frozen conductivity. In inhomogeneous semiconductors (including, in particular, strongly compensated semiconductors), the separation of nonequilibrium carriers by the ﬁelds of inhomogeneities gives rise to
a sharp increase of life-time, which is displayed
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via the long-term relaxation of conductivity, and
hence frozen conduction. Frozen conduction induced by light can result from photochemical
reactions in the bulk of the sample, or on its surface. It can also be caused by optical ionization
of deep centers which strongly interact with the
crystal lattice. The trapping of carriers at such centers requires lattice reconstruction, and proceeds
extremely slowly.
Frozen conduction can be used in the systems
of information recording. The phenomena involved
in frozen conduction can also be responsible for
degradation effects in photoelectronic devices.
FRUSTRATION

The situation in a crystal, when conﬂicting
spatial requirements prevent complete atomic or
magnetic ordering from being established. This
can occur, e.g., when a regular lattice of antiferromagnetically interacting spins cannot establish an
ordered arrangement in which each spin has only
oppositely directed nearest neighbors. (see Longrange and short-range order).
FULDE–FERRELL–LARKIN–OVCHINNIKOV
STATE (P. Fulde, R. Ferrell, A.I. Larkin,
Yu.A. Ovchinnikov, 1964)

Nonuniform superconducting state which
arises in a uniform magnetic ﬁeld B. The superconducting order parameter Φ in the Fulde–
Ferrell–Larkin–Ovchinnikov state varies periodically in space with a period which is close to
the coherence length ξ0 in the superconductor.
The phase transition in the presence of B from
the normal state to the Fulde–Ferrell–Larkin–
Ovchinnikov state at zero temperature T = 0 is
a second-order phase transition, taking place in
the ﬁeld B = 0.76Δ0 /μB (μB is Bohr magneton,
Δ0 is the value of the energy gap Δ at T = 0 and
B = 0). When B reaches the Clogston–Chandrasekhar paramagnetic limit √
(A.M. Clogston,
B.S. Chandrasekhar) B = 0 /( 2μB ) (see Paramagnetic limit) the Fulde–Ferrell–Larkin–Ovchinnikov state gives way to the uniform superconducting state through a rst-order phase transition.
This state can only be observed in pure (type I)
superconductors, because in the case of an impure
superconductor the periodic changes of Φ are suppressed by the diffusional motion of electrons of
mean free path l  ξ0 .

FULLERENE, buckyball (named for architect
Buckminster Fuller, inventor of geodesic domes
built from straight bars)

Molecule of general formula Cn (n is an even
number) which has the shape of a closed hollow
(in most cases convex) polyhedron; constitutes the
fourth allotropic modiﬁcation of carbon.
The best known fullerene molecules are C70 ,
and especially C60 . The molecule of the formula C60 exhibits the highest symmetry among all
molecules known to the present day. This molecule exists in the shape of a truncated icosahedron
consisting of 20 hexagons and 12 regular pentagons, resembling a soccer ball (see Fig.). Carbon
atoms in the fullerene molecule C60 are close to
sp2 -hybridized, and each of them forms one double bond C=C and two single bonds C–C. The
length of the single bonds (located along pentagonal edges) is 0.146 nm, and the length of the
double bonds (at boundary between two hexagons)
is 0.140 nm. The average bond length, 0.144 nm,
is close to that of graphite (0.142 nm). These
bonds are located at the distance of approximately
0.351 nm from the polyhedron center. Fullerene
molecules are diamagnetic, i.e. their ground electron state is a singlet; the fullerene of the formula
C84 is gyrotropic (see Gyrotropic medium).
The fullerene of formula C60 exhibits in its
IR spectrum four bands at 527, 576, 1182 and

Structure of C60 fullerene molecule. The alternating
single–double bonds are not indicated.

FULLERENE

1428 cm−1 due to allowed electric dipole intramolecular vibrations. The 13 C NMR spectrum
of this fullerene is a singlet (chemical shift
δ = 142.68 ppm), demonstrating that all 60 carbon
atoms are equivalent.
Fullerenes of all compositions (including hyperfullerenes of formula Cn , where n > 70 and
up to ≈ 200) are formed in the gaseous phase at
the evaporation of graphite through laser or electric arc heating, and exhibit unambiguous signals
−
of highly stable ions C+
n or Cn in mass spectra
(see Mass spectrometry). Fullerenes are soluble in
aromatic, saturated and chlorinated hydrocarbons;
they may be separated from solution in the form of
a solid phase, which is sometimes called fullerite.
The study of physical and physicochemical
properties of fullerenes is important for the understanding of various processes, in particular
catalysis, oxidation, combustion. Investigation of
molecules of the formula Cn is of much interest also from the point of view of cosmology and
astronomy, because certain spectral bands, which
had not been previously identiﬁed and are now
ascribed to fullerene, have been spectroscopically
observed in the atmospheres of carbon stars, and
the tails of comets.
Many unique opportunities for the application
of fullerenes are in sight; fullerenes may provide
the basis of new lubricants, molecular traps for
atoms (including radioactive atoms), new medicines, etc.
The possibility for the existence of a chemically stable cluster with the formula C60 had
been predicted by E. Osawa (1970) and, independently, by D.A. Bochwar and E.N. Galperin
(1973). This fullerene was ﬁrst observed in mass
spectra in 1985 by H.W. Kroto and R.E. Smalley,
who subsequently proposed the name “fullerene”
for this new class of molecular carbon compounds.
Fullerene was, for the ﬁrst time, obtained in a
pure state through a synthesis carried out by
W. Krätschmer and D. Huffman (1990).
Fullerides are chemical compounds which include the molecule fullerene as one of the constituents. In particular, fullerides are found in the
form of stable complexes of the formula C60 Mn
(M = Na, K, Cs, Ca, Sr, Ba, La, U, etc.) in the
mass spectra of vapors obtained through evaporation of a mixture of graphite and salts of the
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metals. The metal atom in this complex is generally outside the fullerene molecule, but it can be
inside it, or may be incorporated in the fullerene
lattice. Chemical reactions, which result in the
generation of fullerides, ordinarilly begin with
the elimination of one or several pairs of carbon
atoms. On the other hand, the generation of, e.g.,
the fulleride of the formula C60 H36 takes place
through rearrangement of intrinsic π -bonds of the
C60 molecule. The broad diversity of fullerides,
especially metal-containing ones with the formula
[(C6 H5 )3 P]2 MC60 or {[(C2 H5 )3 P]2 M}6 C60 ,
where M = Pt, Ir, Pd, etc., has opened up new
trends in the physics and chemistry of organic
compounds.
Fullerite is the solid phase of fullerene. The
most attention has been given to the study of fullerites based on C60 molecules. Fullerites can be
precipitated from solution, or generated through
condensation of graphite vapor with the subsequent extraction with a hydrocarbon, chromatographic treatment, and crystallization. Fullerite is
a semitransparent crystalline material of darkyellow, brown or dark-brown color (color depends
on C60 /C70 ratio in the composition). A C60 crystal has a cubic close-packed (FCC) structure with
lattice constant 1.417 nm and density 1.72 g/cm3 .
This substance is stable in air and sublimes at
434 ◦ C.
Solid fullerenes are molecular insulators with
the value of the band gap  2 eV; the interaction
forces between the molecules are mostly van der
Waals in nature (see Van der Waals forces) with a
slight intermixture of covalent bonding (see Covalent bond), which leads to weak anisotropy of the
intermolecular forces. Within the dipole approximation, the lowest optical transitions are forbidden
in both fullerites and fullerenes.
The fullerites of formula C60 or C70 may be
easily turned into semiconductors (of both n- and
p-types) and metals through doping. Both semiconducting and metallic properties of fullerites are
due to inclusion of atoms of alkali (Na, K, Rb, Cs)
or alkaline-earth (Sr, Ba) metals into the cavities
(octahedral, tetrahedral sites) of the face-centered
lattice (or lattice of another type); outer shell (valence) electrons of these atoms are transferred into
lowest empty bands of fullerites; and these bands
become the conduction bands of the material.
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At compositions close to stoichiometric, ionradical salts of the general formula M3 C60
(M = K, Rb, Cs) exhibit not only metallic, but
also superconducting properties, which are unique
for three-dimensional organic compounds. In particular, the critical temperature of the doped triple
fullerite Rb2 CsC60 is Tc ≈ 31 K. There is a welldeﬁned correlation between Tc and the atomic
radius of the doping metal: the critical temperature
increases with the increase of the doping alkali
metal atomic radius; this enhancement of Tc is
caused by the increase of spacing of the fullerite
lattice, and the corresponding increase of the density of states at the Fermi level (which is in full
conformity with the Bardeen–Cooper–Schrieffer
theory). However, the attempts to observe the
phenomenon of superconductivity in doped fullerites based on C70 and other fullerenes have
not yet been successful. Solid fullerenes resemble high-temperature superconductors in a number
of superconducting properties (values of correlation length, critical ﬁelds and currents, etc.), but
are sharply different from them in crystal and
electronic structure. Solid fullerenes and fullerides
are considered as promising materials for various
applications: semiconductor and superconductor
electronics, light-weight rechargeable batteries of
high capacity, transistors, heterojunction diodes,
catalysis, hydrogen storage, etc.
FUNCTIONAL ELECTRONICS
Trend in microelectronics, in which the role of

the main data carrier is not played by the electric state of a certain circuit cell (e.g., logic gate
or memory storage register), as in the cases of
integrated circuits (IC), and very large integrated
circuits (VLIC), but rather by a dynamic inhomogeneity, i.e. a local nonequilibrium state in a
continuous homogeneous medium. Examples are
magnetic bubble domains, surface acoustic waves,
magnetostatic waves (see Spin waves), charge

“pockets” and packets in charge coupled devices,
double Bloch lines, repolarization domains in ferroelectrics, etc. The application of dynamic inhomogeneities is possible not only in solids, but also
in liquid media (e.g., liquid crystals), in gels, and
in vacuum-gaseous media.
The devices of functional electronics may operate due to a single particular physical effect and
a single type of dynamical inhomogeneity, or they
may involve several continuous media with the integration of different physical effects in a single
device, i.e. a system of media with various dynamical inhomogeneities which interact with each
other. Functional electronics, as a circuitry-less
branch of electronics; it is not in opposition to traditional circuit engineering (e.g., IC) since they
can exist in parallel and complement each other.
An advantage of functional electronics is that it
utilizes no intercellular connections, which impose strict limitations on the speed of response and
the reliability of integrated and large integrated
circuits with minimal dimensions 1 μm or smaller
(nanotechnology). The possibility of carrying out
not only sequential input (output) and transport of
data, but also “instantaneous” transport of large
data ﬁles, is another advantage of functional electronics. This may be considered as data processing
at the level of elementary functions of higher order than those of IC and VLIC. This principle
is a promising one for processing large data ﬁles
in real time, e.g., when solving problems of pattern recognition and identiﬁcation. Examples of
functional electronics devices are magnetic bubble
domain devices, solid-state photoelectric converters with charge couplers (see Charge coupled devices), a variety of acousto-electronic devices (see
Acousto-electronics) using surface acoustic waves,
electron–optical image converters (electrooptical
modulators), liquid-crystal diodes (LCD) (see,
e.g., Liquid-crystal displays).

Gg
pressure); Young’s modulus is 56.19 GPa; endurance limit is 0.1824 GPa; yield limit is
0.182 GPa (at 293 K). Brinell hardness is 0.588
GPa. Gadolinium is easily mechanically processible. Activation energy of self-diffusion of atoms
(at T boiling ) is 136 kJ/mole (i.e. 1.41 eV/atom).
Natural gadolinium has very high effective thermal neutron capture cross-section 45,000 barn
(around 160,000 and 70,000 barn for 157 Gd and
155 Gd, respectively). Sommerfeld coefﬁcient (of
low temperature electronic speciﬁc heat)
19.5 mJ·mole−1 ·K−2 in the temperature range
2.5 to 10 K. At 298 K electric resistivity of
α-Gd monocrystal along the principal axis 6 is
1220 n·m, and in perpendicular directions it is
1390 n·m, temperature coefﬁcient of electrical
resistance of gadolinium polycrystal is
0.00176 K−1 . Work function for polycrystal is
3.07 eV.
Gadolinium is the only rare-earth element
which transforms from the paramagnetic to the
ferromagnetic state directly at the Curie point
T c = 293.2 K (second-order phase transition).
Gadolinium is a collinear ferromagnet below T c
and above Tc = 232 K. At low temperatures
the magnetic moments precess around a six-fold
axis, forming a cone-like ferromagnetic structure (phase transition is of “order–order” type).
Magnetic susceptibility 75,500·10−6 cgs; nuclear
magnetic moment of isotope 157 Gd (15.64% abundant) is −0.34 nuclear magnetons. Gadolinium is
a prospective material for control rods (neutron
absorbers) of nuclear reactors. Gadolinium is used
for the alloying of steel, titanium, and magnesium;
as a component of the alloys (with iron, nickel, and
cobalt), possessing high magnetic induction and
magnetostriction, for the luminophors and other
materials. Some strongly paramagnetic gadolinium salts are used for cooling to extremely low

GADOLINIUM, Gd

An element of Group III of the periodic table belongs to lanthamides, atomic number 64,
atomic mass 157.25; possesses 20 stable isotopes with mass numbers from 143 to 162. Natural gadolinium is mainly a mixture of isotopes
with mass numbers 154 to 158 and 160, plus
weakly radioactive 152 Gd which has a half-life of
1.1·1014 years. Electronic conﬁguration of outer
electronic shells 4f 7 5d 1 6s 2 , successive ionization energies 5.98, 12.1, 20.6 eV. Atomic radius
0.179 nm, Gd3+ ionic radius ≈0.0954 nm. Oxidation state is +3, more rarely +2 and +1. Electronegativity is ≈1.20.
In free form a silvery-gray metal. It exists in
α and β modiﬁcations. α-Gd has hexagonal close
packed lattice with parameters a = 0.3634 nm,
4 )
c = 0.5781 nm (space group P 63 /mmc, D6h
under normal conditions. Above 1535 K up to
T melting = 1585 K, α-Gd is stable. β-Gd with
the body centered cubic lattice (a = 0.405 after hardening; space group I m3m, Oh9 ). Density
is 7.886 g/cm3 at 293 K. T boiling = 3553 K.
Binding energy is 4.14 eV at 0 K. The latent
heat of α → β transformation is 3.9 kJ/mole, latent heat of melting is ≈12 kJ/mole, latent heat
of sublimation is 301.5 kJ/mole, latent heat of
evaporation is ≈330 kJ/mole. Speciﬁc heat is
≈0.20 kJ·kg−1 ·K−1 at room temperature. Debye temperature is ≈180 K; linear thermal expansion coefﬁcient of monocrystal is 12.5·10−6 K−1
along the principal axis 6 and 6.3·10−6 K−1 in
perpendicular directions (at 600 K); thermal conductivity is ≈10 W·m−1 ·K−1 at room temperature. Adiabatic elastic moduli of α-Gd monocrystal: c11 = 66.7, c12 = 25.0, c13 = 21.3, c33 =
71.9, c44 = 20.7 GPa (at 298 K); adiabatic compressibility is 37.8 GPa (at 298 K), isothermal
compressibility is 35.48 GPa (at zero external
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temperatures, ∼0.001 K (see Adiabatic demagnetization cooling).

detectors. Mirrors made from gallium possess high
reﬂectivity. Gallium is added to special types of
glasses.

GALLIUM, Ga

A chemical element of Group III of the periodic table with atomic number 31 and atomic mass
69.723. The electronic conﬁguration of the outer
shells is 3d 10 4s 2 4p1 . Successive ionization energies are 5.998, 20.514, 30.71 eV. Atomic radius
of neutral Gd is 0.139 nm, radius of Ga3+ ion
is 0.062 nm. Work function is 4.19 eV. Oxidation
state is +3, more rarely +2 and +1. Electronegativity is 1.65.
In free form, gallium is a silvery-white metal.
Under normal conditions the α-form is stable (αGa or GaI) with an orthorhombic crystal lattice
with parameters a = 0.4529 nm, b = 0.4519 nm,
c = 0.7657 nm. The peculiarity of this lattice
lies in the fact that the atoms are arranged as
pairs, as diatomic molecules Ga2 . Under the pressure 1.2 GPa and temperature 275.5 K GaI transforms to GaII (tetragonal lattice with parameters a = 0.396 nm, c = 0.437 nm); at the pressure 3 GPa and temperature 323 K the form
GaIII has been detected. For α-Ga T melting =
302.9 K, T boiling ≈ 2600 K; density of solid
gallium is 5.094 g/cm3 (at 303 K), density
of liquid gallium is 6.095 g/cm3 (at 303 K);
latent heat of melting is 5.59 kJ/mole, latent
heat of evaporation is 256 kJ/mole; speciﬁc heat
cp = 25.9 J·mole−1 ·K−1 . Debye temperature is
333 K; electrical resistivity is 0.272 μ·m (at
273 K); thermal coefﬁcient of electrical resistivity is 8·10−6 K−1 . In the solid state gallium is a diamagnet with magnetic susceptibility
−0.31·10−9 CGS units (at 290 K). Hall constant
is −0.63·10−10 m3 /C. Transition temperature to
the superconducting state is 1.085 K. Thermal coefﬁcient of linear expansion is 2·10−5 K−1 (at 223
to 293 K), thermal conductivity is 41 W·m−1 ·K−1
(at 273 K). Brinell hardness is 25 MPa.
Metallic gallium is used for manufacturing
high-temperature (873 to 1573 K) thermometers,
manometers, thermoregulators, it substitutes for
toxic mercury in diffusion pumps. Compounds of
gallium with elements of Group V of the periodic
system (GaP, GaAs, GaSb, and some others) are
semiconductors used in the high-temperature rectiﬁers, transistors, solar batteries, and IR radiation

GALLIUM ARSENIDE

A binary semiconducting compound (see Semiconductor materials) with the sphalerite (zinc
blende, ZnS) structure with each As atom centered
in a regular tetrahedron formed by four Ga atoms,
and vice versa.
Thus each Ga atom is in the same position relative to its closest neighbors as As. The GaAs crystal lattice can be thought of as two interpenetrating face-centered cubic sublattices built of Ga and
As atoms. The two sublattices are shifted along
the cube diagonal relative to each other by 1/4 of
its length. The space group is cubic F 43m (Td2 ),
which has three 2-fold (π) symmetry axes, four
3-fold (2π/3) symmetry axes and six symmetry
planes, and in addition it lacks a center of symmetry. The distance between the positions of Ga and
As nearest neighbors is 2.44 Å, the sum of their
atomic radii Ga (1.26 Å) and As (1.18 Å). The lattice constant is 5.653 Å, the density 5.32 g/cm3 ,
Mohs hardness is 4.5, speciﬁc heat under constant pressure is 2.76 cal·mole−1 ·K−1 at 80 K,
heat conductivity is 0.37 cal·cm−1 ·s−1 ·K−1 . Debye temperature is 362 K, static dielectric constant
is 12.9, the optical (high-frequency) permittivity
11.6, the melting temperature 1510 K, electron
afﬁnity 4.07 V, work function 4.7 eV, temperature coefﬁcient of linear expansion L/L T =
5.9·10−6 deg−1 . The energy minima E(k) (k is
quasi-wave vector) in the conduction band are located along the crystallographic directions (100)
(X-valleys), (111) (L-valleys) and near the center point (000) (Γ ). The energy distance between
the Γ -minimum and the maximum of the valence band equals the width of the gap E g =
1.43 eV at T = 300 K. The temperature dependence E g (T ) = E g (0) − αT 2 /(T + β), E g (0) =
1.519 eV; α = 5.405·10−4 eV/K (100 < T <
500 K), β = 204 K. At T = 300 K, E g grows with
pressure P , dE/dP = 12.6·10−6 eV·kg−1 ·cm2 .
Energy gaps between the Γ -points and the two
other valleys are E k = 0.28–0.36 eV, E L ≈
0.45 eV, respectively. The effective mass of electrons near the bottom of the conduction band is

GALVANOMAGNETIC EFFECTS

0.068m0 (m0 is the free electron mass). The dependence E(k) in the valence band has one doubly degenerate maximum. Effective masses of the
light and heavy holes are equal to 0.12m0 and
0.5m0 , respectively. The effective density of states
at T = 300 K is 4.7·1017 cm−3 in the conduction
band and 7·1018 cm−3 in the valence band; the intrinsic concentration of electrons is 1.1·107 cm−3 .
The mobility of electrons is 9000 cm2 ·V−1 ·s−1 ,
that of holes is 400 cm2 ·V−1 ·s−1 . The main acceptors are atoms of Group II of the periodic system that substitute for Ga and As atoms. The main
donors are atoms of Group VI at As sites. Atoms
of Group IV can be donors, if they occupy the
places of Ga, or acceptors if they belong to the
As sublattice. The most important acceptors are
Zn and Cd. At the melting temperature their solubilities are Zn  1020 cm−3 , Cd  1019 cm−3 .
At low concentrations, Mg is a donor, and at high
concentrations (1018 cm−3 ) it is an acceptor.
Selenium, tellurium and sulfur are shallow donors
(see Shallow levels). Oxygen creates deep donor
levels (see Deep levels in semiconductors). Elements of the transition group Cr, Mn, Fe, Co,
Ni are deep acceptors. GaAs is the most widely
used of all AIII BV compounds. Manufactured on
its basis are transistors, diodes of ultra-high frequency range, tunnel, switching, emission diodes,
devices of the ultra-high frequency range with application of bulk effects, the devices with negative differential resistance, parametric ampliﬁers,
heterostructures, functional integrated circuits, microwave varactors, injection lasers, infrared lasers,
solar converters.
GALVANOMAGNETIC EFFECTS

Manifestations of the action of a magnetic
ﬁeld B on the conduction properties of a solid.
These effects are due to the Lorentz force j × B
which deﬂects the moving charge (current carriers) from their direction of motion. This leads to
a dependence of the resistivity ρ on B (magnetoresistance) and to the Hall effect, that is the appearance with an electric Hall ﬁeld E H which is
orthogonal to both B and the electric current density J that compensates the action of the Lorentz
force. The experimental study of galvanomagnetic
effects stimulated the development of the concept
of quasi-particles in crystals, i.e. elementary excitations with energy ε that are periodic functions of
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their quasi-momenta P . The observation of Hall
ﬁelds of opposite signs justiﬁed the concept of
holes, excitations with a speciﬁc charge e/m∗ > 0
(m∗ is the cyclotron effective mass). Current carriers with speciﬁc charges of opposite sign moving
in directions opposite to each other, deﬂect in the
same direction. Hence, in an intrinsic semiconductor with an equal mobility of electrons and holes,
and in a compensated metal with the same number of electrons N1 and holes N2 , the Hall ﬁeld is
very small or does not appear at all. The Hall ﬁeld
can also be removed by the proper selection of the
sample geometry (so-called Corbino disk geometry).
In experimental studies of galvanomagnetic effects, a current with a given magnitude and direction ﬂows along a conductor, and the electric
ﬁeld components in three orthogonal directions
are measured. There are a transverse galvanometric effect (j ⊥B) and a longitudinal effect (j  B),
the latter being quite small. A dimensionless parameter determining the role of the magnetic ﬁeld is
the ratio r c / l where r c is the radius of the current
carrier orbit (electron radius), and l is the mean
free path. The dependence of ρ on r c / l at various temperatures approximately scales to a single curve, and this is called the Kohler rule. The
bending of current carrier trajectories in a weak
magnetic ﬁeld (r c l) leads, as a rule, to the appearance of a small increase in resistance which
is quadratic in the magnetic ﬁeld. For r c  l the
behavior of the resistance provides information
on the carrier dispersion law. The main contribution to the electrical conductivity comes from electrons with energy very close to the Fermi energy.
When moving in a magnetic ﬁeld these electrons
travel along curves laying on the Fermi surface
ε(p) = εF in the plane with p · B = const; the trajectories of the electrons in the coordinate space
in the plane perpendicular to B are similar to the
trajectories on the Fermi surface.
In metals with closed Fermi surfaces the magnetic ﬁeld conﬁnes the current carrier drift to the
plane perpendicular to B 0 . The drift in this plane
is due to collisions. However, in non-compensated
metals (N1 = N2 ), the resistivity ρ(B) is the same
order of magnitude as ρ(0), growing and reaching
saturation at B → ∞. Even in very clean single
crystals there is no pronounced anisotropy of the
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galvanomagnetic trajectories. This is due to the
fact that the carrier drift velocity in the electric
ﬁeld E perpendicular to B, which has the form
u = (E × B)/B 2 , is orthogonal to both E and B.
The associated Hall current j H = (N1 − N2 )eu in
the specimen is balanced by the Hall ﬁeld EH =
−RBj ; where the Hall constant R is given by R =
1/[(N2 − N1 )e]. As a result, the bending of the
trajectories is small, and the conductivity remains
high. In the compensated metals (N1 = N2 ), the
Hall ﬁeld and the electric ﬁeld along the current
are of the same order, and ρ grows without limit
as B 2 .
A dependence of the mobility of current carriers in semiconductors on their energy results in
the appearance of a temperature gradient in the
direction of the ﬁeld, corresponding to a Hall–
Ettingshausen effect. It is caused by a sorting of
current carriers by energy in the magnetic ﬁeld.
The force corresponding to the Hall ﬁeld counteracts the Lorentz force acting on the carriers moving with speeds close to an average speed. For
charges having a mobility higher than average, the
Hall electric force is less than the Lorentz force
and the charges deﬂect toward one side of the
specimen, while the current carriers with a smaller
mobility deﬂect toward the opposite side. The appearance of a thermoelectric ﬁeld in addition to the
Hall ﬁeld equalizes these two ﬂuxes. In thin lms ,
the magnitude of the thermoelectric ﬁeld caused
by the Ettingshausen effect can appreciably exceed the Hall ﬁeld. Its direction depends on the
trend, either the mobility grows or declines with
the energy. The appearance of the two counteracting ﬂuxes of “hot” and “cold” current carriers in
the direction of the Hall ﬁeld, i.e. the lack of compensation of the Hall and Lorentz forces for carriers with different mobilities, leads to an increase
of the sample resistance in the magnetic ﬁeld even
for the case of an isotropic dispersion law for the
current carriers.
In metals with open Fermi surfaces, the trajectories of the current carriers can be either
open or closed, depending on the direction of B
with respect to the crystallographic axes. A sharp
anisotropy of the transverse resistance at rc  l
has been observed in single crystals of gold, zinc,
cadmium, and other metals; this is connected with

Stereographic projection in the magnetic ﬁeld direction
which presents an open cross-section of the Fermi surface of tin (continuous lines and cross-hatched region,
O indicates fourth-order axis).

the appearance or disappearance of open crosssections of the Fermi surface at changes in the orientation of the vector B relative to the crystal symmetry axes. A presence of an insigniﬁcant layer of
open Fermi surface by the plane pB = const with
a relative thickness δ
(rc / l)2 causes an essential change of the magnetoresistance at B → ∞
(ρ ∼ B 2 if the ﬁeld direction is not orthogonal to
the opening direction).
Data from galvanomagnetic effect studies acquired during the sixties provided the Fermi surface topology of almost all the metals. Most metals possesses open Fermi surfaces (see Fig.); only
tungsten, molybdenum, indium, aluminum, alkali
metals and semimetals of the bismuth group have
closed Fermi surfaces. In polycrystalline samples
the averaging carried out over randomly oriented
crystallites of metals with open Fermi surfaces
provides a dependence of the resistance on B that
is close to being linear (Kapitza law, 1928); in
metals with a closed Fermi surface the transverse
resistance at rc  l either reaches saturation or is
proportional to B 2 if the numbers of electrons and
holes are compensated.
In imperfect crystals containing expanded defects, the bending of the current lines can lead
to a linear growth of not only the transverse but

GAMMA DIFFRACTOMETRY

also the longitudinal magnetoresistance observable in some metals (aluminum, copper, alkali
metals). In small monocrystalline samples the resistance anisotropy associated with the dimensions
and the shape of conductor is easily differentiated from the sharp anisotropy at rc  l caused
by the appearance or disappearance of a layer of
an open section of a Fermi surface; hence the socalled scale effects are not obstacles for the reconstruction of Fermi surface topology with the
help of galvanomagnetic measurements. Quantization of electron energy is usually displayed in
strong magnetic ﬁelds in the form of small amplitude oscillations superimposed on a smooth “classical” dependence of the galvanomagnetic characteristic on B (Shubnikov–de Haas effect).
GAMMA, γ

Magnetic unit designating a hundred-thousandth fraction of an Oersted (1 γ = 10−5 Oe =
7.958·10−4 A/m); it is also a rarely used fractional unit of mass (1 γ = 10−9 kg).

503

GAMMA DEFECTOSCOPY
See Defectoscopy.
GAMMA DIFFRACTOMETRY

A method of investigating the structure and the
properties of monocrystals based on Bragg diffraction of γ -radiation. Gamma diffractometry uses intense sources of highly monochromatic ( λ/λ 
10−6 at 300 K for 118 Au) γ -quanta that emerge
from the decay of an element (Au, Sm, Tb, Ir,
Re) activated by thermal neutrons. Gamma diffractometers (see the ﬁgure) differ signiﬁcantly
from X-ray apparatus in dimensions and design.
A short-wave-length γ -ray (λ = 0.003 nm, E =
412 keV for 198 Au) from source 1 passes through
collimating device 2 that forms a primary beam
with an angular divergence of a few seconds of arc.
A sample is positioned on a four-circle goniometer 3, and detector 4 records an angular distribution
of the radiation scattered by the crystal.
Gamma diffractometry has some important advantages in comparison with routine X-ray diffrac-

Gamma diffractometer.
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tometry: a high energy and angular resolution; a

signiﬁcant penetration ability of the radiation allowing one to study large crystals without damaging them; a possibility to measure the integrated
reﬂection coefﬁcient on an absolute scale; and a
high sensitivity to the presence of strain gradients and other distortions in a monocrystal lattice. A gamma diffractometer can be used to study
mosaic crystals serving as neutron monochromators. This method has been applied to optimize the
growth of crystals (see Crystallization); to study
the distortions produced by microscopic defects
in defect-free Si; to study the inﬂuence of isovalent doping and neutron irradiation on the properties of the lattice of Si; for investigations of phase
transitions, and for determining the atomic structure of materials. A particular case of gammadiffractometry is Mössbauerography.
GAMMA PHASE (γ -phase) (introduced by
F. Osmond, 1885)

The third phase in polymorphous metals (see
Polymorphism) formed under increasing temper-

ature; for example, γ -Mn, γ -U, γ -Ce, and also
solid solutions formed on this basis. The concept
of a gamma phase was introduced to designate
a polymorphous face-centered cubic modiﬁcation
of iron, however, as it has turned out more recently, a gamma phase in iron and its alloys represents a solid solution on the basis of a second allotropic modiﬁcation (see Allotropy) referred to as
austenite. The region of occurrence of a gamma
phase may change depending on the doping elements (see Doping) used in practice for obtaining
austenite or ferrite steels. A transformation α ⇔ γ
in iron alloys is the basis of a thermal treatment
stimulating a variation of their strength and plasticity over wide ranges. In alloys without polymorphous transformations, a gamma phase in a phase
diagram designates a third equilibrium phase on a
concentration axis. In a series of systems of copper and silver, a gamma phase represents a kind of
electron compound with a complicated cubic lattice whose stability is determined by the electron
concentration (number of valence electrons per
atom) e/a = 21:13 (see Hume–Rothery phases).
GAMMA QUANTUM
See Gamma ray.

GAMMA RAY, γ -quantum
A high-energy photon, a quantum of extremely

short wavelength electromagnetic radiation. There
is no sharp boundary separating gamma rays
(γ -rays) from lower energy X-rays; but it is
generally accepted to occur in the energy range
E ∼ 10–100 keV, or at wavelengths λ ∼ 10−11 –
10−10 m. Gamma quanta emerge during nuclear
reactions, decay of elementary particles, braking (Bremsstrahlung) of high-speed electrons and
positrons.
A quantitative measure of the γ -ray energy
transfer in matter is the absorption or scattering
cross-section per atom μa expressed in the units
cm2 /g. The ﬁgure shows how μa depends on the
γ -ray beam energy for various target materials.
The main interactions involving gamma quanta
passing through matter are photoabsorption (photoeffect), Compton scattering (see Compton effect), and the formation of electron–positron pairs
(pair production). A measure of the efﬁciency of
these individual processes are the partial crosssections per atom μa , where μa = μa (photo) +
μa (Compton) + μa (pairs). The attenuation of a
narrow beam of gamma radiation in a material
is described by the exponential decay expression
J (x) = J (0) exp(−μx), where J is the beam intensity at point x; the coordinate x = 0 denotes the
surface under irradiation; and the absorption coefﬁcient μ is given by μ = μa N , where N is the
concentration of atoms (g/cm3 ) of the absorbing
substance.
At a photoeffect, the absorption of gamma
quanta by electrons takes place. In this case the
energy of an excited electron is given by Ee =
Eγ − Ei , where Ei is the energy of the electron
in its initial ith state in an atomic shell, and Eγ is
the gamma-quantum energy. The photoeffect provides the principle contribution to the magnitude
of μ at comparatively low incident γ -ray energies;
for example, in Al this is up to 100 keV, in Pb to
1 MeV. The dependence of μa (photo) on Eγ is
not monotonic: with the increase of Eγ there are
jumps in energy coinciding with the energies of
the . . . M, L, K electron shells of atoms. With
a further increase in the energy Eγ the energy
losses of γ -rays via the Compton effect begin to
play a principle role, and at even higher energies
(∼30 MeV in Al, 10 MeV in Pb) the main losses

GANTMAKHER–KANER EFFECT
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Dependence of the absorption cross-section μa on the incident gamma ray energy for a number of target materials. The
right-hand ﬁgure is a semi-logarithmic plot covering a wide energy range, and the left-hand ﬁgure is a log–log plot for
low energies.

are due to the formation of electron–positron pairs
near atomic nuclei, and this is possible beginning
from Eγ  2mc2 (where m is the electron mass,
c is the speed of light). The scattering of gamma
quanta on atomic nuclei is much weaker than on
electrons. An interesting feature is resonance scattering of gamma quanta whose energy coincides
with a difference between the ground state and any
excited state of a nucleus. A process of resonance
scattering consists of absorption and subsequent
emission of resonance gamma quanta. Due to the
recoil of the nucleus absorbing and emitting a photon, the latter is shifted in frequency toward lower
values. In solids, the recoil energy is transferred to
the photon. However, in a Mössbauer effect, the
recoil is absorbed by the solid as a whole, and
the frequency shift when absorbing or emitting a
gamma quantum is insigniﬁcant.
The incoming gamma ray photons possess energies sufﬁcient for knocking out atoms from their
positions in the lattice, and collisions with them
can produce radiation defects. In addition, the defect nucleation events can be stimulated by Auger
processes (see Auger effect) occurring as a result

of knocking out electrons from deep lying (inner)
atomic electron shells. Nuclear reactions between
high-energy gamma quanta and atoms in solids
can lead to a nuclear doping of materials.
GANTMAKHER–KANER EFFECT
A radio-frequency size effect in a magnetic

ﬁeld B normal to a metal surface, caused by a penetrating component of the electromagnetic ﬁeld,
the so-called Gantmakher–Kaner mode. Its existence is connected with ballistic transport along the
constant magnetic ﬁeld of the perturbation in the
electron system induced by the applied radiofrequency wave. Associated with it is an oscillating
dependence of the electric ﬁeld E in the metal
on the coordinate zB due to the electrons with
the extremal displacement along B during a cyclotron period: u0 = (1/eB)(dS/dpz )ext (where
S is the area of the cross-section of the Fermi
surface normal to B, and pz is the longitudinal
(parallel to B) component of the electron quasiu0 this dependence has the
momentum). For z
form E(z) ∼ (δ/z)α exp(ik GK z) (where δ is the
skin depth, k GK = 2π/u0 , α is an exponent depending on the shape of the Fermi surface). The
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presence of the preexponential factor introduces
a difference between the coordinate dependence
of a Gantmakher–Kaner mode and the coordinate dependence of the ﬁeld of weakly-attenuating
electromagnetic waves (helicon, doppleron). This
preexponential factor is associated with a branch
point singularity in the non-local conductivity as a
function of a complex wave number. Experimentally the Gantmakher–Kaner effect is observed
as an oscillatory dependence of the surface impedance of a metal plate on its thickness, and on
the magnitude of the external magnetic ﬁeld. The
oscillations induced by this effect exist over a wide
range of sufﬁciently strong magnetic ﬁelds, with
Ω
ν, where Ω is the cyclotron frequency and ν
is the electron relaxation frequency). Their principal features are the following: (a) constant period
in respect to the magnetic ﬁeld; (b) small amplitude and its independence of the magnetic ﬁeld in
the range of the anomalous skin-effect; (c) the existence of oscillations for both senses of circular
polarizations of an incident electromagnetic wave
on the metal. The temperature dependence of the
amplitude of the Gantmakher–Kaner oscillations
allows one to determine the temperature dependence of the frequency ν.
GAPLESS SEMICONDUCTORS

An intermediate class of substances between
metals and semiconductors.

They can be deﬁned as metals with a pointwise Fermi surface or as semiconductors with a
zero band gap. There are two kinds of zero-gap
semiconductors differing by the mechanism causing the gap to disappear. The ﬁrst kind includes
those in which the gap vanishes due to the accidental coincidence of the energies of the edges
of the conduction band and the valence band. In
such zero-gap semiconductors, the zero-gap condition could be destroyed under the action of any
disturbance including those that do not change the
crystal symmetry. This kind of zero-gap semiconductors is exempliﬁed by Bix Sb1−x , Pb1−x Snx Te
and Pb1−x Snx Se alloys with certain ratios between components x. The gap in these alloys vanishes at four equivalent points L of the Brillouin
zone, whereas the energy of electrons and holes
depends linearly on the wave vector.

In zero-gap semiconductors of the second kind,
the gap vanishes because of the crystal lattice symmetry. The so-called inverse zone scheme in these
zero-gap semiconductors is possible if both the
conduction band and the valence band belong to
the same irreducible representation of the crystal
lattice symmetry group. In all the zero-gap semiconductors of the second kind, the wave functions of the conduction band in the center of the
Brillouin zone are of p-type symmetry. Due to a
strong spin–orbit interaction, the sixfold degeneracy inherent in a p-symmetry state (taking into account the spin) is lifted, and the latter splits into
fourfold and doubly degenerate states in accordance with the total angular momentum composition law. The fourfold degenerate state in an ordinary semiconductor gives rise to bands of light
and heavy holes, while that in a zero-gap semiconductor of the second kind splits into the conduction band and the valence band. The zero-gap
semiconductors of the second kind crystallize in a
sphalerite-type lattice; they include gray tin (α-Sn)
and the chalcogenides HgTe, HgSe and β-HgS.
This zero-gap state disappears only under disturbances that lower the crystal lattice symmetry. Hydrostatic pressure does not change the symmetry;
hence, the energy gap width for excitation of free
current carriers remains equal to zero in the zerogap semiconductors of the second kind. Both uniaxial compression and an applied magnetic ﬁeld
induce the appearance of an energy gap.
The electron mass is less than the hole mass
in all known zero-gap semiconductors of the second kind. At ﬁnite temperatures, the electrons
and the holes are created; the Fermi level is situated in the conduction band, the electrons are
degenerate and the holes are nondegenerate. In
this case, the Hall coefﬁcient (see Galvanomagnetic effects) is a power function of the temperature. The electric properties of the zero-gap semiconductors are extremely sensitive to the presence
of impurities. The donors are ionized at any temperature, so there are free electrons in the zerogap semiconductors even at very low temperatures. There can also be resonance acceptor levels on the background of continuous spectrum of
the conduction band. The small level width is related to the small ratio of the electron and the hole
masses. In contrast to ordinary semiconductors,
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there is no low-temperature impurity compensation while the Fermi level is lower than the acceptor level. The compensation occurs with the
temperature increase when the electrons pass to
the acceptor levels. Due to the absence of an energy gap, there should be no ohmic region on the
current–voltage characteristic at T → 0 since in
the electric ﬁeld electrons and holes are created in
equal numbers. An ohmic region is possible only
at ﬁnite temperatures or in the presence of impurities that lead to the appearance of free current
carriers in the absence of an electric ﬁeld. In a
magnetic ﬁeld, an energy gap appears in zero-gap
semiconductors, which leads to the activated creation of free carriers. Hence, the character of the
Hall coefﬁcient temperature dependence changes
in a magnetic ﬁeld. Zero-gap semiconductors,
as well as the semiconductors with small gaps
(E g  0.1 eV), possess quite high sensitivity to
external factors (electromagnetic ﬁeld, pressure,
temperature, etc.). This provides wide opportunities for the application of the zero-gap semiconductors as resistors, photodiodes, radiation generators, and so on.
GAPLESS SUPERCONDUCTORS
Superconducors with a nonzero density of

states N(ε) for single particle excitations at and
in the vicinity of the Fermi level, as distinct
from ordinary superconductors where the density
of states is zero within the the energy gap Δ
in the spectrum of quasi-particles (see Bardeen–
Cooper–Schrieffer theory), and has singularities at
ε = ±Δ (see Fig. 1). Gapless superconductors are
exempliﬁed by superconducting alloys with paramagnetic impurities having uncompensated magnetic moments. At high enough impurity concentrations, N(ε) does not vanish at any energy (zerogap state) although it does dip in the vicinity
|ε − εF | ∼ kB Tc of the Fermi energy (Fig. 2).
At the ﬁrst glance, the absence of the gap contradicts the Landau super uidity criterion for the
critical condensate velocity v c = Δ/pF (where
pF is the Fermi momentum). However, this criterion is applicable only to homogeneous systems with translational invariance. For example,
in a bimetallic plate consisting of a normal metal
and a superconductor the current ﬂowing along
the superconducting layer parallel to the surface
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Fig. 1. The density of states of a BCS superconductor.

Fig. 2. The density of states of a superconductor with
paramagnetic impurities. (1) n < 0.9nc (energy gap
εg < Δ); (2) n = 0.9nc ; (3) 0.9nc < n < nc (zero-gap
state, εg = 0).

would be superconducting despite the fact that
density of states of the system as a whole has no
gap (see Proximity effect). Superconducting alloys
with paramagnetic impurities are characterized by
two relaxation times, one without a change of the
electron spin direction (τ1 ) and the other with a
change of the spin projection (τ2 ). Electron spinip scattering occurs with probability of 1/τ s =
1/(2τ1 ) − 1/(2τ2 ), and corresponds to the decay
of a Cooper pair and a lowering of the critical temperature T c . The value of T c is related to τ s by the
Abrikosov–Gorkov relationship
ln

Tc
= ψ(1/2) − ψ(1/2 + ρ),
T c0

where T c0 is the critical temperature of the pure
metal, ρ = /(2πτ s k B T c ), and ψ(x) is the Euler
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digamma function. The value of ρ as well as the
scattering frequency τ s −1 are both proportional to
the paramagnetic impurity concentration. According to this equation, T c vanishes at a critical value
of ρ corresponding to a critical paramagnetic
impurity concentration nc . In the concentration
range 0.9nc < n < nc , the energy gap vanishes
(curve 3 in Fig. 2). At n < 0.9nc , the “normal”
gap is restored although N(ε) has no singularity
(i.e. divergence of N(ε)) at the gap edge. In the
range 0.9nc < n < nc , the dynamic characteristics of gapless semiconductors are similar to those
of normal metals; in particular, their speciﬁc heat
has a linear temperature dependence. However, the
electrodynamics of zero-gap superconductors retain the same salient features that are typical of superconductors with a gap (BCS theory). Thus, the
Meissner effect and the ﬁnite supercurrent are retained. The Josephson current in alloys with paramagnetic impurities also remains ﬁnite in the zerogap range. Superconductivity with a zero gap is a
feature which can occur in high-T c superconductors when the wave function symmetry is d-wave.
GARNET FILMS
See Epitaxial iron garnet lms.
GARNET, IRON
See Iron garnets.
GARNET, YTTRIUM–ALUMINUM
See Yttrium–aluminum garnet.
GASEOUS CRYSTALLINE STATE
A state of matter of a solid in which the centers
of molecules form a regular crystal lattice, while

the molecular orientational axes are randomly distributed in space with spherical or axial symmetry. In parallel with liquid crystals, a gaseous crystalline state is an example of a mesomorphous
phase (see Mesophases), in which reorientations
of molecules can take place without a noticeable
change in the packing density. A special characteristic of a gaseous crystalline state is the presence
of scales of order, long-range order (see Longrange and short-range order) in the arrangement
of the centers of the molecules, and the absence of
order in their relative orientations. A transition between a gaseous and an ordinary crystalline state

occurs via a rst-order phase transition referred
to as Frenkel orientational melting. A gaseous
crystalline state manifests itself by singularities of
physical quantities (e.g., dielectric constant) or a
heat of phase transition in the vicinity of the orientational melting point. This state is observed in
some molecular crystals.
GAS EXPANDER

A piston or turbine device designed to allow
an adiabatically expanding gas to cool itself and
perform external work. The action of a gas expander is based on the adiabatic process. Gas expanders are used in cryogenic technology, and are
employed for the liquefaction and separation of
gases (nitrogen, oxygen, helium, etc.).
GAS, IDEAL
See Ideal gas.
GAS PHASE EPITAXY

An epitaxial deposition (see Epitaxy) on a
monocrystalline substrate of layers of the same
(autoepitaxy) or different (heteroepitaxy) material from a gaseous phase. Gas phase epitaxy represents one of the most widely used methods of
forming semiconductor epitaxial lm s on conducting and insulating substrates during the manufacture of semiconductor devices and integrated
circuits. It has the following advantages: simplicity and high productivity of the equipment; high
deposition rates in comparison with vacuum vaporization; relatively low deposition temperatures;
convenience for doping and control of stoichiometry (see Stoichiometric composition); a possibility of depositing layers with a complicated geometry; a possibility to clean the surface by chemical etching directly before the layer deposition.
The main disadvantages of the method are the involvement of some toxic, explosive or corrosive
gaseous products, the difﬁculty of producing multilayer structures with layers of controlled composition, and the uncertainty about precisely preserving the superlattice period.
In the design of apparatus for gas phase epitaxy, one can distinguish a closed process and an
open process. In the closed process a substrate, a
source of a stream of the transport material (e.g.,
iodine), and a source of the depositing material
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are positioned in different temperature zones of
a break-sealed or dismountable ampoule ﬁlled, as
a rule, with hydrogen or inert gas. The temperatures of the source and the substrate are chosen
to facilitate the appropriate movement of products
of disproportionation or decomposition reactions.
For example, the reaction GeI4 ⇔ Ge + 2I2 near
the source should take place in such a manner that
there is a continuous transfer of germanium from
the source to the substrate. In an open process, the
substrate is washed by the transport gas ﬂux (as a
rule, this is hydrogen) with additives of halogens,
arsenes, or phosphenes of the depositing substance
which are decomposed or reduced by hydrogen on
the substrate surface. Disproportionation reactions
are also used in this process in the presence of
a source. Doping of the deposited layers is performed by a doping source which adds gaseous
compounds of the doping impurity in the transport
gas ﬂux (in the open process). An accompanying
(usually undesirable) process is autodoping, i.e. a
diffusion transfer of impurities from the substrate
to the growing epitaxial ﬁlm.
GAUGE INVARIANCE
The invariance of ﬁeld equations (of observ-

able quantities) with respect to symmetry transformations unrelated to the properties of space–
time (so-called internal symmetries). An example of gauge invariance is electrodynamics where
the electromagnetic ﬁeld Fμν = ∂μ Aν − ∂ν Aμ remains unchanged under the transformation
Aμ → Aμ = Aμ − ∂μ θ,

(1)

where θ is an arbitrary function of coordinates and
time x μ = {x 0 = t, r}, ∂μ ≡ ∂/∂x μ ,
Aμ = {A0 = Ψ, A},
Ψ and A are the scalar and vector potentials (hereinafter, the system of units with c =  = 1 is used).
The above transformation, referred to as a gauge
transformation, acquires fundamental importance
for a theory in the presence of charged particles. In
the electrodynamics of zero-spin charged particles
(see Spin) described by the complex-valued scalar
ﬁeld ϕ(x) (the ﬁeld ϕ can be considered also as
the order parameter in a superconductor), the Lagrangian L = L(ϕ, ∂μ ϕ) for the free ﬁeld ϕ displays certain properties of symmetry with respect
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to the charge transformations of the unitary U (1)
group:
ϕ → ϕ  = eieθ(x) ϕ,

(2)

where e is the charge, and θ is a parameter. This
transformation is referred to as a global one if
θ = const, and a local one if θ depends on x. If one
replaces ordinary derivatives ∂μ with covariant
ones Dμ (where Dμ = ∂μ + ieAμ , and Aμ is referred to as the gauge ﬁeld) in a Lagrangian L that
is invariant relative to the global transformation,
i.e. L(ϕ, ∂μ ϕ) = L(ϕ  , ∂μ ϕ  ) for θ = const (in
this case the charge conservation law is fulﬁlled),
one obtains a new Lagrangian LG = LG (ϕ, Dμ ϕ)
which is invariant with respect to the local
transformation ϕ → ϕ  provided the gauge
ﬁeld Aμ transforms according to Eq. (1), i.e.
LG (ϕ, (∂μ + ieAμ )ϕ) = LG (ϕ  , (∂μ + ieAμ )ϕ  ).
Transformations (1) and (2) are referred to as local
gauge transformations, and the invariance of LG
relative to this transformation is called local gauge
invariance. The requirement of local gauge invariance leads to the appearance of new ﬁelds Aμ and
the construction of a new Lagrangian (to be supplemented with a Lagrangian of the gauge ﬁelds).
From the physical point of view, the gauge ﬁeld
is the carrier of the interaction of charged ﬁelds.
In the case of electrodynamics the gauge ﬁeld is a
ﬁeld of photons. In the case at hand, the symmetry
group U (1) (see Group theory) of the Lagrangian
is Abelian. The scheme of constructing a theory
with a non-Abelian symmetry group remains unchanged. The gauge theories of ﬁelds with a given
symmetry group (see Continuous symmetry transformation groups) are built from a Lagrangian that
is invariant relative to the global transformations
of the given group (this yields conservation laws
as required from the physical point of view).
Abelian gauge theory is in full correspondence
with the Ginzburg–Landau theory of superconductivity (GL theory) where the order parameter can
be treated as a complex-valued scalar Higgs ﬁeld,
and the vector-potential as an Abelian gauge ﬁeld
in the Abelian Higgs model (see Higgs mechanism). The GL theory was the ﬁrst gauge theory
of a ﬁeld with a spontaneous symmetry breaking.
Abelian and non-Abelian gauge ﬁelds appear also
in the theory of condensed matter, such as liquid
crystals and spin glasses.
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GAUSSIAN DISTRIBUTION

GAUSSIAN DISTRIBUTION, normal distribution
(K.F. Gauss)

A Gaussian function
y(x) =



1
x2
exp
−
σ (2π)1/2
2σ 2

normalized to unity that gives the frequency of occurrence (probability of appearance) of a parameter x (σ characterizes the deviation of x from its
most probable value at x = 0). The Gaussian distribution is used in solid state physics when analyzing errors of measurements (as a normal law of
error distribution), to describe the shape of a resonance line in spectroscopy (see Gaussian shape),
to account for the distribution of ﬁelds of defects
in crystals, and for characterizing uctuations.
GAUSSIAN SHAPE, Gaussian

A spectral line contour conforming to the expression I (x) = I m exp[−x 2 ln 2/δ 2 ] where I m
and δ are the amplitude maximum (for x = 0) and
the line half-width at a half-height (I (x) = I m /2
for x = δ), respectively. When the line is recorded
in the form of the ﬁrst or higher derivatives of initial curves, the Gaussian is described by the corresponding derivative of this expression. In solid
state spectroscopy, the Gaussian shape accompanies line broadening mechanisms of the statistical type (e.g., the hyperﬁne structure envelope
for lines of electron paramagnetic resonance). As
a rule, the Gaussian shape characterizes nuclear
magnetic resonance lines in solids.
GEL

A colloidal system consisting of a solid dispersed phase (see Disperse structure) suspended
in a liquid (lyogel) or in a gas (aerogel). A gel
emerges as a result of the processes of structure formation and sol coagulation. A sol-to-gel
transition is not referred to as a phase transition; under the action of external (mechanical or
physicochemical) factors a reverse gel-to-sol transition (peptization) is possible, where a sol is more
liquid-like and a gel is more solid-like. Gels possess mechanical properties speciﬁc for solids such
as plasticity and elasticity; and in addition gels
exhibit a property of thixotropy, i.e. the ability
to restore its spacial structure after a mechanical fracture. Being a nonequilibrium system, a gel

changes its properties with time; aging and the loss
of the thixotropic property associated with phase
layering take place. The removal of the disperse
medium leads to the formation of xerogels, i.e. disperse solids possessing an extended surface area
reaching 500 m2 /g and more. A particular feature of xerogels is their porosity, with the pore
size varying over a wide range. The value of the
speciﬁc surface and the xerogel porosity are to a
great extent established at the stage of the sol-togel transition (drying temperature, nature of washing liquid, and so on). Xerogels are employed as
adsorbents and heterogeneous catalysts.
GEMINALS (fr. Lat. gemini, twins)

Wave functions of two interacting electrons
ψ(r1 , r2 ) that cannot be reduced to a simple or antisymmetrized product of one-electron functions
ϕ1 (r1 ), ϕ2 (r2 ). Geminals are used in the theory
of molecules and molecular crystals when greater
precision is required for the description of a manyelectron system compared to the Hartree–Fock
method. In this case it is necessary to take into
account the correlation motion of at least all the
electron pairs that provide a signiﬁcant contribution to a bonding energy of molecules and crystals.
In the simplest cases of a two-electron system (H2
molecule and He atom), a successful selection of
geminals allows one to calculate the energy with
an accuracy sufﬁcient for comparison with spectroscopically determined values. For systems with
the number of electrons 2N larger than 2 it is convenient to represent a wave function using an antisymmetrized product
ψ(r1 , . . . r2N ) =

N


ψ(r2i−1 , . . . , r2i ).

i=1

In this way one can achieve a greater accuracy for
ψ than that obtained with a Slater determinant.
For even greater accuracy, one can use a linear
combination of such ψ(r1 , . . . , r2N ) with different geminals. In this case, the method of geminals
competes successfully with a many-con gurational
approximation. From a technical viewpoint, a calculation with geminals is more complicated than
one with orbitals, but it can be simpliﬁed by imposing the requirement of strong orthogonality on
different geminals. This, however, results in systematically overestimating the calculated energy.

GEMS

GEMS, jewels, tinted stones

General term to designate precious and semiprecious minerals, and also artiﬁcial stones which,
when cut and polished, are used for jewelry and
ornamental purposes. Diamond, beryl and corundum (ruby and sapphire) are precious stones. For
almost all these gems the color is due to the presence of impurities.
Beryl is a mineral Be3 Al2 [Si6 O18 ]. Its composition is as follows: BeO 14.1%, Al2 O3 19%,
SiO2 66.9%. Its crystal system (syngony) is hexagonal; symmetry type is dihexagonaldipyramidal.
Its bases are hexadic rings [Si6 O18 ], located one
over another and ﬁxed by the atoms of Be and Al,
which are located respectively in tetrahedral and
octahedral coordinations of oxygen atoms. Unit
cell parameters: a = 0.921 to 0.924 nm, c = 0.919
to 0.922 nm. Density is 2.6 to 2.9 g/cm3 . Transparent beryls of different coloring have speciﬁc
names: emerald – brightly green (addition of Cr),
aquamarine – bluish, vorobievite – pink (addition
of Cs), heliodor – yellow (addition of FeO). Dielectric constant is 4.48 to 7.5. Magnetic susceptibility (0.4–0.8)·10−6 cm3 /g. Refractive indices:
no = 1.568 to 1.602, ne = 1.564 to 1.595; birefringence no − ne = 0.004 to 0.008. Indices of refraction and birefringence grow with increasing alkali concentration. Melting temperature is 1723 K.
Mohs hardness is 7.5 to 8, cleavage is imperfect. In
UV radiation it glows yellow. It does not dissolve
in acids. Emerald and aquamarine are precious
stones. Due to its beautiful coloring, transparency
and brilliance, beryl is a popular gem-cutting material. Nonjewelry beryl is the basic ore of beryllium used in engineering (beryllium bronzes, superlight alloys, reﬂectors of neutrons in atomic reactors, etc.).
Corundum is the mineral α-Al2 O3 . Crystallographic system (syngony) is trigonal, type of
symmetry is ditrigonal-scalenohedral. Crystals are
columnar or barrel-like, they are represented by
a combination of ditrigonal prisms, dipyramids,
rhombohedron and pinacoid. Rubies (Cr doped)
and sapphires (Co, Cr, Ti doped) are the gem varieties of corundum. Corundum occupies second
place by its hardness (9 according to the Mohs
scale) and abrasive ability after diamond. Density is 3.99 to 4.05 g/cm3 . No cleavage is observed. Refraction indices: ne = 1.765 to 1.776,
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no = 1.757 to 1.768, ne − no = 0.008 to 0.009.
There is strong pleochroism for ruby: yellow-red,
red; for sapphire: yellow, light-yellow. Ruby luminesces in UV rays with bright ruby-red color,
and sapphire by blue, orange or purple color. Since
1958 ruby has been is used in quantum ampli ers
(masers) and in solid-state lasers. Transparent varieties of corundum, besides their use as gems, are
used in precision devices and watches as bearings
and step bearings for the rotating parts, the nontransparent ones are used as abrasive materials.
[Following the modern classiﬁcation scheme
we proceed by listing less valuable stones after
more valuable ones.]
Chrysoberyl is a mineral BeAl2 O4 with additions of iron and chromium. It crystallizes in
the rhombic system. Mohs hardness is 8.5. Microhardness is 16,592 to 18,896 MPa. Density is
3.631 to 3.835 g/cm3 . Refractive indices ng =
1.753 to 1.758, nm = 1.747 to 1.749, np = 1.744
to 1.747; birefringence is 0.009 to 0.011. Dispersion is 0.015. Color: yellow-green, yellow, more
rarely brown, red, violet. The alexandrite variety of chrysoberyl, which contains up to 1% of
chromium, has emerald-green coloring in the daylight and a violet coloring under artiﬁcial light.
The selective transmission of bluish-green (460 to
530 nm) and red (620 nm up to the boundary of the
visible spectrum) beams is the cause of the color
change. In UV light rays sometimes a red glow
may be detected. Density is 3.644 to 3.663 g/cm3 .
Opal is a mineral, solid hydrogel of silica, containing variable amounts of water (6 to 10%). It
is formed by colloidal silica of globular structure with different size and disordered localization
of globules; gem grade opal has regularly packed
globules of the same size with diameters from 150
to 400 nm. Mohs hardness is 5.5 to 6. Density is
1.9 to 2.3 g/cm3 , it depends on the additions and
water contents. Color: white, due to foreign additions it may be yellow, grayish brown, gray, green,
blue, black. Sometimes it opalesces with iridescent play of colors (noble opal). It is isotropic, refractive index is 1.455 to 1.460. Its dielectric constant is 6.2 to 9.7. Diamagnetic susceptibility is
−0.29·10−6 cm3 /g. It is soluble in HF.
Garnets are a group of minerals with a common formula A3 B2 Si3 O12 , where A = Ca, Fe2+ ,
Mg, Mn2+ ; B = A, Fe3+ , Cr, Ti, V, Zr. The
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terminal members of this group are pyrope
Mg3 Al2 Si3 O12 , almandine Fe3 Al2 Si3 O12 , spessartine Mn3 Al2 Si3 O12 , grossular Ca3 Al2 Si3 O12 ,
andradite Ca3 Fe2 Si3 O12 and uvarovite Ca3 Cr2 Si3 O12 . Crystallographic system (syngony) is cubic, hexoctahedral type of symmetry. Crystal lattice parameters: a = 1.1459 nm (pyrope),
1.1526 nm (almandine), 1.1621 nm (spessartine),
1.1851 nm (grossular), 1.2048 nm (andradite),
1.205 nm (uvarovite). The structure is formed by
isolated groups [SiO4 ] located along the helical
axis of the fourth order, which explains the rhombic dodecahedral and tetragonal-trioctahedral habit
of crystals. Density and refractive indices are the
following: pyrope, 3.71 g/cm3 , n = 1.705; almandine, 4.32, n = 1.83; spessartine, 4.18, n = 1.80;
grossular, 3.53, n = 1.735; andradite, 3.83, n =
1.895; uvarovite, 3.78, n = 1.86. Upon melting together the density drops and the refraction index
also becomes lower. Color: dark-red, red, pink,
orange-yellow, black, green; there are no blue garnets. Magnetic susceptibility of garnets is proportional to the content of Fe, speciﬁc magnetic
susceptibility is (60–160)·10−6 cm3 /g. Dielectric
constant 4.25 to 4.51 (almandine), 4.70 to 4.87
(pyrope), 5.22 (grossular), 6.40 (andradite). Mohs
hardness is 6.5 to 7.5, it is the highest for almandine, pyrope and spessartine (7 to 7.5). Cleavage
is imperfect. Only andradite is soluble in HCl, the
others only after melting. The transparent varieties
of garnets are jewels; garnets may be used as abrasive materials, artiﬁcial garnets are ferrimagnets.
Topaz is a mineral Al2 [SiO4 ](F, OH)2 . Fe,
Cr, Mg, Ti, V, Ge and other elements occur as
additions. Crystallographic system (syngony) is
rhombic, rhombic dipyramidal type of symmetry; crystal lattice structure is insular, it consists of the columns of Al-octahedra connected
by Si-tetrahedra; crystal lattice parameters: a =
0.465 nm, b = 0.880 nm, c = 0.840 nm. Density
is 3.4 to 3.6 g/cm3 . Color: colorless, yellow, wineyellow, green, bluish-green, blue, violet-blue, pink,
red-grayish brown. Chromophores (Cr, V, Fe, Ti)
and crystal lattice defects are responsible for coloring. Refraction indices: ng = 1.638 to 1.616;
birefringence is 0.009 to 0.011. Colored topaz
exhibits pleochroism: along ng it is violet-pink,
along nm yellowish-pink, along np brownishyellow. It luminesces in cathode radiation by red,

blue light, in UV rays by red, yellow, pale green
light. It is easily electriﬁed by friction, compression, heating. Dielectric constant is 6 to 7; diamagnetic susceptibility is 0.42·10−6 cm3 /g. Mohs
hardness is 8, cleavage is perfect in one direction.
Zircon is a mineral ZrSiO4 . Composition: Zr
49.5% (ZrO2 67%, SiO2 33%). The additions
are possible: Hf, Th, U, Ca, Al, Fe. Crystallographic system (syngony) is tetragonal, structure is insular with radical-ionic lattice of anion groups SiO4 and cations Zr4+ surrounded
by 8 oxygen ions. Parameters of the unit cell a =
0.6586 to 0.6622 nm, c = 0.594 to 0.6025 nm.
Density is 4.7 g/cm3 , density of metamict zircons is 3.9 to 4.2 g/cm3 , compressibility coefﬁcient is (47.6–48.3)·10−13 cm2 /dyn. Zircon may
be transparent, translucent and nontransparent.
Color: grayish-brown, yellow, barely red, blue,
black, pink, lilac, green, powder may be white
and yellow. The coloring varies depending on the
effect of light, heating, X-rays. Dielectric constant is 3.6 to 5.2, that of the transparent ones
8 to 12. Magnetic susceptibility is (−0.19 to
0.90)·10−6 cm3 /g. Refraction index ng = 1.968
to 2.015, nm = 1.923 to 1.960; birefringence
ng − nm = 0.045 to 0.058. Mohs hardness is 7
to 7.5, cleavage is imperfect. Transparent zircons
have a brilliant glow, the translucent and nontransparent ones have glass glow. Zircon luminesces
under the UV radiation with yellow, orange, green
light, in cathodoluminescence with green light; it
may exhibit thermoluminescence.
Olivine is a mineral. For the continuous isomorphous series the end pont formulae are
(Mg, Fe)2 [SiO4 ], the end terms of the series are
forsterite Mg2 SiO4 and fayalite Fe2 SiO4 . The
composition: Mg up to 34.3%, Fe up to 54.8%
(MgO up to 57.3%, FeO up to 70.5%, SiO2 up
to 42.7%), additions of Mn, Ni, Co, Ca, Ti. Crystallographic system (syngony) is rhombic, rhombic pyramidal type of symmetry, parameters of the
unit cell: a = 0.4700 to 0.4815 nm, b = 1.0197
to 1.0431 nm, c = 0.5937 to 0.6068 nm, cell
parameters lengthen with increasing Fe content.
The structure is insular, with (Mg, Fe)O6 octahedra forming zigzag-like chains along the c axis,
which are held together by SiO4 tetrahedra. Density is 3.2 to 4.4 g/cm3 . Color: olive- or bottlegreen, yellow, grayish brown, more rarely violet;

GEMS

the powder is white. It is transparent to translucent. Refractive indices: ng = 1.670 (forsterite),
nm = 1.651 to 1.869, np = 1.635 to 1.827. Dielectric constant is 3.3 to 9.1 for different terms of the
isomorphous series and 6.8 to 7.1 for forsterite;
it is a paramagnetic material, with the magnetic
susceptibility up to 18·10−6 cm3 /g (for the sample with contents of Mn 0.07% and of Fe 8.0%)
depending linearly on the total contents of these
elements. Mohs hardness is 6.5 to 7, cleavage is
average. Decomposes in HNO3 , forsterite gleams
in UV beams with crimson-colored light. Transparent, beautifully colored olivine (chrysolite) is a
jewel.
Quartz (silica) and its varieties may be subdivided into the crystalline forms (rock crystal,
smoky quartz (morion), pink quartz, amethyst etc.)
and also the hidden-crystalline chalcedonies (sard
(or carnelian), chrysoprase, agate, onyx etc.).
Amethyst is the violet variety of quartz. Color
from red-violet to blue-lilac. The type of coloring
is caused by the structural addition of Fe: Si4+
may be substituted by Fe3+ with charge compensation by Na ions. Radiation also inﬂuences the
amethyst coloring. Coloring disappears upon heating up to 543 to 773 K, and is restored under the
effect of X-rays and gamma radiation. Upon heating above 793 K the coloring irreversibly disappears. Intensely colored stones possess weak paramagnetism unlike diamagnetic colorless quartz.
Chrysoprase is the most valuable variety of
chalcedonies. The color is apple green. The coloring depends on the addition of nickel, which
contents varies from 0.3 to 3.3%. The color is, as
a rule, nonuniform – from white to deep green.
Green coloring may be explained by the color of
gel.
[There follow stones known as jewelery, artiﬁcial or natural.]
Lazurite is a mineral, aluminosilicate of Na
and Ca, (Na, Ca)8 [AlSiO4 ]6 (SO4 , S)2 , additions
of Se, Cl, CO3 . The crystals belong to the cubic system (syngony), they are usually met in
the form of dense aggregates. Lattice parameter
a = 0.905 nm. Density is 2.8 to 2.42 g/cm3 .
Color: blue, violet-blue, light blue, greenish-blue,
the powder is blue; the coloring depends on the
presence of sulfur, which in the brightly blue lazurite is 0.5 to 0.7%. Refraction index n = 1.50. In
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UV rays it sometimes luminesces with weak orange color. Upon heating the intensity of blue coloring increases. Mohs hardness is 5.5 to 6, cleavage of the crystals is perfect. Under the effect
of acids lazurite decomposes, releasing sulfurous
gas.
Malachite is a mineral Cu2 [CO3 ](OH)2 . The
composition Cu 57.4% (CuO 71.9%, CO2 19.9%,
H2 O 8.2%), additions of Fe, Ca. Crystallographic
system (syngony) is monoclinic, prismatic symmetry type, unit cell parameters: a = 0.948 nm,
b = 1.203 nm, c = 0.321 nm. Density is 3.9 to
4.1 g/cm3 . Color: bright-green, blackish-green;
streak is pale green; luster is from glass to diamond. Refraction indices: ng = 1.909, nm =
1.875, np = 1.655; birefringence is 0.254. Magnetic susceptibility (10–25)·10−6 cm3 /g. Upon
heating there appears endothermic effect of dehydration and dissociation within the range 533 to
773 K. Mohs hardness is 3.5 to 4, cleavage is average. It decomposes in HCl with release of CO2 .
It is a copper ore, and is used as a manufacturing
and decorative stone.
Nephrite is hidden-crystalline matted-ﬁbrous
aggregate of amphibole of the tremolite-actinolite
series, related to the prismatic type of symmetry,
with general formula Ca2 (Mg, Fe)5 Si8 O22 (OH)2 .
Color: white (tremolite-nephrite), green of different tints – apple-green, grayish, light bluish,
grass-green, dark green; intensive green coloring
is caused by the presence of chromium (actinolitenephrite). It is translucent in plates of thickness up
to 2 cm. Density is 2.9 to 3 (tremolite-nephrite)
and 3.1 to 3.3 g/cm3 (actinolite-nephrite), Mohs
hardness is 5.5 to 6.5. It is distinguished by high
strength and toughness.
Rhodonite, or manganese spar is a mineral,
silicate of Mn, (Mn, Ca)·SiO3 , additions of Fe,
Mg, Al, Zn. Crystallographic system (syngony)
is triclinic, pinacoidal symmetry type. Unit cell
parameters: a = 0.779 nm, b = 1.247 nm, c =
0.675 nm. The crystal lattice structure is represented by simple chains of silicon–oxygen tetrahedra with 5-fold period of identity. Density is
3.4 to 3.7 g/cm3 . Color: pink, crimson, scarlet;
in the thin layer sometimes translucent. Refraction indices: ng = 1.730 to 1.744; nm = 1.726
to 1.735; np = 1.721 to 1.728; birefringence is
0.011 to 0.013. Distinct yellow- and pink-red
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pleochroism. Glows in cathode radiation with red
color; in UV radiation with red, pink, orange light.
Dielectric constant is 4.68 to 7.56, it increases
with increasing Ca contents up to 11.2; magnetic
susceptibility is 53.4·10−6 (at 24% of Mn) and
87.7·10−6 cm3 /g (at 36% of Mn and 1% of Fe).
Mohs hardness is 5.5 to 6.5, cleavage is perfect.
Charoite is a mineral (Ca, Na, K, Sr, Ba)3 [Si4 O10 ](OH, F)·H2 O (it is around 56.5% of SiO2 ,
1.01 to 1.85% of Al2 O3 , 20.5% of CaO, 8.2 to
10.5% of K2 O, and also there are oxides of Ba, Sr,
Na (0.9 to 3.5%), ﬂuorine and water). The isomorphous additions: Pb, Mn, La, Zr. Unit cell parameters: a = 3.182 nm, b = 0.713 nm, c = 2.210 nm,
β = 94.15◦ . Crystallographic system (syngony)
is monoclinic, cleavage is perfect in three directions. Angle between the cleavage planes is 124◦ .
The color is lilac, of other tints up to violet; luster is glass-like. The spectrum of optical adsorption shows that the coloring of charoite is determined by the presence of Mn ions. Mohs hardness
is 5 to 5.5. Density is 2.54 to 2.68 g/cm3 . Microscopically in the passing light charoite is colorless along ng and pink along np ; refraction indices: ng = 1.559, nm = 1.553, np = 1.550; birefringence is 0.009. It is not soluble in acids.
Cordierite or dichroite, iolite, or “lynx sapphire” is a mineral, Mg alumosilicate; (Mg,Fe)2 Al3 [AlSi5 O18 ]·nH2 O, additions of Mn, Ca, Ti,
Na. Crystals of rhombic crystal system (syngony),
rhombic dipyramidal type of symmetry; crystal
lattice consists of the rings of silicon–oxygen
tetrahedra located in parallel to {0001}, thus forming channels along the c axis where alkali cations
or H2 O molecules may be located. Crystal lattice parameters: a = 1.708 nm, b = 0.710 nm,
c = 0.933 nm. Density 2.54 to 2.75 g/cm3 . Color:
grayish-blue, blue up to bluish-violet, greenishblue, colorless, yellow, grayish-brown. Refraction
index: ng = 1.538 to 1.568, nm = 1.532 to 1.560,
np = 1.527 to 1.558; birefringence is 0.009 to
0.010, sometimes 0.003, rarely 0.012. Magnetic
susceptibility of cordierite is proportional to its
content of Fe2+ : 6·10−6 cm3 /g at 2% of Fe2+ ,
∼10·10−6 at 4% of Fe2+ , and 2.4·10−6 at 8.5%
Fe2+ . Mohs hardness is 7 to 7.5, cleavage is perfect.
[We follow by listing stones of organic origin:
amber, pearl, coral, agate, which are related to jewels.]

Pearl is formed by the internal layer of shells
of bivalve and gastropod mollusks (mother of
pearls). It consists of very thin crystals of aragonite (orthorhombic form of calcium carbonate)
82 to 96% and of an organic substance (protein)
conchiolin 10 to 14%. It has an iridescent luster.
Density is 2.6 to 2.8 g/cm3 , Mohs hardness is 3.5
to 4.5. Small crystals of aragonite are oriented perpendicular to the surface of the internal layer of the
shell. The luster of pearl is explained by refraction
and reﬂection of beams in the prismatic layers of
aragonite. Color of the sea pearls is white, creamy,
pink, blue, red, black.
Corals are the external skeletons of marine invertebrates (polyps) forming tree-like branching
constructions. In the composition of corals calcite with the addition of Mg carbonate prevails,
sometimes there are oxides of Fe, Mn, etc. There
are small quantities of organic material. The color
of coral depends on the additions captured during
the course of their growth, it may be white, pink,
ﬂesh-pink, red, dark red, sometimes light blue and
black (containing almost 100% organic material).
Density from 2.7 to 1.32 g/cm3 (decreases with
content of organic material); Mohs hardness is 3
to 3.5. Refractive index is 1.65 to 1.49 for pink
coral, 1.56 for the black type. In UV rays coral luminesces with violet or red light.
Amber is a mineral of the organic substance
class, fossil resin of coniferous trees, mainly of
the Paleogene period. Chemical composition: C
76 to 81%, H 10.0 to 10.5%; O 7.5 to 13.0%,
N and S tenths of a percent. Amber is amorphous, it is a volume polymer. Color: waterytransparent (barely), milky-white, reddish-brown
(oxidized amber), usually it is yellow. Depending on its turbidity the following types of amber
are differentiated: cloudy (semitransparent), hybrid (translucent in thin chips), bony and foamy
(nontransparent). Amber exhibits a speciﬁc IR
spectrum in the range of 700 to 1900 cm−1 , which
facilitates reliable identiﬁcation. Mohs hardness is
2.0 to 2.5. Density is 1.00 to 1.10 g/cm3 . It is easily machinable (with exception of the foamy type).
It melts with decomposition at 573 to 613 K; without contact with air it softenes at 413 K, small
pieces may then be pressed into large blocs of socalled pressed amber; turbid varieties transform to
the transparent state. Amber is a good insulator. It
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is formed upon petrifaction of resin as a result of
oxidative polycondensation of the saline acids and
terpenes. It is used as a manufacturing stone, and
also in the production of paint and varnish material. Pressed amber is used for the fabrication of
electrical insulators.
GENERATION OF CURRENT CARRIERS
Excitation of electrons to the conduction band
and holes to the valence band where they func-

tion as current carriers. This generation of current carriers is stimulated by the thermal motion of
the crystal lattice atoms (thermal generation) and
also by some external factors: illumination (optical generation), particle beam irradiation, action
of strong ﬁelds, etc. A measure of this process is
the rate of generation, i.e. the number of carriers
produced per unit volume per unit time. Thermal
carrier generation in an equilibrium semiconductor is balanced by their recombination (see Recombination of current carriers), hence, the heat
generation rate G is equal to the recombination
rate: G = n0 /τ , where n0 is the equilibrium concentration of carriers, and τ is the lifetime of the
nonequilibrium current carriers.
In the case of optical generation the nonequilibrium carrier concentration can exceed the equilibrium value by many orders of magnitude. The
interband light absorption that occurs when the
quantum of light energy ω exceeds the band gap
width εg results in the generation of electron–hole
pairs (Ge = Gh ), while impurity absorption leads
to the generation of electrons (Ge = 0, Gh = 0)
or holes (Ge = 0, Gh = 0). The rate of the optical
generation of current carriers at ω > εg depends
on the light intensity. At low intensities, this dependence is usually linear, described by the formula
G = ηαI0 exp(−αx),

(1)

where I0 is the beam density of light quanta (number of quanta arriving per unit area unit per unit
time), α is the light absorption coefﬁcient, x is
the depth of the penetration, η is the quantum
yield (frequency dependent efﬁciency coefﬁcient
for producing charge carriers). At ω  εg , η  1
because intraband light absorption does not pro-

515

duce new carriers. At ω > 2εg it is possible to
have η > 1 since a single photon can excite more
than one electron.
For ω εg (X-ray or gamma radiation), the
generation of current carriers consists of primary
ionization events at which high energy (∼ω)
carriers appear, and multiple impact ionization
processes which produce electron–hole pairs. In
this case 1  η < ω/εg . The latter inequality
is connected with the requirement of momentum
conservation in the elementary events of electron–
hole pair creation and interaction with lattice vibrations. For ω
εg , an approximate formula
η ≈ ω/(3εg ) is often used. The carrier generation proceeds in a similar way when, instead
of photons, high-energy charged particles are involved (electrons, protons, α-particles, etc.). At
high light intensity (laser radiation) when multiquantum light absorption processes are operative,
the dependence of the rate of carrier generation on
the intensity becomes nonlinear (see Multiphoton
processes, Semiconductor lasers).
Current carrier generation also occurs in the
presence of a strong electric ﬁeld as a result of impact ionization and tunneling transitions of electrons from impurities, and from the valence band
to the conduction band (so-called Zener breakdown).
GENERATION–RECOMBINATION NOISE
A type of noise in semiconductors caused by a
stochastic aspect of the generation and the recombination of current carriers. If a variation of the

number of carriers δN decays in time following
an exponential law, the spectral density of ﬂuctuations (see Fluctuations in solids) of the number of
carriers is
τ
2
,
Sω = 2δN
1 + ω2 τ 2
2

where δN is the self-correlation function, and
τ is the carrier recombination time. In the lowfrequency limit (ωτ  1), Sω grows with increasing τ . This fact plays an important role in the
design of photosensitive detectors based on the
photoconductivity effect. Since the low-frequency
sensitivity of such devices increases with the
growth of τ , it is necessary in this case to take into
account the increase of the noise.
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GENERATION–RECOMBINATION PARTICLE COAGULATION

Generation–recombination noise appears in a
variety of semiconductor devices, but the spectral
characteristics of this noise do not always conform
the expression given above because the number of
current carriers in a limited volume can change as
a result of current carrier drift and diffusion.
GENERATION–RECOMBINATION PARTICLE
COAGULATION

The formation of diverse clusters in a system consisting of two types of complementary
particles such as vacancies and interstitial atoms
in a crystal, and the generation–recombination
processes that take place for a random spatial distribution of these particles. The probability of recombination of a pair of particles is negligible if
their separation r is sufﬁciently large. One can
introduce the concept of a recombination sphere
of an isolated particle, i.e. a sphere of such a radius a that the probability of recombination equals
one for r < a, and equals zero for r > a. A homogeneous arrangement of two types of particles with equal concentrations n of each leads to
n  nm  a −3 . In the generation–recombination
process, as a result of the formation of clusters,
the value n sometimes exceeds nm . A generation–
recombination particle coagulation can take place
both for ﬁxed particles of both kinds, and for the
diffusion of isolated particles. If a single particle
happens to be inside the recombination sphere during a particle birth, the probability of its recombination W ≈ 1; if there are V particles, W = 1/V
for each particle. Thus, near-neighbor particles of
the same kind are shielded during the recombination; the particle lifetime with respect to recombination increases with the growth of the number of
its neighbors of the same kind. Under the condition of spatially-homogeneous generation and increased “longevity” of particles situated in dense
clusters, there appears a trend toward coagulation. This process of coagulation has been studied in detail using computer-simulation experiments. These processes develop when crystals are
exposed to defect-producing radiations (e.g., nuclear radiation), sometimes concurrently with the
action of processes of coalescence of particles of
the same kind.

GENERATION TYPE SEMICONDUCTOR
DIODES
Diodes with negative resistance used for the

generation of microwave electromagnetic oscillations. They are divided into three groups: drift
(impact ionization avalanche transit time diodes,
tunnel diodes, and barrier injection transit time
diodes), trapped plasma avalanche triggered transit diodes, and intervalley-transferred-electron or
Gunn diodes. In drift and trapped plasma diodes,
under the action of constant or alternating ﬁelds,
injection of current carriers into a drift space takes
place; in the drift space the current carriers move
most of the time in a braking microwave ﬁeld; as a
result the current carrier energy obtained from the
constant electric ﬁeld transforms partially to the
electromagnetic energy of the microwave oscillations. Generation type semiconductor diodes produce oscillations with a frequency up to 400 GHz.
See also Tunnel diode.
GENERATOR, THERMOMAGNETIC
See Thermomagnetic generator.
GEOMETRICAL ACOUSTICS

An approach for describing sound propagation by disregarding diffraction phenomena; an
analogue of geometrical optics. In geometrical
acoustics the acoustic energy propagation is described in terms of non-interacting sound beams
which move along straight paths in a homogeneous medium (see Conical refraction of acoustic
waves, Re e ction of acoustic waves, Acoustic
wave refraction, Bulk acoustic waves).
GEOMETRICAL RESONANCE, Pippard
oscillations

The oscillating dependence of sound attenuation and sound velocity on the inverse magnetic
ﬁeld B for the conditions kR
1 and k⊥B
(where k is the sound wave propagation vector,
and R is the cyclotron radius), and in the presence of closed cyclotron orbits during the absorption of ultrasound in metals. A geometrical
resonance predicted by H. Bömmel (1955) and
A.B. Pippard (1957) is caused by a periodically
arising (with variation of 1/B) multiplicity of the
value of the extremal displacement of the electron along the propagation vector k between the

GERMANIUM–SILICON ALLOYS

positions of a strong interaction of the electrons
with the sound (k · V = 0, V is the electron
speed) over the distance of a sound wavelength.
An oscillation period of a geometrical resonance
is (1/B) = 2πe/(kP extr ); which depends on the
extremal magnitude P extr between the points of
noncollision absorption at a Fermi surface measured in a direction normal to the vectors k and B.
The measurement of (1/B) at various orientations of the vector B relative to crystallographic
directions allows one to determine the Fermi surface topology.
GERMANIUM, Ge

A chemical element of Group IV of the periodic system with atomic number 32 and atomic
mass 72.59. Its contents in the Earth’s crust is
7·10−4 % in the mixture of 5 stable isotopes: 70 Ge
(20.55%), 72 Ge (27.35%), 73 Ge (7.78%), 74 Ge
(36.5%), 76 Ge (7.86%). Outer electron shell conﬁguration is 4s 2 4p2 . Successive ionization energies are 7.899, 15.934, 34.2, 45.1 eV. Atomic radius is 0.139 nm; radius of ions Ge2+ is 0.065 nm,
of Ge4+ is 0.044 nm. Oxidation state is generally
+4, occasionally +2.
In a free form, germanium is a solid with a
metallic shine. It exists in one amorphous and several crystalline modiﬁcations. The crystal modiﬁcation that is stable under normal conditions has
a cubic structure of the diamond type with the
lattice parameter a = 0.56575 nm, space group
F m3m (Oh5 ). The density of solid germanium is
5.327 g/cm3 (at 298 K), of liquid germanium is
5.557 g/cm3 (at 1273 K); T melting = 1211 K,
T boiling = 2973 K. Melting heat is 443 kJ/kg;
heat of evaporation 4700 kJ/kg; coefﬁcient of
thermal conductivity is 60.7 W·m−1 ·K−1 ; coefﬁcient of linear expansion is 4.5·10−6 K−1 (in the
range 73 to 273 K). Mohs hardness is 6.25.
Germanium is a typical semiconductor with the
band gap 0.78 eV (at 273 K); temperature coefﬁcient of the band 3.9·10−4 eV/K; electrical resistivity of extremely pure germanium 0.60 ·m;
mobility of electrons 3800 cm2 · W−1 ·s−1 ,
of holes 1900 cm2 ·W−1 ·s−1 (at 298 K). Conduction band has four equivalent energy minima
(valleys) located near the boundary of the Brillouin
zone, the surfaces of constant energy as a function of quasi-wave vector are ellipsoids of rotation
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with their symmetry axes along the 111 directions. Effective mass of electron: longitudinal one
is 1.64m, transverse 0.082m (m is mass of free
electron). Valence band energy maximum is in the
center of the Brillouin zone at k = 0, the band is
threefold degenerate, effective mass of the heavy
holes is 0.28m, of the light holes is 0.044m, due
to spin–orbit interaction the third band is split off
to 0.28 eV, effective mass of holes in the split-off
band is 0.077m.
The impurities of Groups III and V in germanium are hydrogen-like acceptors and donors,
respectively. Shallow donor states are introduced
also by lithium. The deep acceptors are zinc,
beryllium, cadmium, mercury, copper, silver, gold.
The deep donors are oxygen, sulfur, selenium, tellurium. Germanium is an amphoteric impurity in
semiconductors of the A3 B5 type. Heat treatment
and the effect of nuclear radiations bring about
the so-called electron–hole (n–p) conversion of
germanium, or changing the type of conductivity,
caused by the binding of atoms of the Group V
into the electrically inactive complex with nonequilibrium vacancies. By irradiation with electrons with an energy of about 1 MeV at T < 65 K
metastable pairs may be created: vacancy + interstitial atom (unstable Frenkel pair). Upon irradiation by the slow neutrons the most important reaction of transmutation occurs: 74 Ge(n, γ )–75 Ge
which disintegrates with a half-life 82 min to form
74 As. This process is the basis of neutron doping of germanium. Monocrystals are obtained by
the Czochralski method or by zone melting (see
Monocrystal growth) to produce germanium with
the highest purity of all the elements with only
109 cm−3 of electrically active impurity atoms,
so germanium can be used for manufacturing nuclear radiation detectors and also of photodiodes,
IR radiation receivers (transparency range 1.5 to
20 μm), and avalanche diodes.
GERMANIUM–SILICON ALLOYS

A continuous series of substitutional diamond
structure solid solutions with unlimited mutual
solubility of the components. Due to liquation
and weak interdiffusion, the production of uniform
monocrystals in the range of concentration ratio
0.08 < Si/Ge < 0.95 is technologically complicated. Monocrystals of germanium–silicon alloys
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GERMAN SILVER

are characterized by a high density of structural
defects (dislocations) and non-uniformity of composition. The lattice parameter and the density of
the alloys depend linearly on the composition over
its entire range. The band structure of these alloys has been calculated theoretically, and also reconstructed from experimental measurements of
optical adsorption and reﬂection spectra, as well
as from thermal conductivity, electrical, and other
properties. The dependence of the band gap width
on the alloy composition is described by two linear
regions with a point of inﬂection, corresponding to
Si/Ge = 0.15. Variations in the alloy composition
bring about the restructuring of the energy spectrum of the conduction band and the valence band.
The functional dependences of the kinetic coef cients point to the non-uniformity of the alloys,
which is determined by the characteristics of their
structure: by the difference of ionic radii and by
ﬂuctuations of component distributions.
Germanium–silicon alloys are used for manufacturing thermoresistors, thermooscillators and
memory chips; they are favorable for the design of
receivers of IR radiation with the long-wave limit
of sensitivity 14 μm, of tensometers, and of thermal neutron monochrometers.
GERMAN SILVER
Copper alloy with nickel (13.5 to 16.5%) and
zinc (18 to 30%), sometimes with additions of lead

(1.6 to 2.0%), and other metals. The density of
German silver is 8.7 g/cm3 , electrical resistivity
is 26·10−8 ·m; thermal linear expansion coefﬁcient at temperatures 293 to 373 K is equal to
16·10−6 K−1 ; coefﬁcient of thermal conductivity
at 293 K is 89.5 W·m−1 ·K−1 ; normal elastic modulus is 115 GPa; shear modulus is ≈45 GPa; limit
of linearity is 120 to 140 MPa in the annealed
state and 480 to 590 MPa in the strained state;
elasticity limit upon e xure σ0.005 = 560 MPa.
German silver is used in instrument making for
components of timepieces and ﬁne mechanical devices, the contact plates of automobile mechanical
relays, and the spring parts of electromechanical
television devices and computers.
GETTERING in solids

A process of extraction of impurities or structural defects from a solid through contact with an

active material (getter), a passive part (drain), or a
vacuum. The term gettering is taken from a vacuum technology process which involves cleansing
a gaseous medium from undesirable components
during either adsorption, absorption, or bonding
chemical reactions at the surface or in the bulk
of disperse layers of chemically active substances.
The gettering process in solids includes three main
stages: (a) activation of particles involved in gettering; (b) mass transport; (c) reaction or interaction with a getter accompanied by ﬁxation or removing the particles from the sample. Depending
on the type of activation, gettering is divided into
the thermal-, chemical-, and radiation-activated
types. The highest temperature process is the thermally activated one.
A radiation-activating process is possible even
at cryogenic temperatures. With respect to mass
transport gettering is divided into diffusion (including radiation-induced diffusion), drift (via electric ﬁeld or mechanical force) and dynamic (with
mass transport, relay-race method, acoustic wave
including impact wave, and dilation collective
transport, see Dilatation). With respect to position we can differentiate: (a) bulk gettering (inclusions of gettering phase embedded in the bulk,
e.g., in silicon these are SiO2 , SiC, Si3 N4 , rareearth elements, metals, phosphorosilicates, and
so on); (b) surface gettering (gettering layers
Si3 C4 , SiO2 , SiO2−x Px , SiO2−x Pbx and others deposited on the surface, mass transport is in
the bulk); (c) planar gettering (mass transport at
the surface or over the interface separating the
body and the contacting phase) (see the ﬁgure). In
view of facilitated migration at the surface, this is

Model of a getter, where σ is the gradient of the mechanical pressure, Jn is the current of the getter particles
in the region of ﬂow, μG is the chemical potential of the
particles in the getter region, and μC is the chemical potential of the particles in the cleansing region.

GIANT QUANTUM OSCILLATIONS

characterized by a strong acceleration of the gettering process (by several orders of magnitude)
and, therefore, will function at low temperature.
In terms of the bonding mechanism we can distinguish phase gettering (absorption due to increased
solubility of an impurity in a getter) and structural gettering (absorption due to defect structure
and the capability of absorbing point defects which
bond impurities). Gettering is widely used in microelectronics; making it possible to increase the
lifetimes of minority current carriers and prevent
the formation of defects under various kinds of
treatment.
g -FACTOR
See Landé g -factor, Anisotropy of g -factor, Nuclear g -factor shift.
GIANT MAGNETOSTRICTION
Magnetostriction characterized by an abnor-

mally high value of λ, viz., λ = l/ l > 10−3 ,
found in many magnetically ordered rare-earth
elements, their alloys and compounds. Table 1
shows the magnitudes of giant magnetostriction
in the ﬁeld of magnetic saturation for such magnetic substances; l/ l for nickel and iron are
listed for the sake of comparison. Other giant magnitudes are the magnetostriction-related effects:
mechanostriction, E-effect (effect of magnetic
ﬁeld on modulus of elasticity), spontaneous magnetostriction, etc. Giant magnetostriction has been
found in a number of ferromagnetic compounds
of uranium (U3 As4 and U3 P4 ) and other actinides. Some paramagnetic rare-earth compounds

(Tb3 Ga5 O12 , TbLiF4 and Dy2 Ti2 O7 ) exhibit a
giant magnetostriction much greater than that of
nickel in the ferromagnetic state, which exempliﬁes the phenomenon in paramagnets ( l/ l ∼
10−3 –10−4 ). Microscopic mechanisms underlying giant magnetostriction are the interaction of an
anisotropic f -orbital electron cloud with the crystal eld, and the sharp dependence of the exchange
energy (in some crystallographic directions) on
interatomic distances. Another occasion for giant
magnetostriction is the presence of a phase transition in the lattice of a magnetic material, such as a
martensitic transition.
GIANT QUANTUM OSCILLATIONS

A quantum effect involving sharp changes of
absorption coefﬁcient Γ of slow waves in pure
metals at low temperatures in a magnetic eld. Giant quantum oscillations have been observed for
sound absorption and electromagnetic waves (helicons). The effect is due to the quantization of the
energy of conduction electrons in a magnetic ﬁeld
and a periodic (on the scale of inverse magnetic
ﬁeld B −1 ) switching on of the (noncollision) interaction with the wave of those electrons at the
Fermi surface ε(p) = εF , whose velocity vz along
the magnetic ﬁeld direction B coincides with the
wave phase velocity v ph . As a result of the quantization (for a quadratic isotropic dispersion law),
the electron energy assumes the form (see Fig.):


p2
1
εn (pz ) = Ω n +
+ z.
2
2m
Here n = 0, 1, 2, . . . is the Landau level number,
Ω = eB/m is the cyclotron frequency, e and m

Table 1. Values of giant magnetostriction in various substances
Magnetic
substance
Fe
Ni
Ni
Tb
Tb
Tb
TbFe2
Tb3 Fe5 O12
Dy

λ
( l/ l)s ·10−6
−10
−37
–60
1,230
5,460
22,000
4,700
2,460
1,400
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Temperature of
measurement, K

Crystallographic
axis

300
300
78
78
4.2
4.2
300
4.2
78

Polycrystal
Polycrystal
B  [111]
Polycrystal
B  a axis
B  c axis
B  [111]
B  [111]
Polycrystal
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GIBBS DISTRIBUTION FUNCTION

tion condition
Z=


l

Curves show the dependence of the electron energy εn
on the projection pz of the quasi-momentum p along the
direction of the magnetic ﬁeld B for different n. Points
on the pz = mvz abscissa axis corresponding to quantized velocities vzn are shown for vz0 , vz1 and vz2 .

are the electron charge and mass, respectively, and
pz is the projection of the quasi-momentum of
electrons on the direction of the magnetic ﬁeld. At
T = 0 the absorption as a function of B −1 takes
the form of a periodic system of high and low
rectangular “pulses” separated by wide gaps with
zero absorption. At a ﬁnite temperature, the maxima decrease and become rounded. A particular
feature of these oscillations is the large magnitude
1 under the conditions
of the ratio Γmax /Γmin
of quasi-classical quantization of electron states
when the electron motion has a one-dimensional
character. Giant quantum oscillations is one of the
few macroscopic quantum effects in solids (quantized ﬂux in superconductors is another).
GIBBS DISTRIBUTION FUNCTION, also Gibbs’
ensemble (J.W. Gibbs, 1901)

Functions describing the probability that a system consisting of many particles be in a certain
state. Gibbs ensembles are characterized either by
coordinates or momenta of particles in the case
of a classical description, or by quantum numbers in the case of a quantum description. In solid
state physics, a Gibbs’ canonical ensemble and a
Gibbs’ grand canonical ensemble characterize, respectively, the behavior of a system in equilibrium
which exchanges energy or both energy and particles with a heat bath. The probability that a system
with a constant number of particles (in the general
case, of various kinds) is in a certain lth state with
energy El is


1
E
Pl = exp − l
Z
kBT
(Gibbs’ canonical distribution), where Z is the
partition function determined from the normaliza-

l Pl = 1:





El
F
Wl exp −
= exp −
,
kBT
kBT

where Wl is the number of different states with
the same energy El , and F is the Helmholtz free
energy. The value Z can be represented in operator
form by the trace
 
 
H
,
Z = Tr exp −
kBT
 is the Hamiltonian operator, and the opwhere H
 means a trace or summing over all
eration Tr [A]
 calculated
the diagonal elements of the operator A
using a complete set of wave functions of the system.
The equilibrium properties of a system with
a variable number of particles (i.e. the system
can exchange particles with a heat sink) are described by the Gibbs’ grand canonical ensemble.
The probability that the system under consideration contains Nm particles of kind m and is in
state l with energy El...Nm ... is
Pl...Nm ...




1
Ω−
= exp
μm Nm − El...Nm ... ,
kBT
m
where Ω, called the grand potential, or grand
thermodynamic potential, is determined from the
normalization condition that the total probability
Pl...Nm ... be unity:

 
m μm Nm
exp
Ω = −k B T ln
kBT
Nm

×


l



El...Nm ...
,
exp −
kBT

where μm are the values of the chemical potential
of particles of the mth kind. The average statistical
numbers Nm of particles of type m for a given system are determined with the help of the derivative
Nm = −∂Ω/∂μm . If each of the different subsystems are in equilibrium (individual parts of the
body, various phases, etc.), then each of the chemical potentials should be the same for the whole
system.

GINZBURG–LANDAU THEORY OF SUPERCONDUCTIVITY

GIBBS FREE ENERGY
See Free energy.
GIBBS’ PHASE RULE (J.W. Gibbs, 1876)

A law of thermodynamics stating that for a
system with a number f (f  0) of thermodynamic degrees of freedom (e.g., number of particles, temperature and pressure, or temperature
and volume, etc.) that can be changed while keeping constant the number φ of phases existing in
phase equilibrium, the number f is determined
by the expression f = c − φ + k, where c is the
number of system components and k is the number of parameters determining the state of a single phase. In almost all cases of interest there are
only two parameters so k = 2 (e.g., temperature
and pressure, or temperature and volume, etc.),
and Gibbs’ phase rule is written f = c − φ + 2.
At equilibrium, the temperature, the pressure, and
the chemical potential (see Thermodynamic potentials) are equal for different phases. Gibbs’ phase
rule is valid for large phase dimensions when one
can neglect surface phenomena, and in the absence of semipermeable walls. It follows from the
phase rule that for single-component substances
(c = 1, for example, water) the maximum number
of phases in equilibrium for the condition f = 0
is φmax = 3 (triple point: vapor, water, ice); and
the number for the condition f = 1 is φ = 2 (e.g.,
melting line with water and ice in equilibrium).
For a two-component system with no degrees of
freedom we have c = 2, and f = 0 which gives
φmax = 4 phases in equilibrium. For example, the
two-component system of water and a soluble salt
like NaCl with f = 0 has four phases in equilibrium (e.g., precipated salt, ﬂoating ice, liquid salt
solution, and water vapor).
GIGA. . .

A decimal multiple preﬁx signifying a 109
times increase of the initial unit of a physical quantity. For example, 1 GHz (Gigahertz) = 109 Hz.
GINZBURG–LANDAU–ABRIKOSOV–GORKOV
THEORY (GLAG theory)

See Ginzburg–Landau theory of superconductivity.
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GINZBURG–LANDAU PARAMETER

A dimensionless parameter κ equal to the ratio of the penetration depth of magnetic eld λ(T )
to the coherence length ξ(T ) in a superconductor
that characterizes the relation between the thermodynamic critical magnetic eld B c (T ) and the upper critical eld B c2 (T ):
κ=

λ(T )
B c2 (T )
=
√ .
ξ(T ) B c (T ) 2

√
In a type II superconductor κ > 1/ 2 and
B c2 (T ) > B c (T ), so that there exists a region of
mixed state due to the negative surface energy α
between normal and superconducting
phases. In a
√
type I superconductor κ < 1/ 2 and α is a positive quantity. For such a type of superconductor
there exists an intermediate state in an external
magnetic ﬁeld.
In “dirty” superconductors (alloys) with a high
concentration of impurities and defects in the crystal lattice and, correspondingly, with a small electron mean free path l  ξ , the effective coherence
length 
ξ eff ≈ l is small in comparison with λ so
that κ
1, the material is type II, and B c2 (T )
B c (T ). High values of κ and B c2 (T ) are achieved
also in a series of superconducting compounds
based on transition metals due to unusually large
values of λ caused, in particular, by the small
width of the d-band and the large effective mass of
the charge carriers. Maximal values κ ∼ 103 are
achieved by the cuprate high-temperature superconductors (see High-temperature superconductivity).
GINZBURG–LANDAU THEORY OF
SUPERCONDUCTIVITY (V.L. Ginzburg,
L.D. Landau, 1950)

A phenomenological theory of a superconducting state obtained by a second-order phase transition from a normal (non-superconducting) state in
the presence of a magnetic ﬁeld. The Ginzburg–
Landau (GL) theory of superconductivity is based
on the Landau theory of second-order phase transitions, the hypothesis of macroscopic quantum
coherence of electrons in superconductors, and
Maxwell’s equations. In the framework of this theory the free energy density of a superconductor in
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a magnetic ﬁeld B in the vicinity of critical temperature T c takes the form:
Fs = Fn + α(T )|ψ|2 +
+

β
|ψ|4
2

2
1
∗ A)ψ 2 + B ,
(−i∇
−
e
2m∗
2μ0

(1)

where Fn is the Helmholtz free energy in the
normal state, ψ is the complex coherent wave
function (order parameter) of the superconducting
charge carriers called Cooper pairs with effective
mass m∗ = 2m and charge e∗ = 2e (m and e are
free electron values), and A is the vector-potential
of the magnetic ﬁeld (B = ∇ × A). The coefﬁcients α and β obtained by Gorkov (1959) from
the Bardeen–Cooper–Schrieffer theory are given
by


T
2
−1 ;
α(T ) =
m∗ ξ02 Tc
(2)

2
2
0.098
,
β=
N(0) m∗ ξ 2 kB Tc
0

where ξ0 = vF /(πΔ0 ) is the coherence length or
the size of a Cooper pair, Δ0 is the energy gap
in the spectrum at temperature T = 0, vF is the
Fermi velocity, N(0) is the density of states at the
Fermi surface, and the superelectron density nS =
2|ψ|2 . The condition of the free energy minimum
(1) provides the ﬁrst Ginzburg–Landau equation:
1
(−i∇ − e∗ A)2 ψ + α(T )ψ
2m∗
+ β|ψ|2 ψ = 0,

(3)

which is supplemented by the quantum-mechanical
expression for the supercurrent density, called the
second Ginzburg–Landau equation:
JS = −

ie∗  ∗
(e∗ )2
(ψ ∇ψ − ψ∇ψ ∗ ) − ∗ |ψ|2 A
∗
2m
m c
(4)

and by Maxwell’s equations.
The
Ginzburg–Landau–Abrikosov–Gorkov
(GLAG) theory provides solutions of the nonlinear equations (3) and (4) in an applied magnetic
ﬁeld which describe the macroscopic electromagnetic and thermodynamic properties of superconductors. In particular, this theory provides values

of the upper critical eld B c2 (T ) and the thermodynamic critical magnetic eld B c (T ), the penetration depth of magnetic eld λ(T ), the coher-

ence length ξ(T ) = [2m∗ α(T c − T )]−1/2 , and
the Ginzburg–Landau parameter κ = λ(T )/ξ(T ).
This theory also accounts for the structure of
Abrikosov vortices in the mixed (vortex) state, critical currents and critical magnetic elds in thin
superconductor ﬁlms and wires, the Little–Parks
effect and the quantization of ux in multiplyconnected superconductors, the nucleation of incipient superconductivity at the sample surface,
and so on.
The behavior of a superconductor in an external magnetic ﬁeld B depends essentially on the
value of Ginzburg–Landau parameter. In pure elemental superconductors κ < 1 (with the exception of niobium), but in dirty superconductors (alloys) with an electron free path length l  ξ(0)
κ can be much more than
√ unity. In type I superconductors with κ < 1/ 2, the surface energy
α s between the boundary of the superconducting and normal phase is positive. They undergo
a rst-order phase transition to the normal state
when the applied magnetic ﬁeld reaches the value
of the thermodynamic critical magnetic ﬁeld
√ Bc.
In type II superconductors with κ > 1/ 2, the
value α s < 0, and in the range of applied ﬁelds
B c1 < B app < B c2 the material is in the mixed
state. Upon reaching
√ the lower critical ﬁeld B c1
(B c1 ≈ B c ln κ/( 2κ) at κ 1), it becomes energetically favorable to form ﬁlamentary inclusions
of the normal phase called vortices (see Abrikosov
vortices) each of which carries a ux quantum
Φ0 = h/(2e). The state of minimal energy is a regular triangular lattice of vortices. Their number per
unit area of cross-section ν = B/Φ0 increases as
the ﬁeld√increases, and when its value approaches
B c2 = 2κB c , the distance between adjacent vortices becomes close to ξ(T ). In ﬁelds exceeding
the upper critical ﬁeld B c2 bulk superconductivity
disappears by way of a second-order phase transition, but it persists in a surface layer of thickness ξ
up to the third critical eld B c3 (T ) = 1.69B c2 (T ).
In the presence of an electric current density J ,
the Lorentz force J × B acts on the vortex ﬁlaments. In an ideal homogeneous material, the vortex motion under action of this force is hindered

GLASS CERAMICS

by viscous friction only, and a ﬁnite resistance appears in the superconductor. In practice many vortices are held or pinned at defects and structural
heterogeneities (see Vortex pinning), and this pinning has a dominant inﬂuence on the critical current of a type II superconductor. See also Meissner
effect and Gauge invariance.
GINZBURG NUMBER, Ginzburg–Levanyuk
parameter (V.L. Ginzburg, A.P. Levanyuk, 1960)

A dimensionless parameter designated by Gi
(or τ G ) which characterizes the width τ =
|T /T c − 1| of a critical region near the critical
temperature T c of a second-order phase transition
outside which the Landau theory of second-order
phase transitions is applicable. The Ginzburg
number Gi is connected with the coefﬁcients of
the Ginzburg–Landau theory expansion, in the absence of a magnetic ﬁeld (i.e. the vector potential
A = 0), of the Helmholtz free energy F (h, T ) in
terms of the order parameter ψ


∂ψ 2
1
,
F = Fn + α(T )|ψ|2 + β|ψ|4 + g
2
∂h
where h = x/ξ0 , and ξ0 is the coherence length.
For the usual approximation, α = α0 (T − T c ), the
Ginzburg number has the value
Gi = τ G =

T c α0 β 2
,
4g 3

and Landau theory is applicable at τ > τ G .
In the region τ < τ G the thermodynamics (and
dynamics) of the system is signiﬁcantly affected
by critical uctuations of the order parameter. The
number Gi is determined by the nature of the interaction forces between particles (atoms, molecules, electrons, their spins, and so on) causing the
phase transition. For a particular material Gi is the
order of magnitude of (r0 /r c )6 , where r0 is the
particle interaction radius, and r c is the correlation length of uctuations at a temperature far from
the phase transition point, when |T − T c | ∼ T c ,
i.e. when τ ∼ 1. A criterion for the applicability of the thermodynamic theory of phase transitions (self-consistent eld theory) up to T ≈ T c
is the inequality Gi  1. For example, for superconductors r c coincides with the coherence
length of the Bardeen–Cooper–Schrieffer theory
ξ0 = v F /(πΔ0 )  10−6 cm, where Δ0 is the
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value of the energy gap, and r0 is close in order of magnitude to the mean interatomic distance
(d ∼ 10−8 cm), so that Gi  10−12 , thus providing a measure of the precision of the Ginzburg–
Landau theory of superconductivity. In contrast, in
liquid helium (see Super uidity) in the vicinity of
the phase transition point (lambda point) to the superﬂuid state, Tλ = 2.17 K, Gi ∼ 1, and the selfconsistent ﬁeld theory is not applicable.
GLAG THEORY
See Ginzburg–Landau theory of superconductivity.
GLASS
See Vitreous state of matter, Dipole glass, Fiber
glass, High molecular weight glasses, Ideal glass,
Metallic glasses, Optical glass, Photochromic glass,
Spin glass, Structural glasses.
GLASS CERAMICS, pyroceramics

Polycrystalline bodies of ﬁne-grained structure, which are obtained by controlled directional
crystallization of glasses of special composition.
The composition of the glass (see Vitreous state of
matter) for the production of glass ceramics is chosen in accordance with the phase diagram in such
a way that the end product of the crystallization
exhibits certain predetermined properties. In order
to carry out uniform bulk crystallization and obtain a microcrystallite structure (dimensions range
from fractions of a μm to 1 μm) the glass is often
doped with a crystallization catalyst (metals Au,
Ag, Pt, Cu, oxides TiO2 , Cr2 O3 , P2 O5 , SnO2 ,
ﬂuorides CaF2 , Na2 SiF6 , etc.). The transformation of glasses into glass ceramics is performed
through a two-stage heat treatment. The temperature of the ﬁrst stage ﬁts the optimal conditions for
the generation of crystal nuclei and their growth
up to critical sizes, whereas the temperature of
the second stage is adequate for a maximal crystal growth rate (curing time determined by requirements imposed on the phase composition of
glass ceramics). Owing to their ﬁne-grained structure, glass ceramics feature high strength characteristics, high thermal shock resistance, and
low thermal expansion, whereas their other speciﬁc properties depend mainly on the quantity
(60–90%) and type of the resulting crystalline
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GLASS’ CONSTANT

phases, as well as on the composition of the residual glass phase. Glass-ceramic photomaterials,
obtained by S.D. Stookey (1957), form a special class of glass-ceramics produced from lightsensitive glasses containing Au, Ag, Cu by exposing the latter to the action of UV or ionizing
radiation followed by heat treatment. This causes
the segregation of colloid particles of the metal,
which catalyze the further crystallization. The selective irradiation of such glasses can provide photographic images. Of high practical value are ash
glass-ceramic materials, petrol glass-ceramic materials, and slag glass-ceramic materials; these
types being obtained from industry wastes and
rocks.
GLASS’ CONSTANT (A.M. Glass, 1974)

A parameter characterizing the magnitude of
a bulk photovoltaic effect. The photocurrent density J is proportional to the incident light intensity I , and the proportionality coefﬁcient for heterogeneous absorption has the form kα:
J = kαI,

binders cement together separate ﬁlaments, and
contribute to a uniform load distribution. Glassreinforced plastics are divided into the three following groups: glass textolites (laminated sheet
materials) obtained by hot pressing previously impregnated glass fabric; oriented glass-reinforced
plastics obtained by winding, drawing, or packing
ber glasses and multiple glass ﬁbers, combined
with simultaneous impregnation of these materials with resin; ﬁberglasses obtained, as a rule, by
continuous impregnation followed by reﬁnement
of ﬁlaments and multiple ﬁbers; glass-reinforced
plastics based on linens and mats available from
pressing under low pressures; and soft rolled
glass-reinforced plastics produced by continuous impregnation and heat treatment of various
roll glass-ﬁber materials under standard pressure.
Glass-reinforced plastics ﬁnd wide application in
the building trade (rooﬁng and facing materials,
damp-prooﬁng, sound insulators), in the chemical
industry (materials for pipes, containers, etc.), in
electrical engineering (insulators, collectors, etc).

(1)

where α is the light absorption coefﬁcient independent of I ; and the parameter k is called the
Glass’ constant. Eq. (1) is for the isotropic case.
Customary units are [J ] = A/cm2 , [I ] = W/cm2 ,
[α] = cm−1 , and [k] = A·cm·W−1 . The value of
the Glass’ constant depends upon the mechanism
of the bulk photovoltaic effect, and often involves
both intrinsic and extrinsic defects. Therefore,
this value can depend strongly on the individual
properties of the sample, and change under various kinds of inﬂuences, e.g., under the action
of high-energy irradiation, annealing, and so on.
In addition, Glass’ constant depends on the frequency and polarization of the exciting light. In
the crystal LiNbO3 , the value k in the vicinity
of the maximum of the absorption spectrum is
close to 10−9 A·cm·W−1 in order of magnitude,
while in crystals of sillenite Bi12 SiO20 it reaches
∼10−8 A·cm·W−1 .

GLIDE-REFLECTION PLANE, mirror glide plane

Crystallographic symmetry operation combining translation along a plane for a distance equal
to the half of the lattice translation period t , and
reﬂection across this plane (see Symmetry plane).
The glide vector t/2 is sometimes called the glide
component. The designation of the glide symmetry plane depends on the glide direction: if the
glide vector is parallel to the a, b, or c axis, then
the plane is designated respectively a, b, or c; if
the glide vector is directed along the body diagonal or the base diagonal and equals half of the
corresponding diagonal, then the glide-reﬂection
plane is designated n and referred to as the diagonal glide plane or clino-plane; if the glide vector is aligned with the base diagonal of the facecentered lattice, or with the body diagonal of the
body-centered lattice and equals 1/4 of the corresponding diagonal, then the plane is designated d
and named diamond plane.

GLASS-REINFORCED PLASTICS
Composite materials consisting of ﬁberglass

GLOBAR

ﬁllers (ﬁbers, multiple ﬁbers, tissues, etc.) and
polymeric binders (polyester, epoxy, organic-silicon, or other structure). Under operating conditions the ﬁllers carry the main load, while the

A radiator consisting of a rod made of compressed refractory material (silicon carbide) which
glows during the passage of an electric current,
and can be used as a source of infrared radiation.

GONIOMETER, X-RAY

A typical working temperature of a globar is close
to 1500 K; with the maximum of the radiation intensity close to the wavelength of about 2 μm.
GOLD (Lat. Aurum), Au

A chemical element of Group I of the periodic table with atomic number 79 and atomic mass
196.967. Natural gold consists of one stable isotope 197 Au. Outer shell electronic conﬁguration is
4f 14 5d 10 6s 1 . Successive ionization energies are
9.266, 20.5, 30.5 eV. Electron afﬁnity energy is
2.31 eV. Atomic radius of Au is 0.144 nm, radius
of Au+ ion 0.137 nm, of Au3+ ion 0.085 nm. Oxidation state is +3, more rarely, +1 and +2. Electronegativity is ≈1.5.
Gold is a soft yellow metal. It has a facecentered cubic crystal lattice with parameter
a = 0.40783 nm and density 19.32 g/cm3
(at 293 K). T melting = 1340 K, T boiling =
2950 K. Latent heat of melting 12.5 kJ/mole,
heat of vaporization 349 J/mole, speciﬁc heat
25.4 J·mole−1 ·K−1 . Coefﬁcient of linear expansion is 14.2·10−6 K−1 (at 273 to 373 K), thermal
conductivity is 311 W·m−1 ·K−1 . Electrical resistivity is 2.25 μ·cm, thermal coefﬁcient of resistance is 3.96·10−3 K−1 (at 273 to 373 K). Gold
is diamagnetic. Elastic modulus is 77 GN/m2 ; the
tensile strength for annealed Au is 100–140 MPa.
Brinell hardness is 177 MPa (for gold annealed
at 673 K), Mohs hardness is 2.5. Adiabatic elastic moduli of gold monocrystals are c11 = 192.9,
c12 = 163.8, c44 = 41.5 (GPa) at room temperature.
Gold is used in engineering in the form of alloys with other metals, which improves its hardness and strength. It is used in production of chemically stable equipment, in electrical engineering,
etc. Coating of surfaces with thin layers of gold
provides high corrosion resistance and high reﬂectivity.
GOLDSTONE EXCITATIONS
See Goldstone theorem and Spontaneous symmetry breaking.
GOLDSTONE MODES
See Goldstone theorem and Spontaneous symmetry breaking.
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GOLDSTONE THEOREM (J. Goldstone, 1961)

A statement concerning the excitations of a
system with spontaneous symmetry breaking. According to the Goldstone theorem, a system with
such a broken symmetry (see Continuous symmetry transformation groups) possesses excitations
whose frequency ω goes to zero as the wave vector k is reduced to zero. These zero-gap (massless)
excitations are called Goldstone modes (Goldstone bosons). In the case of a Heisenberg magnet, the symmetry group of the Hamiltonian is
the three-dimensional rotation group; the symmetry group of the ground state (there is a continuum of states with the same energy) is the group
of two-dimensional rotations about a certain arbitrary direction of the spontaneous magnetization M. The symmetries relative to rotations about
the other two axes (orthogonal to each other and
the axis M/|M|) are broken. The appearance of
Goldstone excitations, i.e. small oscillations about
the indicated axes, can be associated with the tendency of the system to restore its symmetry by
undergoing transitions from one degenerate state
to another, which requires an inﬁnitesimal energy
(hence, ω → 0 when k → 0). The dispersion law
of the Goldstone modes and their number are determined by the equations of motion in each particular case. The Goldstone excitations in a ferromagnet are spin waves or magnons with a square
dispersion law (ω ∝ k 2 ). In many non-relativistic
systems the Goldstone theorem fails to hold. In
particular, the presence of long-range forces (e.g.,
the Coulomb forces in superconductors) results
in the appearance of a gap in the spectrum of
Goldstone modes (e.g., a ﬁnite plasma frequency
ωp when k → 0; see Plasma oscillations). A gap
also arises in the presence of interactions affecting the degeneracy of the ground state. For example, both a magnetic ﬁeld and magnetic crystalline
anisotropy (see Magnetic anisotropy) lead to the
appearance of a gap in the magnon spectrum. A violation of the Goldstone theorem is also possible
due to the Higgs mechanism.
GONIOMETER, X-RAY

See X-ray goniometer.
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GONIOMETRY

GONIOMETRY

A method of measuring the angular coordinates of crystal faces and processing the results
to determine the crystal symmetry, the crystallographic indices of faces, and other geometric factors. As a rule, spherical coordinates ϕ and θ of
normal directions to faces (ϕ is the longitude, θ
is the latitude angle) are used. The most prevalent two-circle or theodolite goniometers have two
mutually perpendicular axes connected with limbs
for reading ϕ and θ , an optical collimator for illuminating the crystal, and an optical tube. Prior
to a measurement, the crystal is arranged at the
point of intersection of the goniometer axes, and
adjusted in position where one of its speciﬁc directions coincides with the axis of angle ϕ. The measuring procedure includes a subsequent rotation of
the crystal about the goniometer axes, a detection
of the beams reﬂected from its faces (reﬂections)
with the help of the optical tube, and recording the
corresponding angles ϕ and θ . The apparatus has
an accuracy of about ±1 .
GORKOV–NAMBU METHOD (L.P. Gorkov, 1958;
Y. Nambu, 1960)

A matrix formalism used for constructing a microscopic theory of superconductivity. In this formalism, the two-component operators of the electron ﬁeld are introduced:


Ψ↑ (x)
,
Ψ (x) =
Ψ↓ (x)
(1)


Ψ + (x) = Ψ↑ (x), Ψ↓ (x) ,
x = (r, τ ),
where the arrows indicate the spin direction. Their
product averaged over the Gibbs distribution determines a matrix Green’s function:



g (x, x  ) = − Tτ Ψ (x)Ψ + (x  ) ,
(2)
where Tτ is the symbol for ordering over the thermodynamic time parameter τ , where 0  τ 
1/T . The diagonal matrix elements of Green’s
function (2) are the ordinary electron Green’s
functions, and the non-diagonal ones are the Gorkov anomalous functions describing the Bose condensate of Cooper pairs. The Gorkov–Nambu
method is quite convenient because the perturbation theory series for the matrix Green’s function

of a superconductor has the same form as for the
ordinary Green’s function of a normal metal. This
method is used for superconductors with strong
coupling. The intrinsic-energy part is equal to a
sum of contributions of the electron–phonon interaction and the Coulomb interaction, and the
Eliashberg equations are used for its determination. The method takes into account not only singlet coupling (antiparallel spins) of the Cooper
pair electrons, but also triplet pairing involving parallel spins.
GORSKY–BRAGG–WILLIAMS
APPROXIMATION
See Alloy ordering.
GRABNER EFFECT (L. Grabner, 1960)

Appearance of an electric ﬁeld in the direction
of a magnetic ﬁeld, whose vector B lies in the
sample plane and is perpendicular to the electric
current vector. This effect, which was ﬁrst studied
in n-Ge, is entirely due to the anisotropy of the
crystal properties. The dependence of the magnitude of the effect on the magnetic ﬁeld has a complicated form: in a weak magnetic ﬁeld it is proportional to B n (n  1); in the range of intermediate magnetic ﬁelds it passes through a maximum,
and ﬁnally in classically strong magnetic ﬁelds it
decays as B −1 .
GRAIN BOUNDARY
Region of a polycrystal with a speciﬁc atomic
structure that connects two crystallites situated

next to each other. A plane grain boundary between crystallites (1 and 2 in Fig. 1) in a bi- or
polycrystal is, in general, characterized by nine parameters. Three of them determine the orientation
in space of the coordinate system corresponding
to one of the grains, two specify the normal to
the boundary plane (grain boundary orientation);
three prescribe the mutual rigid displacement of
crystals 1 and 2 at the distance r < a0 (where
a0 is the interatomic distance), and the ﬁnal parameter designates the chirality of crystals without a center of symmetry. A turn through an angle
of rotation |θ| transforms crystal 1 into crystal 2
(θ is the disorientation of the grains). If the rotation axis is in the grain boundary plane (θ⊥n)
than this is a boundary of inclination; if θ  n this
is a twist boundary; and for intermediate values

GRAIN-BOUNDARY DEFECTS

of θ and n it is a mixed boundary. If the bisector
of angle θ is in the grain boundary plane than the
boundary is symmetric, otherwise it is asymmetric. The position of a grain boundary in a polycrystal can be revealed by the method of etching
at a plane edge; grain boundary defects are determined from transmission electron microscopy
studies; the arrangement of atomic planes adjoining along a grain boundary is determined with the
help of a high-resolution transmission electron microscope or a ﬁeld ion microscope (see Ion projector). The effective thickness of a boundary (relaxed layer) does not exceed (2–3)a0 . As a rule,
the boundary energy per unit area has a magnitude
γ < γ0 , where γ0 is the surface free energy of the
crystal, but in the case of low-index angles θ there
are dips on curves of γ (θ) at some special angles
θ = θi (i = 1, 2, . . .), in particular for the case of
twinning misalignments (see Twinning of crystals).
Such grain boundaries are referred to as special
boundaries, and others are ordinary boundaries.
A model of the atomic structure of special grain
boundaries is based on the concept of a coincidentsite lattice.
Fig. 1 shows an arrangement of atoms in a
plane in the vicinity of a symmetrical grain boundary between identical simple cubic lattices with inclination Σ = 5, rotation axis [001], tan (θ/2) =
0.5, rotation angle θ = 53.13◦ . Darkened circles
denote the coinciding nodes (occupied sites for
both lattices). In the plane of the ﬁgure the
√ vertical distance between darkened circles is 5a0 ,
and this is the repeat unit distance vertically along
the boundary between crystals 1 and 2. Computer calculations and observations demonstrate
that the structure shown in Fig. 1 does not correspond to a minimum of boundary energy density
γ (r). The boundary energy would be reduced by
a slight shift (rigid displacement) of crystal 2 relative to crystal 1. A further reduction of γ is possible if one allows all the atoms of the boundary
layer to move (“to relax”) independently. Such displacements take place at distances not more than
(1–2)a0 from the grain boundary. Calculations
carried out for inclination and twist boundaries in
face-centered cubic crystals demonstrate that grain
boundaries with Σ > 100 consist of small structural elements of two different types (special elements) which alternate in a manner that minimizes the number of similar neighboring elements.
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Fig. 1. Grain boundary.

Some special boundaries consisting of particular
elements of the same kind are called particular
grain boundaries.
Thus, the model of structural elements is applicable to ordinary grain boundaries of inclination and twisting, and, probably also, to mixed
grain boundaries. There are models of the atomic
structure of grain boundaries in lattices with a
more complicated basis; in particular, in crystals
with a diamond-like (zinc sulphide) lattice where
some structural units contain dangling bonds. For
further details see Grain boundary lattice.
GRAIN-BOUNDARY DEFECTS

Disturbances of the structure of a complete superposition lattice. The mutual shift of aligned
crystal grains along their boundary by a lattice
translation vector b leaves the alignment pattern
unchanged, but only displaces it along the sites of
the former complete superposition lattice. If the
shift does not occur over the entire grain boundary area, but is truncated along some line, this
line is a linear grain-boundary defect, also called
a grain-boundary dislocation with Burgers vector
b. If b lies in the plane of the boundary, the grainboundary dislocation is of the slipping type; if b
has a component normal to the boundary, then it
is a sessile dislocation (one that cannot migrate
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Fig. 2. Grain-boundary defects. Shelf.

by splitting into several dislocations with smaller
Burgers vectors. Grain junctions are also linear
grain-boundary defects. A junction can contain a
junction dislocation and a junction disclination.
According to computer simulation studies, a vacancy situated in a boundary retains its individuality unless it adjusts itself to a sessile grainboundary dislocation. In contrast to lattice vacancies, grain-boundary vacancies at different points
of boundary structural elements have different energies.
GRAIN-BOUNDARY EFFECTS

Fig. 3. Grain-boundary defects. Twinning dislocation.

easily). The shift by the vector b of the shifted
grain boundary lattice is not a vector of the complete superposition lattice; it disturbs the superposition pattern and the atomic neighborhoods at the
boundary. As a result, a grain-boundary stacking
fault appears at the boundary. If the shift by b
covers only a part of the boundary area rather
than all of it, the boundary of the shift is a partial
grain-boundary dislocation. It separates the grainboundary stacking fault and the defect-free boundary, or it separates two such defects of different
packing types. Another linear grain-boundary defect is the shelf type sketched in Fig. 2. The
boundary passes along the shelf from one plane
of the grain-boundary shift lattice to a parallel
one. The shelf may be related to a grain-boundary
dislocation, and the twinning dislocation sketched
in Fig. 3 is an example (see Twinning of crystals). Since the defect-free lattice is a sublattice
of the complete superposition lattice, the Burgers vector of the lattice dislocation is a vector of
the fully aligned lattice, and the lattice dislocation
may be built into the boundary. Typically, such
a boundary-trapped lattice dislocation restructures

Properties of monocrystals and phenomena involving them, which are due to grain boundaries. To some extent all properties speciﬁc to
polycrystals are associated with the presence of
grain boundaries. The recrystallization rate is controlled by the mobility of boundaries μ = vm /F =
μ0 exp[−U/(kB T )], where vm is the migration
rate, and F is the motive force. Plots of the dependences of μ and μ0 on the disorientation angle θ exhibit maxima, and the plot of the activation energy U dependence on θ exhibits minima.
An elementary act of migration involves many
atoms, and one possible mechanism is the stepwise activated motion of a grain-boundary dislocation (see Grain-boundary defects). Self-diffusion
and impurity diffusion of substitutional atoms (see
Diffusion) along grain boundaries occurs, as a
rule, according to a vacancy (see Vacancy) mechanism. The boundary diffusion coefﬁcient Db =
Db0 exp[−Ub /(kB T )] is greater than Dv , its volume diffusion counterpart. Db for special boundaries is less than it is for ordinary ones. Since
the potential relief of crystals in the boundary
plane and along the normal to it is nonuniform,
the measured activation energy Ub is an effective
value and relates to the effective width δ of the
grain boundary, which equals several interatomic
spacings. Typically, what is measured experimentally is the product D b δ(U b ≈ (1/2)Uv ), where
Uv is the activation energy of volume diffusion.
Some types of impurity atoms are attracted to grain
boundaries (horophilic impurities), while others
are repelled by them (horophobic impurities). The
incorporation of impurities in grain boundaries
(intercrystallite internal adsorption) may cause
embrittlement of a polycrystal, and accelerate intergrain corrosion. Facilitated sliding along grain

GRANATO–LÜCKE MODEL

boundaries with participation of grain-boundary
dislocations increases the creep rate and plasticity
(see Superplasticity).
The restructuring of atomic conﬁgurations of
grain boundaries by an alternating voltage results in internal friction Q−1 , characterized by
a grain-boundary peak on the temperature function Q−1 (T ). In semiconductor polycrystals (e.g.,
polysilicon), many grain boundaries contain dangling bonds that are centers for recombination of
current carriers.
GRAIN BOUNDARY LATTICE
An auxiliary lattice for describing the location

of atoms in a bicrystal with a speciﬁc boundary
oriented in such a way that the surface density σ −1
of coincident sites (see Coincident-site lattice) in
its plane (or parallel to it) is smaller than its maximum possible value (σ −1 )max . Coincident sites
are sites of the complete superposition lattice that
are occupied by atoms of both individual bicrystal
lattices. At σ −1 = (σ −1 )max the grain boundary
lattice coincides with the complete superposition
lattice so that all of the sites are coincident.
Fig. 4 shows a boundary between two simple
cubic lattices Σ = 5 with the rotation axis [001],
tan(θ/2) = 0.5, rotation angle θ = 53.13◦ . The
sites of the atoms of the lattice of crystal No. 1 at
the bottom are designated by (◦), those of the other
crystal No. 2 at the top are denoted by (×). The
boundary region is delimited by coincident sites,
indicated by darkened circles, ABC at the bottom
and GF ED at the top. Sites of both lattices, which

Fig. 4. Grain boundary lattice.
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constitute the complete superposition lattice are
shown within the boundary region. In actuality the
boundary will tend to have the same density of
atoms as the two individual crystal lattices, so it
will have a grain boundary lattice with many less
atoms than those corresponding to the sites of the
complete superposition lattice. The atoms in the
boundary region will arrange themselves in a conﬁguration of lowest energy which involves a tendency to align themselves with the atoms outside
the boundary.
Another view of a grain boundary arrangement
with the same angle θ is shown in Fig. 1, see Grain
boundary.
GRANATO–LÜCKE MODEL (A. Granato,
H. Lücke, 1956)

A model of the dissipation of energy of elastic vibrations (see Internal friction) which arises
from dislocation motion. The Granato–Lücke (GL)
model is based on an analogy between dislocation
motion and a string vibration, including the tension, viscous and inertial forces. It assumes that
a monocrystal contains a dislocation grid consisting of screw dislocations and edge dislocations.
A dislocation line possesses two kinds of pinning
centers, sturdy ones (nodes of the dislocation network) and weak ones (impurity atoms and other
point defects). Correspondingly, two kinds of dislocation segments, LS and LW , are considered;
LS LW . The GL model takes into account different length distributions of line segments LW for
zero temperature. When the magnitudes of the applied stress σ are small (magnitude independent
losses), line segments LW vibrate between pinning points (like in an elastic string). As long as
the motion is hindered by friction there is a phase
lag between the strain and the stress; hence energy
loss Δ appears as well as variations in the elastic modulus. It follows from the GL model that for
amplitude-independent internal friction at low frequencies (ω ∼ 1 kHz) we have Δ ∼ ΛL4W , where
Λ is the dislocation density (see Dislocation density tensor); while at high ω there is a peak in the
losses Δ(ω) of the resonance or relaxation type
which depends on the magnitude of the damping
constant. For further increases in σ the dislocations tear off from the weak pinning centers, so
their motion is limited by the strong pinning at
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network nodes, and there appears a frequency dependence Δ(ω) (amplitude-dependent losses, or
hysteresis losses). The GL model has some limitations; and it can be further developed by taking into account thermal activation and the point
defect distribution. The description of dislocation
internal friction based on this model has been applied successfully to metals, semiconductors, and
ionic crystals.
GRANITE (fr. Lat. granum , grain)

A construction stone; a crystalline rock which
consists of quartz (25 to 30%), feldspars (plagioclase and microcline, 60 to 65%), colored minerals
(up to 10 to 15%), micas (biotite, muscovite), amphibole, and less often pyroxene. Granite is classiﬁed by the contents and character of colored
minerals: alaskite (without dark-colored minerals); leucocratic granite with low amounts of darkcolored minerals; biotite granite – the most common type, contains 6 to 8% of biotite; and doublemicaceous granite with biotite and muscovite,
which is widely distributed in the Earth’s crust.
The rock colors light-gray, yellowish, pinkishgray, and less often greenish, are to large extent
determined by the coloring of the feldspars which
are dominant in the rock composition. Density is
2.6 to 2.7 g/cm3 , the compression strength ranges
from 100 to 300 MPa, with most values in the
range 120 to 180 MPa. Porosity varies from 0.3
to 3.84%, with an average value of 1.3%; adsorption of water 0.1 to 0.6%; electrical resistivity
ρ = 103 to 105 ·m; magnetic susceptibility χ
varies from 0 to 4500·106 cgs units.
GRANULAR FILMS

Films consisting of individual small particles
(granules) with sizes from 10−3 to 1 mm. Their
formation proceeds with the distruction of the
macroscopic structure of a thin lm , and usually
occurs at the condensation of a thin layer material on a substrate with defects (local crystallization
centers on a vitreous substrate, an adsorbed impurity on a crystalline substrate, etc.), or at heating or
aging of such thin (usually amorphous) ﬁlms accompanied by partial heterogeneous vaporization
or diffusion of the material. See also Insular lms.

GRANULAR SUPERCONDUCTORS

Heterogeneous superconductors consisting of
separate superconducting granules (grains) connected by weak Josephson coupling through an intervening thin non-superconducting medium (see
Josephson junction). The latter is a specially
prepared insulator host, or oxide on the surface of metal granules, or pores ﬁlled by gas,
or insulating surface layers as in the case of
the ceramic BaPb1−x Bix O3 . Granule dimensions
range from a few nanometers to tens of microns.
From the viewpoint of their superconducting properties, granular superconductors can be classiﬁed as three-dimensional and two-dimensional.
Superconductivity of individual granules (if these
are sufﬁciently small) can be suppressed by
ﬂuctuations of the order parameter (efﬁcient
“zero-dimensionality”). There are often two superconducting phase transitions in granular superconductors: the transition within individual granules
at the temperature T = T G , and the transition of
the superconductor as whole at T = T W < T G as
a result of the establishment of phase coherence
throughout the system of Josephson junctions. The
latter phase transition at T = T W can be absent in
the case of small granules due to a large value of
the Coulomb energy U ≈ e2 /C which should be
overcome during the tunneling of a Cooper pair
(here e is the electron charge, C is the capacitance
of a granule), and the space quantization of the
electron spectrum. Two-dimensional granular
superconductors exhibit a topological phase
transition (see Kosterlitz–Thouless transition) and
suppression of superconductivity due to a weak localization of charge carriers. A granular superconductor is an example of a disordered Josephson
medium or superconducting glass.
GRAPHITE (fr. Gr. γραϕω , am writing)

One of the crystalline allotropes of carbon.
Mohs scale hardness is one unit, density is
2.33 g/cm3 . Color is from black to steel gray.
It is ﬁreproof with high thermal resistance. It
crystallizes with horizontal layering. Equilibrium
“graphite–vapor” at atmospheric pressure (0.1 MPa)
occurs at 3270 ◦ C. With the growth of pressure up
to 10 MPa the equilibrium temperature increases
up to 3700 ◦ C, the of triple point (graphite–liquid–
vapor) is 3750 ◦ C under the pressure 12.5 MPa.
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Table 1. Some properties of different classes of materials obtained on the basis of graphite
Properties

From
roasted
coke

From
unroasted
coke

Pyrographite

Glass–
carbon

Carbon–
carbon

Density, g/cm3
Compression strength, MPa
Elastic modulus E, GPa
Coefﬁcient of thermal expansion
α · 10−6 , K−1 (at 20 ◦ C)
Thermal conductivity, W·m−1 ·K−1 (at 20 ◦ C)
Typical crystallite dimension in
plane of basis La , nm

1.6 to 1.7
33.0/33.0
6.4/4.9

1.72 to 1.98
98
10.3

2.15 to 2.23
295 to 345
26.5

1.45 to 1.52
225
26.5 to 34.0

1.4 to 1.45
410
132

3.7/4.1
120/103

6.6/6.0
94

10/0.55
70/227

–
–

–
–

40

60

100

5 to 10

–

Note: The numerators provide values of properties in the direction parallel to the axis of compression, and the denominators denote those in the perpendicular (transverse) direction.

Natural graphite is in the form of sheets without distinct crystalline shape, and their aggregates.
It is transparent in the IR range. It is stable towards
heating in the absence of air, and it burns in air.
It has 10 to 20% impurities (hydrogen, nitrogen,
oxides and dioxides of carbon, methane, ammonia, hydrogen sulﬁde, water). It is used as a lubricant after chlorine puriﬁcation at about 2000 ◦ C.
Graphite polycrystalline materials are related to
semimetals with zero (or close to zero, depending
on impurities and submolecular structure) overlapping of the valence band and conduction band.
The electric resistivity depends on porosity, grain
dimensions, crystallite dimensions and the thermal treatment temperature, thus varying for different brands of graphites by factors of 10 or even
100. In monocrystals it is highly anisotropic; in
the plane of the layers it has a metallic character
(0.385 μ·m), and in the perpendicular direction
(52.0 μ·m) graphite is a semiconductor. The resistivity of polycrystalline materials parallel to the
basal plane (perpendicular to the axis of pressing)
is several dozen times lower than along the axis.
The strength parameters of graphite are also
anisotropic. Thus, e.g., for pyrographite obtained
by deposition from the gaseous phase, the average limiting compression strength σ comp parallel
to the deposition plane has a value 312 MPa, and
perpendicular to this plane the value is 61 MPa.
The strength parameters of anisotropic graphites
depend on the submolecular structure associated
with the treatment temperature, the method of

production, etc. For polycrystalline graphite the
anisotropy is insigniﬁcant.
Besides conventional graphites, natural and artiﬁcial ones obtained from roasted and unroasted
coke, there is also a whole series of carbon materials based on graphite which differ from each other
in many of their properties. Quasi-monocrystals of
graphite used as monochromators, possess sharply
expressed anisotropy (disorientation of crystallite
packing does not exceed 1 to 5 ) and the characteristic crystallite dimension in the basal plane
is about 1 μm. At the same time on the basis of
the so-called nongraphitizing resins glass carbon
is obtained, which is a completely anisotropic gasimpermeable material, stable in corrosive media.
Glass carbon has a globular structure with closed
porosity ∼30%; and a characteristic crystallite dimension of about 5 to 10 nm.
Materials based on graphite are differentiated
by their supramolecular structure, porosity, crystallite size and manner of packing. The wide spectrum of properties of these materials is shown in
Table 1 for the cases of: material obtained on the
basis of roasted coke; material on the basis of unroasted coke; pyrographite – obtained by deposition from the gaseous phase; glass carbon – on the
basis of phenol-formaldehyde resin; composition
materials of the carbon–carbon type, obtained on
the basis of carbon ﬁbers.
The various properties of graphite determine
their areas of application. High electrical conductivity, thermal stability in an oxygen-free at-
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mosphere and inertness with respect to the whole
series of corrosive media allow the use of graphite
for manufacturing heaters, electrodes, crucibles
and cuvettes. The main consumers are the metallurgy, chemistry and semiconductor industries.
Due to its low cross-section for thermal neutron
capture (∼0.0045 barn) and its ease of machining, graphite is used as moderator of neutrons
and a construction material for thermonuclear reactors. Together with conventional graphite materials, carbon becomes more and more widely
used: carbon composites, carbon plastics, structural materials in rocket and aircraft industry,
sporting goods, in medicine for implantable nondetachable prostheses, etc. Graphite high-modulus
ﬁbers and graphite “whiskers” have values of the
elasticity modulus ∼500 GPa.
The structure of graphite is a typical lamellar type (see Quasi-two-dimensional crystals). The
layers form a series of parallel ﬂat planes, which
consist of regular hexagons with carbon atoms
at their vertices (see the ﬁgure). In the plane
of the hexagonal lattice (basal plane) the atoms
are bound together by strong covalent bonds
formed by overlapping of sp2 -hybrid orbitals
(see Hybridization of orbitals). The shortest distance between the atoms in the plane is a =
0.1415 nm, and the energy of the covalent bonds is
710 kJ/mole. The order of the location of planes
along the c axis and the symmetry in this direction determine the space group. There are two

modiﬁcations. The hexagonal structure of graphite
4 ),
is related to the space group C6/mmc (D6h
with four atoms per unit cell, which is a prism
with the height 0.671 nm and a rhombus in the
base. The sides of the rhombus are 0.246 nm
with the angle 60◦ . The displacement of layers
in relation to each other is 0.1418 nm, and every
third layer repeats the ﬁrst one. The rhombohedral
modiﬁcation corresponds to the space group R3m
5 ). The packing of layers is such that every
(D3d
fourth layer repeats the ﬁrst one. The rhombohedral structure is usually found in natural graphite,
where its content may reach 30%; it almost never
appears in artiﬁcial graphite.
The forces of interaction of the basal planes are
weak van der Waals forces. The binding energy
between the planes is 4.2 to 18.2 kJ/mole and the
distance between them is 0.3354 nm. Due to the
low values of the bonding forces between the basal
planes the latter may be the main planes of displacement and crystallite stratiﬁcation, and cleavages are possible along them. The ease of displacement along the basal planes has for a long time
been incorrectly associated with the good antifriction parameters of the material (L. Bragg hypothesis) similar to those of a deck of playing cards.
The lubricating ability of graphite is explained by
the formation in the contact gap of cleaving layers,
adsorbed at the surface of molecules (see External
friction).
During the production of artiﬁcial graphite, at
the stage of annealing, a material is obtained with
the turbostrate structure, characterized by the absence of ordering in the direction of the c axis. The
characteristic interplane distance for turbostrate
carbon is more than that for the ordered modiﬁcation, and has a value 0.34 nm. The amount of
turbostrate carbon that is produced decreases in
proportion to the increase of the treatment temperature.
GRAPHITIZATION

Graphite.

The formation of graphite like material in
carbide-containing metal alloys (mainly based on
iron) whose carbides are unstable at atmospheric
pressure. Graphitization occurs at increasing temperature, and is represented by nucleation and
growth of graphite nuclei in a metallic alloy host
(due to the diffusion inﬂux of carbon atoms of
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the dissolving carbide, and self-diffusion of metal
atoms from the graphite surface). The higher the
temperature, the higher the rate of graphite formation. Graphitization is stimulated by preliminary
quenching of alloys, deformation, irradiation by
high-energy particles, and introduction of silicon,
or more rarely, aluminum. The process is hindered
by the elements which increase the sturdiness of
carbides (e.g., chrome and manganese). Sometimes the term graphitization is used for the formation of graphite in alloys which contain no carbides. In such alloys graphite separates out from
the carbon-supersaturated solution during solidiﬁcation and further cooling. In addition, variations
in the structure of carbon-based materials are also
called graphitization.
GRAPHS in solid state physics

Geometrical ﬁgures consisting of a number of
points (vertices) and segments (edges) connecting these points. Properties of graphs and various problems related to graphs are studied in the
theory of graphs, which is a branch of discrete
mathematics. Their ﬁrst applications in physics
occurred in the 19th century when G.R. Kirchhoff employed them for the calculation of the electric circuits and A. Cayley used them for calculating the number of isomers of the various
saturated hydrocarbons, so-called “trees” or connected, non-oriented graphs without cycles. At
present graphs are commonly used in various areas of the solid state physics for designing diverse
structures, processes, interactions, and so on.
Concrete applications of graph theory involve
the topology of disordered structures, the calculation of electron and phonon properties of disordered solids using model lattices (see Bethe lattice,
Cayley tree), the development of the Ising model,
and the problem of dimers in a theory of adsorption (number of nearest neighbor compounds is
determined for a distribution of diatomic molecules on a doubly-periodic lattice-surface). A theory of graphs is used for the graphic representation
of a perturbation theory series, for example, for
Green’s functions (see Feynman diagrams). In a
Feynman diagram the segments represent “quasiparticles” in motion, and the vertices represent
events; every segment has its own “momentum”.
More generally, diagrams are planar graphs with
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particular physical properties assigned to the vertices and edges. The lattice gas model widely used
in solid state physics assumes that the atoms and
molecules of the gas occupy positions that are not
random, but rather are situated at crystal lattice
sites, each site having at most a single particle.
This model is convenient for studying the randomness of substitutions in disordered systems.
Conﬁguration integrals over particle coordinates
transform into lattice sums which, in some simple cases, can be calculated exactly. Diagram representations of expansions of interaction integrals
and Green’s functions as sums lead to the necessity of summing the corresponded series only over
connected diagrams, based on a fundamental theorem of graph theory (diagrams). The resistance of
a random network of resistors can be treated from
the viewpoint of the theory of graphs (percolation
theory, seepage theory), and by analogy with the
Kirchhoff problem one can study the passage of
electric current over a tree with random links.
GRAVIMETRIC ANALYSIS, weight analysis
A quantitative analysis of the chemical compo-

sition of a material through measurements of its
mass by weighting. Gravimetric analysis is based
on the mass conservation law during chemical reactions, and on the law of the constancy of composition of chemical compounds. As a rule, the
analysis includes weighting the sample (or measuring its volume), dissolving it, quantitatively
isolating it from the solution in its elemental condition or as a barely soluble compound, transformation (by drying or heating) of the product into a
stable compound with an exactly known composition, and weighting the ﬁnal product. The amounts
of the desired components in the analyzed product
are calculated.
GREEN’S FUNCTIONS in solid state physics
(H. Green)

Green’s functions are constructed from twotime correlation functions. It is in terms of twotime Green’s functions (or correlation functions)
that one can express observed macroscopic characteristics of solids (see Macroscopic description in solid state physics), microscopic properties (e.g., positions and widths of energy levels,
see Microscopic description in solid state physics),
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and kinetic coefﬁcients (e.g., electrical conductivity, susceptibility). For example, an electrical conductivity tensor has the form
σxx  (ω)
=−

1
ω
ie2 n
δxx  + tanh
mω
ω
2kB T
∞

×




jx (0)jx  (t) + jx  (t)jx (0) e−iωt dt,

−∞

where n is the electron concentration, j (t) is the
Heisenberg operator of the current density; and averaging is performed over an ensemble in the equilibrium state at temperature T .
In solid state physics there are Green’s functions built on creation and annihilation operators (see Second quantization) of various particles:
electrons, phonons, magnons, photons (partial
Green’s functions), states of a quantum (sub)system (e.g., an impurity center), and the system as
a whole (global Green’s functions). The technique
of unlinking and the diagram technique are employed. The technique of unlinking is based on
obtaining (with the help of time differentiation) a
chain of equations containing more and more complicated Green’s functions, and the subsequent
closing of the chain by unlinking, i.e. by the appropriate substitution of a mean value of a product of a certain number of operators by a mean
value of a product of a lesser number of operators.
The diagram technique is based on the expansion
of a Green’s function in a power series of interactions of the particles or parts of the system, bringing the individual members of the expansion into
correspondence with certain Feynman diagrams,
and the summation of an inﬁnite (this is the heart
of the method) number of the most essential diagrams (so-called partial or selective summation).
In those cases when one succeeds in applying a
diagram technique the method becomes the most
effective.
Quite general results can be obtained with the
help of non-equilibrium Green’s functions built on
creation and annihilation operators. Let aα+ and aα
be the operators of creation and annihilation of either particle (fermion or boson, see Fermi–Dirac
statistics and Bose–Einstein statistics) or a subsys-

tem as a whole in state α. The diagram technique
is built for the system of functions


+
G>
αβ (t1 , t2 ) = aα (t1 )aβ (t2 ) ,
 +

G<
αβ (t1 , t2 ) = aβ (t2 )aα (t1 ) ,
G+
αβ (t1 , t2 ) = −iΘ(t1 − t2 )Aαβ (t1 , t2 ),
G−
αβ (t1 , t2 ) = iΘ(t2 − t1 )Aαβ (t1 , t2 ).
Here A = G> + ηG< , η = 1 for fermions, −1 for
bosons, and 0 for the subsystem; . . . means averaging over the non-equilibrium state. In a spectral
representation, i.e. a Fourier representation relative to the time difference t1 − t2 , the following
relations (in a matrix form) are valid:
>
−

>
−

G < (ω) = G+ (ω)Σ < (ω)G− (ω),
1
,
ω − Ω − Γ ± (ω)


Σ > + ηΣ < = i Γ + − Γ − ≡ Γ,
G± (ω) =

where Ω is determined by a zero-order Hamiltonian, Γ and Σ are eigenvalue energy functions,
Γ ± is the mass operator, Σ > and Σ < correspond
to leaving and entering the state, respectively. The
expression Γ = Σ > + ηΣ < has a simple physical sense: the width of a level for the system as a
whole is equal to the rate of particle interchange;
in the case of fermions (bosons) this is a sum (difference) of the rates of leaving and entering. The
result for the case of bosons means a narrowing of
the line with the increase of input; and this effect
is implemented in a laser.
The possibility of introducing exact eigenvalue energy functions is important for calculating
Green’s functions. The diagram technique was developed for these functions, and the following two
expressions are valid:

dω
Aαα (ω) = 1,
2π

dω <
G (ω) = nα ,
2π αα
where nα is the population number operator of
state α, Aαα (ω) describes the shape of the level
responding to state α, and G<
αα (ω) is the spectral
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distribution of the level population. For equilibrium states, the usual single-particle Green’s functions are commonly used:
G0αβ (t1 , t2 ) = Θ(t1 − t2 )G>
αβ (t1 , t2 )
+ ηΘ(t2 − t1 )G<
αβ (t1 , t2 ),
where Θ is the step function, and the temperature
Green’s functions are obtained from the usual ones
by the exchange t → −iτ , 0  τ  (k B T )−1 ,
where −iτ is the imaginary “time” parameter.
GREEN’S FUNCTIONS AND DEEP ENERGY
LEVELS

A method for calculating one-electron energy
levels and wave-functions of non-metallic crystals
with defects that introduce energy levels into the
band gap of the main crystal. In this method a oneelectron Green’s function is used, i.e. the opera0 )−1 , where E is the energy,
0 (E) = (E − H
tor G

and H0 is the effective one-electron Hamiltonian
of the crystal. In practical applications the oper0 is replaced by the matrix G0 . The latter
ator G
is calculated in a basis of localized orbitals, as a
rule atomic orbitals based on the band structure
and Bloch functions of an ideal lattice (see Bloch
theorem). The enormous dimensionality (order of
the Avogadro number) of matrix G0 does not cause
any complications since, in fact, it is only neces0
sary to know a comparatively small submatrix G
of matrix G0 for the portion of the crystal lattice
around the defect. The defect is considered as a
perturbation of an ideal lattice, and is described
 with the matrix V
by the perturbation operator V
expressed in a basis of localized orbitals. In the
 is non-zero for the perlatter only a submatrix V
turbed region near the defect. The unknown levels
in the gap are then determined from the equation
 = 0.
0 (E)V
Det 1 − G
In addition to these equations corresponding
to localized electronic states (see Local electronic
levels), the defect-induced resonance states can
be calculated with the help of Green’s functions.
These states appear as peaks and valleys on the
curve n(E) = n(E) − n0 (E), where n0 (E) and
n(E) are, respectively, the densities of states in an
ideal crystal and in a crystal with a defect. To ﬁnd
these, the energy E in the Green’s function is considered as a complex number with an inﬁnitesimal
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imaginary part. Then use is made of a known relation between the density of states and the imaginary part of the Green’s function, plus a relation
between the Green’s function of an ideal lattice
and a perturbed Green’s function of a lattice with
a defect (Dyson equation).
The method of Green’s functions was initially
developed by I.M. Lifshitz in 1940s for vibrations
of a lattice with defects, and then reformulated
by Slater and Koster (1954) for electronic structure (see Koster–Slater model). At present, various versions of the method as well as the molecular cluster method are widely used in calculations
of point defects (vacancies, substitutional impurities, interstitial atoms) and complicated defects in
insulators and especially in semiconductors, and
also in calculations of electronic states in crystals with a surface which is considered as a twodimensional defect. The method of Green’s functions differs from the cluster method in correctly
taking into account the “inﬁnite” crystal lattice,
but this becomes labor-consuming when calculating the complete energy and studying multielectron effects.
GREEN’S FUNCTIONS AND MAGNETISM

Methods of quantum ﬁeld theory applied to
magnetism. A principal element is a spin Green’s

function in terms of which one can describe in a
self-consistent manner the main characteristics of
a quantum magnetic system: the susceptibility, the
magnetization, the thermodynamic potential, the
kinetic coef cients, the spectrum of intrinsic excitations, etc. (see Green’s functions). There are
retarded, advanced, causal, and spin temperature
Green’s functions. Their analytical properties are
determined both by general requirements of statistical physics, and by symmetry properties of a system Hamiltonian. Like the case of Bose and Fermi
operator Green’s functions (Fermi–Dirac statistics
and Bose–Einstein statistics), the poles of retarded
spin Green’s functions determine the energy and
attenuation of the intrinsic vibrations of the spin
system. One of the calculation modes consists in
breaking the inﬁnite chain of the equations for
Green’s functions so that in a particular approximation the chain is reduced to a closed one. A calculation of the spin Green’s function can also be
carried out by using a representation of spin operators in terms of Bose or Fermi operators (see Spin
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operator representations). The Wick theorem was

formulated and the diagram technique was developed for use with spin operators. However, since
a spin operator commutator is also an operator,
the algebraic grounds for such a mode of Green’s
function calculation consists in a subsequence
of more complicated relations (in comparison
with Bose and Fermi operators). The perturbation
approach to spin type Green’s functions is sufﬁciently straight forward. There exist several variants of the perturbation technique (expansion over
reciprocal spin, magnon density, reciprocal radius
of interaction) with each suitable for a particular
application, and they provide descriptions of highfrequency, thermodynamic and kinetic properties
of magnetic systems.

A ﬁeld theory treatment of the superconducting
properties of conduction electrons in metals with
the help of the Dyson–Gorkov equations for normal and anomalous Green’s functions (see Green’s
functions, Gorkov–Nambu method). In the case of
singlet Cooper pairing (see Cooper pairs), these
equations in momentum–energy space take the
form:
ω − ξ(k) − Σ(k, ω) G(k, ω)
(1)

+ (k, ω)G(k, ω) = 0,

where ξ(k) is the energy of electrons with quasimomentum k in the conduction band measured
from the Fermi level, Σ and Δ are, respectively, the normal and anomalous eigenenergy
parts (mass operators of quantum mechanics) of
electrons which are determined by the following
integral equations:

Σ(p) = i

Δ(p) = i

d4 p
Γ (p, p ; p, p )G(p ),
(2π)4
d4 p
Γ (p, p ; p, p )F (p ),
(2π)4

(3)

where D0 is the bare (un-renormalized Green’s
 is the self-energy part of the phonons:
function), Π


d4 p
G(p )G(p − p)
(2π)4
×
g (p , p − p; p),

(4)

where g and 
g are the bare and renormalized vertex parts (three pole) of the electron–phonon interaction. The shielded Coulomb interaction in the
random phase approximation takes the form:
(k, ω) =
V

4πe2
V (k)
≡ 2
, (5)
1 − V (k)Π(k, ω) k ε(k, ω)

where

− Δ(k, ω)F + (k, ω) = 1,

−

(p)D(p),
D(p) = D0 (p) + D0 (p)Π


Π(p)
= −2ig

GREEN’S FUNCTIONS AND
SUPERCONDUCTIVITY

ω + ξ(k) + Σ(−k, −ω) F + (k, ω)

where Γ (p1 , p2 , p3 , p4 ) is the vertex part (four
pole) of the effective non-local (retarded) electron–electron interaction, p{k, ω} is the energy–
momentum four-vector (here and below  = 1).
The four-pole Γ contains the electron–phonon interaction due to the exchange of virtual phonons
(see Virtual transitions) and the Coulomb repulsion shielding due to the exchange of virtual
plasmons (see Electric charge screening). The
electron–phonon interaction is described by the
phonon Green’s function which is determined by
the Dyson equation:

(2)

ε(k, ω) ≡ 1 −

4πe2
Π(k, ω)
k2

is the dielectric constant, and
 4 
d p
G(p )G(p − p)
Π(p) = −2i
(2π)4
is the electron polarization operator. Eqs. (1)–(5)
together with the expression

g (k, ω) = g(k) + V (k)Π(k, ω)
g (k, ω)
≡

g(k)
ε(k, ω)

(6)

form a closed set of nonlinear equations that is
used for the description of physical properties of
superconductors with strong coupling (see Eliashberg equations).

GROUP CHARACTER

GREEN’S TENSOR

A tensor of rank two, Gik , whose elements are
the proportionality coefﬁcients between the components of the displacement vector ui and the
components of the force Fk applied to a certain
point of an inﬁnite elastic medium: ui = Gik Fk .
The components of Green’s tensor are homogeneous functions of the coordinates to ﬁrst order.
For an isotropic medium the tensor is given by
Gik =

1+ν
1
(3 − 4ν)δik + ni nk ,
8πE(1 − ν)
r

where ν is Poisson ratio, E is Young’s modulus,
δik is the unit tensor (Kronecker delta), ni (i =
1, 2, 3) are components of a unit vector, and r is
the distance from the force application point.
GRIFFITH THEORY (A.A. Grif th, 1920)

A theory that describes possible reasons for
the lack of conformity between the actual strength
and theoretical strength of crystalline and vitreous bodies (see Vitreous state of matter). Grifﬁth
suggested that when a body is fracturing, the stress
need not be equal to the theoretical strength over
the whole body bulk but only at the tip of a sharp
and narrow crack. Such a crack may become unstable under relatively low nominal stress. His reasoning was based on a thermodynamic approach
that correlates an increment of crack length with
a change of the potential energy of the stressed
system. If there is an external elongation stress it
produces a penetrating crack of length L which
is small compared to the dimensions of the body,
and a zone free of elastic stress arises in the region
adjacent to the crack. Increasing the crack size increases the volume of the relaxation zone and, consequently, it increases the relaxed elastic energy.
The concomitant formation of crack voids requires
an expenditure of energy for breaking chemical
bonds. As the crack size increases, the energy balance of the system changes, and the energy needed
for forming new interfaces increases linearly with
the crack length L, while the energy gain increases
in proportion to L2 . As a result at a certain critical
value Lcr the energy expenditure reaches a maximum, beyond which the total potential energy
of the system begins to decrease continuously. It
means that the gain of elastic energy in the bulk in
the vicinity of the crack exceeds the expenditure
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for atomic bond breakage, so that the crack can
propagate under the constant external stress without external energy input. Since the energy gain
increases as the square of the crack length, the
crack spontaneously accelerates either up to the
total fracture of the body, until it enters a region
without tensile stress, or until it enters a region
where there is compression stress in a plane normal to the crack. The Grifﬁth critical stress needed
for crack development under load in the case of a
planar stressed state is the following:

σG =

2γ E
,
πL

where E is Young’s modulus, and γ is the surface
energy. The thermodynamic criteria for the crack
growth are necessary conditions only. To carry out
the process it is necessary to provide at the crack
tip a local stress that is within an order of magnitude of the theoretical tensile strength of the metal.
The Grifﬁth criterion could be both a necessary
and a sufﬁcient condition for fracture of a crystalline solid if the crack tip radius is comparable
in size to an interatomic distance.
GRINDING

Treatment of sample surfaces by abrasive devices (see Abrasive materials). The grinding of
metallic wares is accomplished on grinding machines by rotating abrasive wheels or whetstones.
In the case of surfaces that are difﬁcult to treat,
electrochemical (electrolytic) grinding wheels are
provided with a constant electric current, and an
electrolyte is used for the cutting section. Grinding
may be carried out by a soft abrasive (see Polishing), by abrasive powder suspended in a liquid, and
also by means of a vibrational treatment. For the
grinding of stones one may employ carborundum
plates, whetstones, etc., of various grain sizes.
GRINDING, DISPERSION

See Dispersion grinding.
GROUP CHARACTER

See Character of group representation matrix.
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GROUP

GROUP

For different kinds of mathematical groups
used in solid state physics, refer to Colored symmetry group, Continuous symmetry transformation groups, Defect symmetry group, Limiting symmetry group, Local symmetry group, Magnetic
symmetry group, Point groups, Shubnikov groups,
Space group, Symmetry group, Wave vector group,
Wittke–Garrido groups.
GROUP THEORY in solid state physics

A mathematical formalism which allows one
to exploit fundamental features of the crystallography, of crystal lattice dynamics, of current carriers, the environment in the vicinity of defects in
crystals (impurities, dislocations), etc., on the basis of the crystal symmetry. Taking into account
this symmetry simpliﬁes equations and clariﬁes
the physical picture. Areas of application of group
theory are the following: discerning properties of
tensors in crystals; theory of crystal lattice vibrations; phase transitions in multicomponent systems, characteristics of electron motions: it is possible to determine general properties of equations
without knowing their solutions, to describe some
characteristics of electron dynamics (and holes
when treating semiconductors), and also the response to an external perturbation. Group theory
formulates precisely the conservation laws, the selection rules, and the multiplicity of energy level
degeneracies (see Band theory).
The complex of symmetry operations gα under
which the system Hamiltonian is invariant, form
a group of transformations of the wave function
solutions ψi of the stationary state Schrödinger
equation, corresponding to the expression gα ψi =
ψj τij (gα ). A collection of the matrices τij corresponding to all the elements of the group gα
is called a representation of the group. The matrices of the representations τ (gα ) can be determined by group theory methods without having
a concrete expression for ψi . These methods allow one to predict the behavior of symmetric systems in external ﬁelds, and to deduce a possible
form of the equations of motion (e.g., in the effective mass approximation spin Hamiltonian approach). These equations are determined by the
particular Hamiltonian H . Both the construction

of the Hamiltonian and its form (as a rule, a matrix form) are essentially based on the characteristics of the representation of the group (in particular, the dimensionality of H coincides with
the dimensionality of the matrices of this representation). There can be several such representations; therefore, group theory can offer more
than one possible model of H . Further insights
are obtained by comparing the predictions of theory with experiment. Particularly efﬁcient investigations under this approach involve magnetooptic studies which include both band-to-band and
intraband transitions (e.g., light absorption, paramagnetic resonance, cyclotron resonance, combined resonance, and Raman scattering of light).
In combination with an external electric ﬁeld and
pressure these experiments permit one to select a
model of the effective Hamiltonian, and to determine some of its parameters (e.g., the constants of
each invariant). The same Hamiltonian is used to
calculate the energy spectrum of localized states
in the theory of kinetic phenomena. For the most
widely studied semiconductors the number of independent techniques for determining the parameters of H exceeds the number of parameters, and
the agreement between the results supports the reliability of the conclusions of the group-theoretical
approach.
GROUP VELOCITY, ray velocity

The velocity of propagation of the envelope of
a collection of monochromatic waves close to each
other in frequency, i.e. a wave packet. The concept
of group velocity is applicable when the propagation velocity does not depend on the intensity, and
the frequency spectrum can be characterized by
its envelope. For media with dispersion the term
group velocity is applicable for short enough times
within which the wave-packet remains cohesive
within a given accuracy. In this case, the group velocity is the velocity of translation of the envelope
u = ∂ω/∂k.
Inside the envelope, the wave propagates with
a certain phase velocity v = ω/k, where k = 2π/λ
is the mean value of the wave number, ω is the
mean angular frequency, and λ is the mean wavelength of the waves in the packet. In accordance
with a Rayleigh criterion, the group velocity is
u = v + k∂v/∂k = v − λ∂v/∂λ. The case u > v

GRÜNEISEN TENSOR
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where kij , kij kl , . . . are the components of the tensors of the growth magnetic anisotropy constants,
βi and αk are the respective direction cosines of
the magnetization vector M with respect to n and
to the edges of the crystal unit cell (in amorphous
ﬁlms there is no contribution of crystallographic
anisotropy). Growth anisotropy is metastable; and
it disappears during long-term, high-temperature
annealing.

growth) off an individual face. If the crystal has
the shape of a polyhedron (see Crystal polyhedron), its body consists of growth pyramids centered at the nucleus or seed, from which the crystal has grown. If a certain face is generated at
a later stage of crystal growth, then the vertex
of the corresponding growth pyramid is at the
point, at which the face had originated. A particular case of a growth pyramid is a tubular domain,
which is left in a crystal pulled from the melt by
an atomically smooth (singular) face, and differs
from other tubular (cylinder-shaped) domains that
frame it, and have formed on atomically rough surrounding regions of the crystallization front. The
growth pyramid is often bounded by nonplanar
surfaces, which are constituted by traces of the
motion of edges that frame the face, which forms
this pyramid. The crystal consisting of growth
pyramids exhibits the so-called sector structure
(the existence of these sectors is the consequence
of the lack of thermodynamic equilibrium in the
processes of crystal growth; it breaks the ideal microscopic crystal symmetry to a variable degree
with respect to different properties). The growth
pyramids differ from one another in properties because of the difference in concentrations of impurities (sometimes by several fold), inclusions, dislocations, etc. (see Defects in crystals). Hence they
deviate in values of crystal lattice constants (up to
10−3 %). Therefore, there occur internal stresses
at the interfaces between the growth pyramids in
a crystal. Even the growth pyramids of crystallographically equivalent faces can differ in properties, for the defects “memorize” not only the index
of a face, but also the direction of its growth. For
instance, the so-called anomalous pleochroism in
the growth pyramids of the minor rhombohedron
of quartz is due to the fact that the substitution
of Si4+ for Al3+ + Na+ proceeds with different
probabilities in three silicon–oxygen tetrahedra
which are inequivalent with respect to a particular face.

GROWTH OF MONOCRYSTALS
See Monocrystal growth.

GRÜNEISEN LAW
See Thermal expansion.

GROWTH PYRAMID, growth sector
The region in a monocrystal, which is generated during the process of crystallization (crystal

GRÜNEISEN TENSOR (E. Grüneisen, 1908)

corresponds to normal dispersion, u < v to anomalous dispersion, and u = v indicates the absence
of dispersion. The direction of the group velocity
for an electromagnetic wave coincides with the direction of the Poynting vector S = E × H whose
magnitude equals the the energy S passing in a
unit time through a unit area normal to the energy
ﬂux direction. In anisotropic media the group velocity direction, in general, does not coincide with
the phase velocity direction, and we have the relation u cos α = v, where α is the angle between
the directions of the group velocity and the phase
velocity.
GROWTH ANISOTROPY

Differences in properties of solids along different directions, induced during the growth process.
It is most prominently represented by the presence of magnetic anisotropy in magnetically ordered media, i.e. in the surface regions of large
monocrystals, and in thin monocrystalline or amorphous lms. In amorphous ﬁlms growth anisotropy
often plays a dominant role (see Epitaxial iron garnet lms, Metallic glasses). The existence of a special direction, such as the normal to the surface of
a growing crystal or ﬁlm, is a physical characteristic of magnetic growth anisotropy. The contribution of growth anisotropy to the free energy f of
a medium depends on the orientation of the magnetization vector with respect to the growth direction n, i.e.
fg.a. = kij βi βj + kij kl βi βj αk αl + · · · ,

A tensor γij which is a generalization of the
Mie–Grüneisen parameter γS = −d ln ωS /d ln V
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which is a measure of the frequency shift induced
by the change of volume V for an arbitrary strain.
The value of γS can be estimated from experimental data as a mean value
γ=

3N
V
1 
γS =
βK,
3N
CV
S=1

where β is the thermal expansion coefﬁcient (see
Thermal expansion), K is the bulk modulus, CV is
the speci c heat at constant volume, and N is the
total number of particles. The absolute values of
the dimensionless parameter γ , which are sometimes called Grüneisen constants, vary from 0.5
for covalent crystals to 3.0 for crystals with weak
van der Waals forces, thus reﬂecting to some extent the anharmonicity of vibrations (see Anharmonic vibrations). Generalizing γS for any kind of
deformation leads to the relation
d ln ωS
V
(S)
and γij =
cij kl αkl ,
γij = −
d ln uij
CV
where uij , cij kl , and αkl are the tensors of deformation, elasticity and thermal expansion, respectively. Thus, γij is a symmetric tensor of rank
two whose components within the accuracy of
the known scalar V /CV are equal to the components of the thermal stress tensor cij kl αkl in a
“squeezed” crystal. The Grüneisen tensor is applied in studies of thermal expansion, the dependencies of cij kl on temperature and pressure, the
behavior of solids in the state of hydrostatic and
impact compression, the lattice thermal conductivity of semiconductors and insulators, the scattering of various ionizing radiations and particles
on crystal lattice vibrations, the absorption and attenuation of ultrasonic waves as a result of their
interaction with phonons, quantum zero point motion, and so on.
GUEST–HOST EFFECT
An electrooptical effect involving the change of

the intensity of coloration, color, or luminosity of
a system consisting of a “dichroic dye in a liquid crystal” (guest–host) at a Frederiks transition.
Due to the geometric anisotropy, the dye molecules are oriented in the liquid crystal host in accordance with its director orientation. Therefore,
when an electric ﬁeld is applied to the system with
a strength higher than the threshold value of the

Frederiks transition, the dye molecules reorient in
common with the host molecules. If the dye has a
dichroic absorption band in the visible range, then
this reorientation leads to a change of the color
intensity of the system. In the case of two mutually perpendicular polarized absorption bands in
the dye spectrum, a switching of color is observed.
When using luminescent dichroic dyes, the luminosity intensity of the system changes. The guest–
host effect is employed in colored liquid-crystal
displays.
GUINIER–PRESTON ZONES, G-P zones
(A. Guinier, G.D. Preston, 1938)

Regions or clusters without a deﬁnite crystal
structure that emerge from a supersaturated solid
solution during the initial stages of precipitation.
They involve a process of solid solution decomposition (see Alloy decomposition) that is accompanied by concentration variations in small regions
of the crystalline host. In a general case, the formation of these zones induces atom displacements
relative to the sites of the initial lattice (see Alloy aging). At early stages of aging the X-rays
scattered from Guinier–Preston zones of Al–Cu
monocrystals indicate the presence of layer-like
units 0.5 nm thick and 5–10 nm wide oriented parallel to {100} planes of the host cubic lattice. The
formation of Guinier–Preston zones can result in
the strengthening of alloys.
GUNN DIODE
A semiconductor diode with a negative differ-

ential resistance arising in an active layer of a
semiconductor as a result of the Gunn effect. The
transformation of energy from a source to the microwave oscillations in a diode is carried out in
various ways depending on the level and the proﬁle of the impurity distribution in a sample, the
active layer dimensions, the cathode contact properties, the offset value of the diode, and the type of
external circuit. A Gunn diode is used for the generation, ampliﬁcation, and transformation of microwaves in the frequency range 4–200 GHz; it has
a low noise level (see Gunn effect).
GUNN EFFECT (J.B. Gunn, 1963)

The appearance of a portion of a semiconductor current–voltage characteristic with a negative

GYRATION
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Fig. 3. N-shaped current–voltage characteristic, as described in the text.
Fig. 1. Dependence of the energy E on the quasimomentum P for electrons in gallium arsenide; meff is
the electron effective mass and m0 is the free electron
mass.

Fig. 2. Dependence of the electric current j on the voltage V (current–voltage characteristic) for two bands: the
upper straight line is for the lower band in which the effective mass is smaller, and the lower line is for the upper
band with larger effective mass.

resistance caused by a speciﬁc electron spectrum.
A typical semiconductor in which one can observe
the Gunn effect is gallium arsenide. As shown in
Fig. 1, the spectrum consists of two electron bands
or valleys with different curvatures and hence different electron effective masses, the mass being
larger in the upper band on the right than in the
lower one on the left. It follows from obvious
physical considerations supported by calculations
that for a given electric ﬁeld strength the larger the
efﬁcient mass, the lower the electric current.
Fig. 2 shows the current–voltage characteristics of a semiconductor with a two-band electron

spectrum. The upper linear plot corresponds to all
the electrons being in the lower band, while the
lower plot is the case for all the electrons in an
upper band. With the increase of the electric ﬁeld
the electron energy grows, and some of the electrons are excited from the lower to the upper band
(Fig. 2, dotted line). The typical current–voltage
characteristic sketched in Fig. 3 is an N-shaped
curve. The falling portion of the characteristic is
unstable, and only the parts to the left of V2 and to
the right of V3 can be realized. As seen in Fig. 3,
two values, V1 and V4 , of the ﬁeld strength correspond to the same value of current j0 . Experimental studies show that the Gunn effect arises with
the periodic appearance in a sample of a region
with an increase in ﬁeld strength, a so-called Gunn
domain. The domain is formed on the cathode under action of the electric ﬁeld, moves along the
sample, and disappears upon reaching the anode.
Thus, bursts of ﬁeld strength arise periodically in
the sample. This system works as a generator of
electromagnetic waves and is called a Gunn generator. The electromagnetic ﬁeld frequency ω can
be estimated from the formula ω = v/L, where L
is the sample length, v is the electron drift velocity. The Gunn generators work in the range from
short centimeter to long millimeter wavelengths.
The Gunn effect is the basis for semiconductor devices called Gunn diodes.
GYRATION

In general, a rotation described by some characteristic scale. In the ﬁeld of optics a ﬁrst order
spatial dielectric dispersion in a crystalline material exhibiting elliptic (circular) birefringence. It is
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GYROMAGNETIC FREQUENCY

characterized by the variation of the phase and the
nature of the polarization of light passing through
a crystalline plate; a particular case of gyration is
optical activity. Gyration is associated with an axial tensor of gyration gik ; it can exist only in acentric crystals, i.e. crystals which lack a center of
symmetry (with the exception of classes 6, 6m2,
43m). Gyration is observed as a rotation of the
light polarization plane in cubic crystals, as well
as along the optical axis of anisotropic crystals. In
crystalline classes 4 and 42m, a rotation about an
axis is forbidden; in other directions, gyration usually manifests itself by alternations of the polarization ellipse. A special case is gyration in crystals
of planar classes 3m, 4mm, 6mm for which gij
is fully antisymmetric; in these crystals the ordinary wave is polarized linearly and the extraordinary one is polarized elliptically. See also Electrogyration, Self-induced light polarization change.
GYROMAGNETIC FREQUENCY
See Cyclotron frequency.
GYROMAGNETIC MEDIUM
See Gyrotropic medium.
GYROMAGNETIC PHENOMENA
See Acoustic gyromagnetic phenomena, Magnetomechanical phenomena.
GYROMAGNETIC RATIO, sometimes called
magnetogyric ratio
The ratio of the magnetic moment of a fun-

damental particle (or of a system of fundamental
particles: atoms, ions, atomic nuclei, etc.) to its
angular momentum. The ratio is deﬁned by the
equation γ = gμ/, where g is the dimensionless Landé g -factor (or other), and μ is the magneton (Bohr magneton for an electron, and nuclear magneton for a nucleon or nucleus). The gyromagnetic ratio deﬁnes the action of an applied
magnetic eld B on a substance that has both a
magnetic moment and an angular momentum. It
provides for the splitting of atomic and molecular energy levels in an external magnetic ﬁeld (see
Zeeman effect), and nuclear magnetic resonance
and electron paramagnetic resonance at frequencies ωr determined by the equation ωr = γ B.

GYROSCOPE

An axially symmetric solid rapidly rotating
about its symmetry axis that can change its direction relative to its container while preserving its direction in the external inertial frame of reference.
In most cases the bearings on the axis ends are positioned on opposite sides of a ring that can rotate
inside another ring about an axis normal to the gyroscope axis. If this ring can also can rotate then
the gyroscope axis can be oriented in any direction relative to its container. In the absence of external torques the gyroscope axis conserves its direction, or undergoes a precession if the conserved
angular momentum does not coincide with the gyroscope rotation axis. Under the application of external forces, the gyroscope axis turns to be parallel to the external torque direction (gyroscopic
effect). Gyroscopes are widely used in technology,
e.g., as a compass, as stabilizers of various kinds,
and for other automatic controlling devices.
GYROSCOPE, QUANTUM
See Quantum gyroscope.
GYROSCOPE WHEEL

The internal movable part of a gyroscope, usually a symmetrical body rotating around its symmetry axis, with its point of rest lying below the
center of gravity, is called a gyroscope wheel.
When the axis is oblique, it performs precessional
and nutational motion (see Euler angles). At high
rotational speeds when the latter motion is so slow
that it is practically imperceptible, then the motion
is called pseudoregular precession. Due to friction
at the point of rest there appear additional torques
tending to vertically orient the gyroscope wheel
axis, resulting in the so-called sleeping gyroscope
wheel motion.
GYROTROPIC MEDIUM, optically active medium

A continuous (crystalline, amorphous, liquid
and other) medium characterized by nonsymmetric tensors of response to an electromagnetic
ﬁeld: dielectric constant εik , magnetic susceptibility χik , etc. A gyrotropic medium is called gyroelectric if εik = εki , and gyromagnetic χik = χki .
Sometimes, the term “gyrotropy” is used to designate a property inherent in a gyrotropic medium.
Physical examples of materials that are gyrotropic

GYROTROPIC MEDIUM

can be distinguished on the basis of Onsager relations (see Onsager theory) according to which,
e.g.,
χik (k, ω, B 0 ) = χki (−k, ω, B 0 ),

(1)

where B 0 is the magnetic ux density. On the
strength of this relation (or an identical one for
εik ), the gyrotropy of the medium can be caused
by either a spatial dielectric dispersion (dependence on k), or by the presence of a magnetic
ﬁeld B 0 .
If the gyrotropy is due to spatial dispersion,
the corresponding gyrotropic medium is called a
medium with natural optical activity (see Gyration). Based on Eq. (1), a tensor form typical for
this is the following:
 
(0)
(2)
gk j ,
εik = εik + iεikj 
where εik (0) = εki (0), εikj is the totally antisymmetric third-rank tensor, 
g is the gyration tensor, and an identical relation is valid also for χik .
Apparently, on the basis of Eq. (2), a gyrotropic
medium must be invariant with respect to some
mirror reﬂections. This property can be caused by
the symmetry of a gyrotropic medium: by the presence of a screw axes in the crystal (see Crystal
symmetry) as well as by a screw-like character of
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a molecular ordering in cholesteric liquid crystals,
and spins in magnets with modulated magnetic
structures. It can manifest itself in both amorphous
and liquid phases of a matter if the lack of bilateral symmetry is inherent in particles composing
the material. Weak but observable gyrotropic effects appear due to the violation of space parity in
weak interactions.
In the presence of a magnetic induction B 0 =
μ0 (H 0 + M 0 ), the medium can be gyrotropic
even without taking into account space dispersion. In these cases, magnetic gyrotropy is said to
be present, and the gyrotropic medium is called
magnetogyrotropic. In magnets, the magnetogyrotropy is present even without the external magnetic ﬁeld B 0 due to the magnetization M 0 (in
magnets with a complicated type of magnetic ordering, e.g., in antiferromagnets, the contribution
of the antiferromagnetism vector L can be signiﬁcant). A magnetogyrotropic medium can be both
gyroelectric (e.g., a plasma in a magnetic ﬁeld,
including a solid-state plasma) and gyromagnetic
(magnets: paramagnets and materials with magnetic ordering) at the same time. A gyrotropic
medium is characterized by a variety of particular
features in regard to electromagnetic wave propagation (see Rotation of light polarization plane).
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Hh
a = 0.351 nm, space group I m3m (Oh9 ). Binding energy of pure hafnium is 6.35 eV/atom
(at 0 K). Density is 13.3 g/cm3 , T boiling =
4870 K; latent heat of melting is 21.8 kJ/mole;
latent heat of sublimation is 712 kJ/mole; latent
heat of evaporation is 650 kJ/mole; speciﬁc heat
143 J·mole−1 ·K−1 (at 298 K); Debye temperature
is 252 K for hafnium with purity 99.96%; linear
thermal expansion coefﬁcient is 5.9·10−6 K−1 (in
the temperature range 273 to 1273 K); thermal
conductivity coefﬁcient with 2 at% Zr decreases
from 22.32 to 20.52 W·m−1 ·K−1 (in the range of
temperatures 323 to 723 K); adiabatic coefﬁcients
of elastic rigidity of α-Hf monocrystal: c11 =
181.1, c12 = 77.2, c13 = 66.1, c33 = 196.9, c44 =
55.7 GPa (at 298 K); bulk modulus is 108.9 GPa,
Young’s modulus is 83.4 GPa; rigidity is 30.4 GPa,
Poisson ratio is 0.37 (at 298 K); Vickers hardness
is 152 in HV units for hafnium iodide (0.72% of
Zr); thermal neutron capture cross-section is 105
barn; ion-plasma frequency is 13.3 THz. Sommerfeld linear temperature term in low-temperature
speciﬁc heat is 2.15 mJ·mole−1 ·K−2 ; electrical
resistivity is 306 n·m (at 295 K), temperature
coefﬁcient of electrical resistivity is 0.00351 K−1
(273 to 1073 K); work function of polycrystal is
3.53 eV; superconducting transition temperature
is 0.13 K; hafnium is paramagnetic with molar magnetic susceptibility +70·10−6 cgs; nuclear
magnetic moment of 177 Hf isotope (18.39% abundant) is 0.61 nuclear magnetons.
Hafnium is used in nuclear power engineering
(control rods of reactors, screens protecting from
neutron radiation) and in electronic engineering
(cathodes, getters, electrical contacts), manufacture of high-temperature alloys. A solid solution
of hafnium and tantalum carbides is the most refractory ceramic material (T melting = 4270 K).

HADFIELD STEEL (after English metallurgist
R.A. Had eld)
High-manganese austenite steel which con-

tains 11 to 15% Mn and 1 to 1.5% C. It can
be strongly hardened under dynamic loads. After slow cooling the structure consists of austenite and double carbides of the cementite type
(Fe, Mn)3 C. To obtain a single-phase austenite
structure it is heated up to 1050–1100 ◦ C for
several hours with subsequent cooling in water.
Hadﬁeld steel is used as a resistant to wear material under conditions of moderate wear, but it has
low resistance to abrasive wear. It has good yield
(in the liquid state) which allows its use as a casting material (see Casting). A strong tendency to
strain hardening complicates rolling and forging.
Poor thermal conductivity is a cause of forming hot
cracks in casting and cracks upon the accelerated
heating for quenching.
HAFNIUM, Hf

A chemical element of Group IV of the periodic table with atomic number 72 and atomic
mass 178.49. Natural hafnium consists of 6 stable isotopes with the mass numbers 174, 176
to 180. Electronic conﬁguration of outer shells
is 4f 14 5d 2 6s 2 . Successive ionization energies
are 7.5, 15.0, 23.3, 33.3 eV. Atomic radius is
0.159 nm; radius of Hf 4+ ion is 0.078 nm. Oxidation is state is +4 (less common +3, +1).
Electronegativity is 1.23.
In the free form hafnium is a silvery-white
metal; it is pliable, easily subjected to cold and
hot processing (rolling, forging, stamping, milling,
drilling). It exists in α- and β-modiﬁcations.
α-Hf has hexagonal close-packed lattice with
parameters a = 0.3188 nm, c = 0.5042 nm at
4 ). Above
273 K; space group P 63 /mmc (D6h
2013 K up to T melting ≈ 2500 K β-Hf is stable, body-centered cubic with lattice parameter
545
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HAGEN–RUBENS APPROXIMATION

HAGEN–RUBENS APPROXIMATION (E. Hagen,
H. Rubens, 1903)
Theory of optical absorption in metals and
narrow-band semiconductors at low frequencies

ω  ωτ (ωτ = 1/τ is the collision frequency,
τ is the electron mean free path time); according to this theory, optical properties of materials
depend only on their static conductivity σ0 . For
this case the refractive index ñ = n + iχ , where
n ≈ χ = [σ0 /(2ε0 ω)]1/2 , ε0 = 8.85·10−12 F/m
is the vacuum dielectric constant. In this case,
the re e ctance R ≈ 1 − 2/n. The deviation from
total reﬂection is given by the Hagen–Rubens formula 1 − R ≈ (8ε0 ω/σ0 )1/2 , i.e. the lower the
conductivity of metals and semiconductors, the
lower is their reﬂecting power. In the Hagen–
Rubens approximation, the absorption coef cient
α ≈ (2μ0 σ0 ω)1/2 ∝ ω1/2 (ω  ωτ ), where
μ0 = 4π·10−7 H/m is the magnetic permeabilωτ ,
ity of vacuum. At high frequencies, ω
the Drude formula is valid, according to which
α ∝ ω−2 .
HALL EFFECT
See Galvanomagnetic effects.
HARDENING of materials

A process for increasing the strength of a material. Strain hardening is widely used for increasing
the strength of metals. The strain may give rise
to a “forest of dislocations” (uniformly distributed dislocation structure), or to a cellular structure
(see Fragmentation). In the former case, the hard√
ening achieved is higher ( τ ≈ αGb ρ, where
α = 0.1–1.5, G is the shear modulus, b is Burgers vector, ρ is the dislocation density), but it
is accompanied by a decrease of plasticity. The
hardening achieved in the latter case is somewhat
lower, but the structure obtained is more stable,
the hardening process being accompanied by a
decrease of the cold brittleness temperature, and
an increase of plasticity at low temperatures. At
high enough degrees of reduction, when the disorientation of individual dislocation cells relative
to one another exceeds a certain critical value
(∼2–3◦ of arc), the cell boundaries start to behave
as grain boundaries, acting as barriers to dislocation motion. In this case, the hardening process is

described by the Petch relation, where the value of
the cell size is substituted for the grain size. Strain
hardening is carried out during the process of plastic working (pressing, forging, rolling, drawing,
etc.). The nature of the dislocation structure is determined by the degree and the temperature of the
strain.
The hardening due to the formation of dispersed particles of the second phase (see Precipitation-hardened materials, Dispersion hardening)
may be either direct or indirect. Direct hardening
is related to the direct interaction between dislocations and dispersed particles, the latter acting
as barriers for dislocations, which slip during the
course of plastic deformation. Indirect hardening
is related to the fact that the presence of dispersed
particles of the second phase brings about an
increase of stability of the nonequilibrium structural state, and an increase of the recrystallization
temperature. Precipitation-hardened systems are
obtained by means of alloy aging (age hardening),
by application of powder metallurgy methods, etc.
Hardening through alloying is widely used in
engineering; the method being based on the interaction between dislocations and the atoms of
dissolved elements (see Solid-solution hardening).
In the case of alloys subject to phase transitions, the hardening is achieved through phase
recrystallization during the course of a heat treatment (quenching, tempering, etc.). The hardening
in this case is due to a directional change of the
phase composition, grain reﬁning, phase peening
(see Strain hardening, Work hardening).
See also Dispersion hardening, Flash hardening, Irradiation hardening, Linear hardening of
crystals, Solid-solution hardening, Bulk sound
hardening, Shock hardening, Surface hardening,
Surface sound hardening.
HARD MAGNETIC MATERIALS, high-coercive
materials, hard magnetics
Materials characterized by a large coercive
force (B c = 10−2 –1 T). The origin of high B c

in hard magnetic materials lies in the lag of
magnetic reversal in ferromagnets, arising from
three main mechanisms: (i) irreversible magnetization rotation processes; (ii) lag in the formation and growth of remagnetization nuclei; and,

HARD MAGNETIC MATERIALS
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Table 1. Principal characteristics of the most important hard magnetic materials (1 kA/m corresponds to 1.26 mT and
12.6 Oe). Note that Bc = μ0 Hc
Magnetic properties
Material

Composition

Hc
Oe

Br
kA/m

G

(BH )max
T

106

Remarks

kJ/m2

G/Oe
Alni

15.5% Al,
500
40.0
5000
0.5
0.9
7.2
25% Ni,
4% Cu,
the rest Fe
Alnico
9% Al,
550
44.0
12,300
1.23
4.0
32
Thermo14% Ni,
magnetic
24% Co,
treatment
4% Cu,
0.3% Ti,
the rest Fe
Alnico
9% Al,
775
62
12,800
1.28
6.6
52.8
Thermo15% Ni,
magnetic
25% Co,
treatment,
4% Cu,
Columnar
0.8% Nb,
structure
the rest Fe
Tikonal
7.6% Al,
1560
125
11,200
1.12
12.0
96
Thermo14% Ni,
magnetic
35% Co,
treatment,
3.5% Cu,
Columnar
5% Ti,
structure
0.8% Nb,
the rest Fe
Vicalloy 2
52% Co,
370–470 29.6–37.6 9000–9500 0.9–0.95 1.0–1.75 8–14
13% V,
the rest Fe
Cunife 2
50% Cu,
260
20.8
7300
0.73
0.35–0.40 2.8–3.2 Anisotropic
20% Ni,
2.5% Co,
the rest Fe
Cunico 2
35% Cu,
450
36.0
5300
0.53
0.5
4.0
24% Ni,
41% Co
Pt–Co
76% Pt,
4800
384
64,000
6.4
9.2
73.6
24% Co
Fe–Co–Cr
63% Fe,
630
50
14,500
1.45
7.7
61
Anisotropic
25% Cr,
12% Co
Mn–Al–C
70% Mn,
2700
216
6100
0.61
7.0
2.8
Anisotropic
29.5% Al,
0.5% C
1450
116
4080
4.08
3
24
Anisotropic
Barium ferrite BaO·6Fe2 O3
Sm–Co
SmCo5
9500
760
9800
9.8
24
190 Anisotropic
10,000
800
12,000
1.2
33
260 Anisotropic
Sm–Co–Fe– Sm(Co,Fe,Cu,Zr)8
Cu–Zr
880
13,200
13.2
41
324 Anisotropic
Nd–Fe–B–Co Nd15 Fe62.5 B5.5 Co16 Al1 11,000
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HARD MAGNETIZATION AXIS

(iii) pinning of domain walls at various crystal irregularities and defects. Hard magnetic materials
ﬁnd their use in permanent magnets, hysteresis
motors, and magnetic recording. Employed in the
last two cases are magnetic materials with moderate B c = 10−3 –10−2 T, while hard magnetic
materials with B c = 10−2 –1 T are used for permanent magnets. The appraisal of a hard magnetic
material is mainly based on its demagnetization
curve, i.e. on the portion of the major hysteresis
loop lying in the 2nd quadrant.
The most important parameters of a hard magnetic material, along with B c , are the remanence,
B r , and the maximum value of the product of
ﬁelds on the demagnetization curve, (BH )max ,
the so-called energy product.
The high-coercive state in hard magnetic materials is formed following a certain production
cycle (sometimes, a rather complex one). In the
context of present day technology hard magnetic materials can be classiﬁed into the following
groups (see Table 1):
(1) steels hardened into martensite, displaying
relatively low B c , and rarely used;
(2) rigid cast alloys like alni, alnico and ticonal,
displaying a broad spectrum of magnetic properties; these alloys are the most common materials for permanent magnets;
(3) ductile alloys like vicalloy, cunife, cunico, the
alloys Fe–Co–Cr, Mn–Al–C, and also noble
metal alloys: Pt–Co, Pd–Fe and Pt–Fe;
(4) powdered hard magnetic materials produced
by powder pressing followed by heat treatment. Metalloceramic, and metalloplastic hard
magnetics are distinguished here, along with
oxide magnets and powder magnets.
Metal-ceramic hard magnetic materials are
fabricated from a metallic powder by compaction
without any binder, with a subsequent high-temperature sintering. Magnets of the largest energy
capacity, based on the rare-earth elements (e.g.,
the samarium–cobalt magnets), are metalloceramic magnets. Metalloplastic hard magnetics are
fabricated by compaction of powder with an insulating binder that polymerizes at a moderate
temperature (see Magnetodielectrics).

HARD MAGNETIZATION AXIS

The direction of the magnetization vector of a
ferromagnet, M, which corresponds to the maximum of the magnetic anisotropy energy. To magnetize an inﬁnite magnetic substance (with no
elastic strains present) along the difﬁcult magnetization axis, it is necessary to subject the crystal
to the action of an external magnetic ﬁeld with
a strength greater than that needed to magnetize it along any other direction. If the magnetic
anisotropy is not unidirectional, the difﬁcult magnetization axes are axial directions; so their number is always even. The direction corresponding to
the absolute maximum of the magnetic anisotropy
energy is sometimes referred to as the most difﬁcult magnetization axis. See also Easy magnetization axis.
HARDNESS

The ability of materials to resist plastic deformation or brittle failure under local loading.
Its magnitude and dimensionality depend on the
method and conditions of measurement. The most
widespread method is the static indention of an
especially loaded solid indenter into the material
to be studied. In this case, the hardness is determined by a ratio between the load and the imprint
area. Applied also are tests with dynamic indenting, pendular methods, methods of elastic recoil,
sclerometric methods (scratching tests), and so
on. There are established correlations of hardness
with various mechanical characteristics of materials, such as elastic moduli, yield limit, ultimate
strength. See also Microhardness and Macrohardness.
HARDNESS DIAGRAM

See Indenter–hardness diagram.
HARDNESS, MAGNETIC

See Magnetic hardness.
HARDNESS, SECONDARY

See Secondary hardness.

HARMONIC APPROXIMATION
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HARD-SPHERE MODEL

HARMONIC APPROXIMATION

Model for calculating physical properties of
solids and liquids, which consists in replacing the
actual atomic volume with solid spheres of diameter b. Then, the two-body repulsive potential
becomes a potential of absolutely hard spheres
*
∞, R < b,
Φ(R) =
0,
R > b,

Expansion of the vibrational energy of a solid
in terms of displacements of atoms from their
equilibrium positions, and retaining only the ﬁrstorder or linear terms (quadratic in the displacements) provides the following expression:

where R is the interatomic distance (see Interatomic interaction potentials). This replacement helps
to solve a number of problems in a purely geometric manner. For instance, if spheres of equal
diameter are arranged in close-packed layers one
atop another, then, depending on the periodicity
in the positions of the layers, different structures
(crystal lattices) arise. In particular, two-layer periodicity results in a hexagonal close-packed structure, while three-layer periodicity provides a facecentered cubic structure. Violations of periodicity
cause stacking faults. One can obtain more complicated structures by taking spheres of different
diameters in certain proportions. The volume of
one and the same atom depends on the type of
solid crystal; and metallic, ionic, van der Waals,
and covalent diameters (radii) of atoms have been
tabulated (see Atomic radii).
The hard-sphere model simpliﬁes the description of processes for the generation of radiation
damage (see Radiation physics, Subcascades). Indeed, the scattering laws for hard spheres are the
simplest; the probability of scattering through a
certain angle (and, accordingly, of energy to be
transferred to a crystal atom) is independent of
the incident atom energy. In order to make the potential more realistic and allow for the anisotropy
of scattering, the diameter of colliding spheres
(collision diameter) is considered to be a variable that depends on the energy E of the incident
particle. This diameter is found from the condition of the equality of the real repulsion potential
and the relative kinetic energy of the colliding
atoms (two-body problem). For instance, in a solid
consisting of atoms of one type, the repulsion
is describable by the Born–Mayer potential, with
b = a ln(2A/E), where a and A are constants of
the Born–Mayer potential (see Interatomic interaction potentials).

E=


l 
∂U α 2
1
Ml
2
∂t
lα

+


1 
Vαα  (Rll  )Uαl Uαl  ,
2
 

lα,l α

which leads to the oscillator energy sum
E=


k,λ



1
.
ωλ (k) nλ (k) +
2

Here Rll  is the radius vector connecting atoms
l and l  ; Ml is the lth atom mass; Uαl is the
displacement of lth atom from its equilibrium position along the αth coordinate axis; Vαα  (Rll  )
is the coefﬁcient in the ﬁrst non-vanishing term
of the energy expansion, t is the time; ωλ (k) is
the frequency of λ-polarized phonons with quasimomentum k; and nλ (k) are the occupation numbers of phonons. In the harmonic approximation,
the Helmholtz free energy of a solid is
F = kB T


kλ



ωλ (k)
ln sinh
kB T


= kB T

g(ω) ln sinh



ω
kB T


dω,

where k B is the Boltzmann constant, and g(ω) is
the phonon density of states. If the dependence of
the phonon frequency on the unit cell volume is
taken into account in this expression, then one obtains a quasi-harmonic approximation taking into
account anharmonic terms in E which are even
with respect to displacements (see Anharmonic vibrations). The harmonic approximation is the most
widely used approach for treating acoustic and
optical vibrations, as well as the thermodynamic
properties of solids.
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HARTREE–FOCK METHOD (D. Hartree, 1928;
V.A. Fock, 1930)

Quantum-mechanical method of description
and calculation of systems of interacting fermions, which is widely applied to many-electron
systems: atoms, molecules, crystals. Sometimes
the term “Hartree–Fock method” is used in reference to a purely multiplicative approximation for
the wave function, a set of coupled equations to
solve,
one for each electron, containing
Coulomb


( ψk∗ V ψk dτ ) and exchange ( ψj∗ V ψk dτ ) integrals, and occasionally exchange terms are neglected. In the usual Hartree–Fock method the
wave function of a system of N electrons has
the form of a Slater determinant, the product of
one-electron wave functions (spin-orbitals) ψ1 ,
ψ2 , . . . , ψN . As a rule, the spin-orbitals are assumed to be orthonormal, and are determined
through the variational principle. The conditions
for a stationary energy functional lead to the
problem of determining pseudo-eigenvalues of the
Fock operator (Fockian): F (P )ψk = εk ψk , where
F (P ) = h + J (P ) − K(P ), h includes the operator of the kinetic energy of the electrons and the
potential energy of attraction of the electrons to
the nuclei. The Coulomb term J (P ) and exchange
operator K(P ) are deﬁned on spin-orbitals ψk
through the Fock–Dirac density matrix:

|ψk ψk |.
P=
1kN

The term J (P ) includes the diagonal elements
of P , which represent the density of particles. In
practice, the solutions are obtained through iterative procedures and self-consistency. In deriving
the variational equations, the self-action terms are
formally included in operators F and K; these
terms compensate each other, and this justiﬁes
the formation of the Hermitian Fockian, which is
common for all spin-orbitals. This is signiﬁcant
for fulﬁlling the conditions of spin-orbital orthonormality. The initial Hartree method used a wave
function product of spin-orbitals without antisymmetrization. In this case exchange terms do not
appear, and each spin-orbital ψk is related to its
operator Fk , which does not contain the self-action
term of the kth electron in J (P ).
In the Hartree–Fock approach the spin-orbitals
are speciﬁed in the form ϕm α and ϕ̄m β, where α

and β are spin wave functions corresponding to
the two spin directions. In the restricted Hartree–
Fock method, the functions of the space coordinates (orbitals) ϕm and ϕ̄m are assumed to have
an identical form (spin limitation) and to transform with respect to the irreducible representation
of the symmetry group of the system under consideration (symmetry limitation). For crystals ϕm
can be expressed in Bloch form. The nonlinearity of the Hartree–Fock equations is responsible
for their plurality of solutions. The solutions of
the restricted Hartree–Fock method may be unstable, i.e. may correspond to a saddle point of
the energy surface. Then the decrease in energy
at the removal of spin or symmetry restrictions
(unrestricted Hartree–Fock method) can be accompanied by the appearance of components of
different wave function multiplicities of the system, or by a violation of its symmetry (solutions
of the charge density wave or spin density wave
type in crystals).
The Hartree–Fock equations are integrodifferential because of the nonlocality of K(P ). Even
in the simplest cases they cannot be solved analytically. The spin-orbitals in crystals are constructed
through the linear combination of atomic orbitals
(LCAO) approximation, or through expansion in a
plane wave basis set, with coefﬁcients determined
by the variational method. Atomic orbitals are
constructed from Slater (exponential) or Gaussian
functions, or through the use of solutions of the
atomic problem with the so-called muf n-tin potential. The necessary matrix elements are found,
as a rule, by numerical integration, but sometimes
(e.g., with the aid of Slater’s basis set) they may
be found analytically.
Besides this nonempirical (ab initio) approach,
based on an algebraic modiﬁcation of the Hartree–
Fock method, various semiempirical and simulation methods have been developed for calculating the electronic structure of molecules and
crystals. In these methods certain parts of molecular integrals are neglected, so the remainder
are calculated using simpliﬁed equations, or are
considered as parameters (see Hoffmann method,
Mulliken–Wolfsberg–Helmholtz method). A drawback of the Hartree–Fock method is that it neglects
electron correlations, which are due to Coulomb
interactions between electrons; these correlations

HEAT CONTENT

are especially important for electrons of opposite spin. The error of the Hartree–Fock method
with respect to the determination of the binding
energy (correlation energy) of atoms and molecules reaches 1–2 eV per electron pair. To take
into account electron correlations, which are not
always included in perturbation theory, it is sufﬁcient to employ self-consistent approaches, which
make use of the basic set of several Slater determinants (many-conﬁguration approach; see Manycon guration approximation).
HASIGUTI PEAK (R.R. Hasiguti, 1960)

Maximum point of the temperature dependence of the internal friction of crystals with a facecentered cubic structure, which contain point defects: impurity atoms, vacancies, interstitial atoms.
It is observed in samples which are deformed at
some temperature and quickly cooled (quenched).
The Hasiguti peak is caused by thermally activated disconnections of dislocations from point
defects under the action of oscillating stresses
which accompany low-frequency vibrations of the
sample. There are several variations of Hasiguti
peak theory (Hasiguti himself proposed ﬁve models), which speciﬁcally take into account the
motion of dislocations, and interactions between
dislocations and point defects (see Point defect–
dislocation interaction).
HEALING OF DEFECTS

Processes involving redistribution and annihilation of defects (see Annihilation of dislocations)
in crystals. Healing of defects includes restoration
of crystals, elastic recovery, recovery of properties, polygonization, and recrystallization. Practically complete healing of atomic scale defects
(nonequilibrium point defects, dislocations) occurs
upon heating (recrystallization annealing), while
partial healing of defects is also possible during the course of plastic deformation (dynamic
recovery, dynamic recrystallization). To heal defects of a macroscopic scale (macrodefects, pores
in solids, cracks), the heating is combined with
high pressure processing. The process of hydroextrusion can bring about the dynamic healing of
defects of a microcrack type. Through this healing, the totality of structurally sensitive properties
of the solid is changed. The mechanical properties
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of solids most affected are the decrease of the yield
limit and strength (see Dehardening), and the increase of the plasticity. The healing of defects is
accompanied by the release of stored elastic energy, and by an increase in density. The change in
electrical conductivity during healing of defects de-

pends on the electronic structure. The annihilation
of defects in metals increases this conductivity,
whereas the inverse phenomenon is observed in
semiconductors and insulators. Type II superconductors change their parameters upon the healing
of defects due to the decrease in the vortex pinning. Healing of defects affects ferromagnets also:
the coercive force decreases, but the magnetic permeability increases. The healing of defects can
inﬂuence magnetic properties indirectly through
the change in texture.
HEALING OF SOLIDS with cracks, restoration of
solids with cracks
Recovery of continuity and strength of a dam-

aged solid, i.e. healing of an already existing crack
(see Healing of defects). The latter may go either
via diffusion (see Diffusion) or via direct recovery
of molecular bonds between the lips of the opened
crack (in the absence of mass transport). An example of this restoration is the collapse of the
Rosette channels when twinning interlayers leave
the volume of a monocrystal.
The strength of a restored crystal typically
reaches only 70–80% of its initial strength. This is
due to the bonding being only partially recovered
through the body cross-section. The healed crack
contains various discontinuities, e.g., hollow channels along the spalling steps and fronts formed at
crack stops.
HEAT CAPACITY
See Speci c heat, Surface speci c heat.
HEAT CONDUCTION
See Thermal conductivity.
HEAT CONDUCTIVITY FACTOR
See Thermal conductivity coef cient.
HEAT CONTENT
See Enthalpy.
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HEAT EMISSION

mechanisms and kinetics of heat loss at a change
of state of matter of heat carriers (including cases
of boiling and condensation) depend on the conditions of wetting the conﬁning walls by the liquid.

HEAT EMISSION
See Heat loss.
HEAT EXCHANGE
See Heat transport.

HEAT OF MELTING
HEATING PULSE
See Pulse heating.
HEAT LOSS, thermal loss, heat release, heat
emission, heat removal
A heat transport between a solid surface to

a medium (liquid, gas), called a carrier of heat,
which is in contact with the surface. The heat
loss occurs through convection, thermal conductivity, and radiation. There exist heat losses at the
free and induced movement of the heat carrier, as
well as at a change of the state of matter. The
heat loss intensity is characterized by a thermal
loss factor α = δ&/( T dA) where δ& is the heat
ﬂux through a surface element of area dA, T is
the temperature difference (sometimes called temperature pressure) between the medium and the
surface. In SI units the thermal loss factor α is expressed in the units W ·m−2 ·K−1 . Heat loss can
be regarded as part of a more general process of
heat transfer. The heat transfer Q at the temperature T is accompanied by a change of entropy S,
where S = Q/T . The loss of heat by a material lowers its temperature, and also its entropy. The

The amount of heat Lmelting , called latent heat,
transferred to a crystalline solid during the equilibrium isobaric–isothermal process of its transformation into the liquid state; a particular case
of the latent heat of phase transition. There is
a speciﬁc heat of melting (measured in J/kg, or
kcal/kg) and a molar heat of melting (J/mole).
The heat of melting is expended for weakening the
interatomic (intermolecular) bonds in the material to break them apart, resulting in melting. The
heat of melting of metals as well as their melting temperature Tmelting increases as the electron
concentration grows (with increasing interatomic
energy).
Many covalent crystals melt with the complete severing of their directed two-electron bonds
and convert to the metallic state (Si, Ge, Sb, Bi,
etc.); the heat of melting of these crystals is a
maximum (see Table 1). Amorphous and vitreous materials, which do not possess a permanent
Tmelting and soften as the temperature rises, also
lack a deﬁnite heat of melting (see Vitreous state of
matter). Those alloys which solidify over a range
of temperature (between the liquidus and solidus

Table 1. Latent heat of melting for some substances
Material

Tmelting , ◦ C

Lmelting , kcal/kg

Lmelting , kJ/kg

Hg
H2 O (ice)
Na
Sn
Pb
Zn
Al
Ag
Au
Cu
Si
Co
Fe
Cr

−38.86
0.0
97.8
231.9
327.4
419.5
660.4
961.9
1064.49
1084.5
1415.0
1494.0
1539.0
1890.0

2.82
79.72
24.4
14.4
5.9
24.4
94.5
25.0
15.3
49.0
337.0
62.1
63.7
62.1

11.9
334
102
60.2
24.7
102
385
105
64
205
1409
264
266
264

HEAT SINK

temperatures, see Phase diagram) can be speciﬁed
by the ratio of their heat of melting to their melting
temperature range. The heat of melting is related
with Tmelting : as Tmelting increases (with the same
kind of interatomic bonds), the heat of melting
grows. The ratio Lmelting /Tmelting = Smelting is
the entropy of melting. The heat of melting can
be found from the Clausius–Clapeyron equation
dP /dT = Lmelting/(T V ), or directly by means
of the methods of calorimetry.
HEAT OF PHASE TRANSITION

An amount of heat QL called latent heat transmitted to (or removed from) material undergoing
a rst-order phase transition. At a second-order
phase transition the latent heat is zero. An equilibrium isobaric-isothermal transition at a given
pressure takes place at a constant temperature Tc
that is the phase transition temperature. The latent
heat equals the product of the phase transition temperature and the entropy difference S between
the two phases involved into the transition, i.e.
QL = Tc S. The latent heat can be designated as
speciﬁc or molar when referred to 1 g (CGS), 1 kg
(SI), or 1 mole of matter, respectively (see Heat of
melting, Heat of polymorphic transformation).
HEAT OF POLYMORPHIC TRANSFORMATION

An amount of heat generated (absorbed) at an
equilibrium isobaric-isothermal transformation of
matter from one polymorphic modiﬁcation to another (see Polymorphism). This is a particular case
of the latent heat of phase transition.
HEAT OF SOLUTION

An amount of latent heat generated (absorbed)
by material dissolving in solution. The amount
of heat absorbed per molecule of dissolved matter when dissolving under constant pressure is
q = kB T 2 ∂ ln c0 /∂T where c0 is the solubility,
that is the concentration of saturated solution
in thermodynamic equilibrium with the dissolving
matter. This expression is valid for c0 < 1. If q < 0
then heat is evolved during the dissolving process.
HEAT RADIATION
See Thermal radiation.
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HEAT-REFLECTING COATINGS
Coatings put at the surface of construction materials to reﬂect the incident infrared radiation from

a heat source. In the IR spectral range of electromagnetic waves, the reﬂection ability of solids is
determined mainly by the presence of free conduction electrons. Therefore, metals possess the
highest reﬂection ability. Al, Au, Ag and Cu have
the highest IR radiation reﬂection coefﬁcients, and
its magnitude increases with the increase of wavelength λ; at λ = 10 μm the reﬂection coefﬁcient
reaches 98%. Films 100–200 nm thick made of the
metals listed above, with their oxides deposited on
the ﬁlm surface using chemical or electrical deposition, or sputtering under high vacuum, are the
most widespread heat-reﬂecting coatings. These
coatings are applied in engineering, and in the
power, aircraft, and rocket-space industries in order to regulate the heating cycle of construction
surfaces operating under predominantly radiative
heat transport conditions. For protection against
thermal radiation one often uses ﬁlms and glasses
with oxide or metal coatings 1–5 nm thick that reﬂect up to 70% of the incoming heat.
HEAT RELEASE
See Heat loss.
HEAT REMOVAL
See Heat loss.
HEAT SINK

A macroscopic system designed for the transfer to and storage of thermal energy. The heat
energy is a portion of the internal energy of a
body (see Thermodynamic potentials). As a rule,
any large system in a thermal equilibrium state can
serve as a heat sink. For equilibrium systems the
concept of temperature is introduced, and the ability to transfer and to accumulate thermal energy
is characterized by the thermal conductivity and
the speci c heat. Ordinarily we assume that the
processes of energy exchange with the heat sink
do not appreciably affect its equilibrium condition.
If its temperature remains constant, the heat sink is
called a thermostat. The amount of thermal energy
stored in a heat sink increases with the growth of
the number of degrees of freedom, and an increase
in temperature. Thermal equilibrium is often, but
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HEAT SWITCH

not always, present in a heat sink. A phonon sink
is a particular case of a heat sink when the phonon
energy (of lattice vibrations) is the only energy being utilized.
HEAT SWITCH

A device which provides a sharp change of
heat transfer between objects (e.g., between the

consecutive circuits of a cooling system). The
most widespread types of heat switches are the following: mechanical heat switches where the heat
linkage is through mechanical contact (e.g., by the
compression of elastic plates which detach at the
end of the compression); gaseous heat switches
where the heat transfer takes place through the
gas thermal conductivity (the gas is evacuated to
break the contact); superconducting heat switches
which utilize the large difference in the thermal
conductivity of metals in normal and superconducting states (see Superconductivity). The latter is
widely used in obtaining temperatures below 1 K
owing to the simplicity of controlling such a heat
switch: its transition from the superconducting to
the normal state is easily brought about by applying a magnetic ﬁeld that exceeds a critical value.
HEAT TRANSFER
Heat transport between two carriers of heat

through a solid wall or interface separating them.
A heat transfer process includes a heat loss from
a hot liquid or gas to a wall, thermal conductivity in the wall, and the heat loss from the wall to
a colder movable medium outside. The magnitude
of the heat transfer is characterized by a heat transfer coefﬁcient k = δQ/( T dS) where δQ is the
heat ﬂux through a surface element of area dS,
and T is the temperature difference (sometimes
called temperature pressure) between the medium
and the surface. The value R = 1/k is called the
overall thermal resistance. In most cases k is determined by testing.
HEAT TRANSPORT, thermal transport, heat
exchange

A process of transport of energy in the form
of heat through a medium with a nonuniform temperature distribution, or other nonuniformities of
physical ﬁelds. Heat transport in solids is carried
out by the heat propagation inside a body (see

Heat transfer), and by the interaction of its surface
with the environment (see Heat loss). The main
kinds of heat transport are thermal conductivity,
convection, thermal radiation, and heat transfer at
phase transitions (heat of phase transition). The
heat transport depends on the geometric dimensions and the shape of the body, its temperature
and thermal conductivity, the degree of brightness
of its surface, and also on the temperature and
the physical properties of the external medium. Its
intensity serves as a quantitative measure of the
transport of heat, and this is expressed through a
thermal transport coefﬁcient with the dimensionality W·m−2 ·K−1 . The heat transport at phase
transformations in solids is due to the change in
enthalpy (see Thermodynamic potentials); this is
determined by both the thermal conductivity and
the ability of a body to accumulate heat, i.e. by its
diffusivity.
HEAT TREATMENT

Modiﬁcation of the structure, phase composition, and related physical and mechanical properties of metals and alloys by subjecting them to
heating and cooling. The temperature and its rate
of change can vary over wide ranges, determined
by the combination of a number of material characteristics.
There is a hardening and dehardening treatment, and also treatments for imparting some technological characteristics to a metal. The hardening
effect is achieved by raising the degree of precipitation of hardening phases (see Precipitationhardened materials) which are associated with
the host, or with the formation of other concentration and structural inhomogeneities enabled to
play a role as obstacles for dislocation motion,
e.g.: grain boundaries, segregations, twins (see
Twinning structure), and so on. In the case of a
dehardening heat treatment, the role of the abovementioned factors is less. The principal kind of
hardening heat treatment of steels is their quenching with subsequent tempering, and quenching
for the next aging. Dehardening can involve various kinds of annealing applied to remove the
consequences of cold plastic deformation (strain
hardening).
To improve the technological properties of
metals, special kinds of heat treatment are used.

HEAVY FERMIONS

Classiﬁed among them are spheroidizing, graphitizing, and homogenizing annealings, patenting,
normalizing, and full graphitization (ferritization)
of cast iron. Particular kinds of heat treatment include decarburizing annealing carried out either
in air or in a hydrogen atmosphere, and oxidation in order to form an oxide ﬁlm at the surface.
The oxidizing of iron-based alloys combined with
tempering and burnishing, improves the esthetical appearance of the metal. Combinations of heat
treatment with other methods of material modiﬁcation are widely used: combined heat treatment,
thermomechanical treatment, chemical heat treatment, and so on. The term heat treatment is applied
to practically all metal alloys when they undergo
phase and structural transformations during heating and cooling. Related research approaches and
investigations in the ﬁeld of practical applications
are the subject of such sciences as metal science,
the physics of metals, the heat treatment and technology of metals.
See also Mechanical heat treatment of metals,
Chemical heat treatment, Combined heat treatment, Cyclic heat treatment, Rapid heat treatment,
Rapid electric heat treatment.
HEAVY FERMIONS in metals

Charge carriers of half-integer spin in
solids of abnormally large effective mass
m∗ = (102 –103 )m0 . Heavy fermions exhibit a
narrow, high amplitude peak in the density of electron states g(E) in the neighborhood of the Fermi
level EF in a number of metallic compounds based
on rare-earth elements (Ce, Eu, Sm, Tm, Yb) and
the actinides (U). Compounds of this type are referred to as heavy fermion systems. The nature
of heavy fermions is still not completely understood. It is generally assumed that for the majority of heavy-fermion systems (CeAl3 , CeCu2 Si2 ,
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CeCu6 , etc.) the peak in g(E) is the many-particle
Abrikosov–Suhl resonance generated at EF due
to the antiferromagnetic exchange interaction be-

tween the conduction electrons and the localized
magnetic moments of f -ions that make up the regular lattice. By analogy with a separate magnetic
impurity in a metal (Kondo impurity), the latter
lattice consisting of localized spins that interact
with conduction electrons is given the name Kondo
lattice. The properties exhibited by heavy-fermion
systems are unusual for metals (see Table 1): the
enormous value of the electronic speci c heat coefﬁcient, the enhanced Pauli paramagnetism, high
value of the thermoelectric coefﬁcient, the appreciable contribution of electron–electron scattering
to the resistivity, extremely low value of the Fermi
velocity (∼105 –106 cm/s).
Of chief interest are superconducting heavy
fermion systems represented by CeCu2 Si2 , UBe13 ,
UPt3 , URu2 Si2 . Although exhibiting low values of the critical temperature (Tc = 0.5–0.9 K),
these superconductors feature extremely high upper critical elds Bc2 , extremely high values of the
dBc2 /dT derivative (at T → Tc ) (see Table 1),
and are also highly sensitive to the presence of
both magnetic and nonmagnetic impurities. The
electronic heat capacity, sound absorption, spin–
lattice relaxation time, and other characteristics of
superconducting heavy-fermion systems behave at
T = Tc as power law functions of temperature
rather than as exponential functions. This suggests that the superconducting gap Δ(k) goes to
zero for certain directions of the wave vector k.
These anomalous properties of superconducting
heavy-fermion systems are indicative of the peculiar nature of their superconductivity. In particular,
ordinary BCS-pairing of two electrons with opposite spins (see Bardeen–Cooper–Schrieffer theory)

Table 1. Characteristics of heavy fermion superconducting systems, and their comparison with superconducting tin
Compound

γ (T → 0), mJ·mole−1 ·K−1

Tc , K

Bc2 (0), kG

CeCu2 Si2
UBe13
UPt3
Sn

1050
1100
450
1.78

0.4–0.6
0.86
0.54
3.733

10–18
150
16
0.3

−

dBc2
(T = Tc ), kG/K
dT
100–250
250–400
63
0.14
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HECTO. . .

in heavy-fermion systems may turn out to be less
efﬁcient than p-state or d-state pairing, which
gives rise to a Cooper pair with a nonzero orbital
moment l = 0 exhibiting singlet (s = 0) or triplet
(s = 1) types of superconductivity (see Triplet pairing). Table 1 compares the superconducting characteristics of three heavy-fermion systems with
those of the “normal” superconductor Sn.
HECTO. . .

A decimal multiple preﬁx, now rather antiquated, signifying a 102 times increase of the
initial unit of a physical value. For example, 1 hW
(hectowatt) = 102 W.
HEDGEHOG
A point defect in a vector-type ﬁeld describing
the long-range orientational order of a condensed
medium. Hedgehogs are generated in isotropic ferromagnets in the magnetization vector ﬁeld, as
well as in nematic liquid crystals, and in type A
smectic liquid crystals in the director ﬁeld. Elastic

distortions due to a hedgehog can spread over the
entire bulk of the medium. The simplest hedgehogs are a radial hedgehog and a hyperbolic
hedgehog where every possible spatial orientation
of the vector occurs only once (see the ﬁgure); this
allows a topological invariant (charge) N equal to
unity to be correlated with each of them. When
the direction of the arrows is reversed, N takes on
the value of −1. In ferromagnets the coalescence
and decay of hedgehogs are describable as simple addition of the charges N . For nematics the
result of hedgehog merging and decay is ambiguous, since the sign of N is indeterminate due to the

Radial (a) and hyperbolic (b) hedgehogs.

nonpolar nature of the nematic; e.g., two hedgehogs with equal charges |N| = 1 may merge either
to annihilate (|N| = 0) or to form a hedgehog
with |N| = 2. This depends on the merging path
and on the presence of linear disclinations in the
sample: in tracing around them, the director orientation changes by 180◦ . In nematics and smectics
A hedgehogs similar to those sketched in the ﬁgure have been observed experimentally.
HEISENBERG HAMILTONIAN
A model spin Hamiltonian describing the exchange interaction in insulators containing atoms

or ions with magnetic moments


Sm 
Sn ,
H = −J
(m,n)
α (α = x, y, z) is the operator of αth prowhere 
Sm
jection of the spin at the mth site of a crystal
lattice; J is the exchange integral for the atoms
at sites m and n. The Heisenberg Hamiltonian
is a many-particle generalization of the Heitler–
London approximation for a hydrogen molecule.
The standard approximation is to take into account
only the interactions of nearest neighbors, and to
assume that they have a constant exchange integral Jmn = J , so the summation is taken over pairs
of nearest neighbors. For J > 0 this Hamiltonian
describes a ferromagnetic material (see Ferromagnetism) whose total spin in the ground quantum
state has the maximum value NS (N is the number
of atoms in lattice, S is the spin of an individual atom), i.e. classically all the spins are parallel.
For J < 0 the Heisenberg Hamiltonian describes
an antiferromagnetic material (see Antiferromagnetism) with minimal total spin in the ground state
(0 or S, depending whether N is even or odd), for
which the wave function and the ground state energy are known only approximately (exactly in the
one-dimensional case for spin S = 1/2). Since the
exchange interaction involved in the Heisenberg
Hamiltonian is isotropic, the total spin of the system is conserved, and the stationary states can be
classiﬁed in accordance with the projection of the
total spin along a coordinate axis. A state with a
single spin deviation from its ground state constitutes an elementary excitation of a ferromagnet,
i.e. a magnon, which can propagate along the spin
system, and states with several spin deviations are

HELICAL DISLOCATION

spin complexes which describe excited states of

magnons.
HEISENBERG MAGNET
A crystal with magnetic ordering described
by the Heisenberg Hamiltonian. In the case of a
positive exchange integral J > 1 (see Exchange
interaction), a Heisenberg magnet is a ferromagnet, otherwise (negative exchange integral, J < 1)
it is an antiferromagnet. If the signs of the ex-

change integrals for the nearest and next to nearest
neighbors differ, the magnetic structure is more
complicated, for example, helical (see Modulated
magnetic structures). The isotropic character of
the exchange interaction affects the energy spectrum and macroscopic properties. The elementary
excitations, i.e. magnons, in a Heisenberg magnet
are Goldstone modes (zero-gap). Hence, the lowtemperature additives to thermodynamic values
are temperature-dependent in the form of a power
(but not exponential) law. There is no long range
ordering at ﬁnite temperatures in low-dimensional
(one- and two-dimensional) Heisenberg magnets
due to the formation of topological defects. In
three dimensions there is a ﬁnite critical temperature (Curie point or Néel point) with a magnitude
determined by the exchange integral.
HEITLER–LONDON APPROXIMATION
(W. Heitler, F. London, 1927)

A method of constructing the wave functions
of the electrons of a molecule from products of
wave functions of electrons of individual atoms,
taking into account the identity of the electrons. It
was ﬁrst applied for the calculation of the energy
spectrum of the hydrogen molecule H2 . According
to the principle of identity, the coordinate part of
the wave functions of H2 in the zeroth-order approximation of perturbation theory can be either
a symmetric (singlet) state, or an antisymmetric
(triplet) state, with respect to the permutation of
electrons:


Ψs = αs ψA (r 1 )ψB (r 2 ) + ψA (r 2 )ψB (r 1 ) ,


Ψt = αt ψA (r 1 )ψB (r 2 ) − ψA (r 2 )ψB (r 1 ) ,
where A(B) (r j ) is the wave function of electron r j ; and αs,t is the normalization coefﬁcient.
The Heitler–London approximation is employed

557

in solid state physics to study impurities and excitons in molecular crystals. In a wider sense
this approximation provides wave functions of the
crystal in the form of a product of the wave functions of all the molecules in the system, and in a
limited sense it is associated with neglecting the
contributions to the energy of crystal states involving two or three excited molecules. This means
that in the following Hamiltonian for low-density
Frenkel excitons (<1017 cm−3 ):


f
+
+
=
H
Ef Bnf
Bnf +
Mnm Bmf
Bnf
n,f

nf,mf


1 
f  + +
+
Mnm Bnf
Bmf + Bnf Bmf ,
2
nf,mf

+
and Bnf are
the third term is neglected. Here Bnf
the creation and annihilation operators of the excitations of an f -state molecule at lattice site n;
Ef is the energy of the excited molecule without accounting for the transfer of the excitation to
f
other sites; and Mnm is the matrix element of the
resonance excitation transfer. The Heitler–London
approximation is applicable when the width Δ
of an exciton band is small in comparison with
energy Ef . For some molecular crystals this condition is satisﬁed (e.g., for the lowest singlet excitations of anthracene and naphthalene Δ ≈ 500
and 150 cm−1 , respectively, and Ef ≈ 25,100
and 31,500 cm−1 ).

HELICAL DISLOCATION

Dislocation lines of a speciﬁc conﬁguration in
the form of a coil arising from the creeping of
a dislocation segment (see Dislocations) of the
Burgers kind, or of a mixed kind due to the absorption or emission of vacancies. Helical dislocations
were often observed in experiments involving
the high oversaturation of intrinsic point defects
emerging at high temperatures during quenching,
or when subject to reactor irradiation (see Radiation physics). The ﬁgure shows an example of
the formation of a helical dislocation. There exist
right- and left-screw types differing in the direction of the winding of the coil. In a crystal oversaturated by intrinsic point defects, the process
of formation of the helicoids can closely correlate with the nucleation and the decay of prismatic
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charge and the mass of the carriers). In this case
the carriers are “magnetized”: their diffusion in
the plane normal to the vector B proceeds very
slowly since ν  Ω, and the dissipative (diagonal)
components of the static tensor of the transverse
conductivity of a metal are much smaller than
non-dissipative (non-diagonal) components equal
to ±(ne − nh )e/B (where ne and nh are, respectively, the electron and hole concentrations).
Therefore, the electric ﬁeld oriented normally to
B does almost no work over the electron system:
in directions normal to B, the metal behaves as an
insulator. As a result, a helicon can propagate in
metals.
A particular feature of a helicon is the quadratic
dependence of the frequency ω on wave vector k:
Successive stages, from bottom to top, in the formation
of a helical dislocation due to the attachment of vacancies to a screw dislocation, and the eventual break-away
from the loops of the helix.

loop types (see Prismatic dislocations), and as seen
in the ﬁgure, inter-transformations are possible between them. In addition, helical dislocations can
play an essential role in processes of dislocation
structure rearrangement at various stages of the
development of plastic deformation, thus stimulating the formation of dislocation clusters.
HELICAL MAGNETIC STRUCTURE
See Modulated magnetic structures.
HELICOMAGNET

A magnetically ordered material (see Magnetism) with a helical magnetic structure (a simple
or ferromagnetic coil). See also Modulated magnetic structures.
HELICON, helical wave

A weakly attenuating electromagnetic wave in
a solid-state plasma, propagating either along or
at a small angle θ with respect to an external
magnetic ﬁeld B. The name corresponds to a circular polarization of the wave in a plane normal
to the wave vector k. A helicon exists in the region of strong magnetic ﬁelds when the cyclotron
frequency Ω = eB/m of the conduction carriers
(electrons and holes) greatly exceeds the relaxation frequency ν (e and m are, respectively, the

ω=

k 2 B cos θ
.
4πe(n1 − n2 )

A helicon is a slow wave, since its phase velocity v H = ω/k in typical metals at B ∼
= 1 T and

ω∼
= 107 s−1 is approximately 104 cm/s, which
is signiﬁcantly less than the Fermi velocity v F ∼
=
108 cm/s. The attenuation of a helicon is caused
by the current carrier scattering by lattice defects
and phonons, as well as by collisionless absorption
of the wave energy (magnetic collision-free damping). Correspondingly, a damping decrement Γ
consists of two terms:
Γ =

3π vF 2
ν
sec θ +
k sin θ.
Ω
16 Ω

In semiconductors there is usually no spatial dielectric dispersion (ν
kv F ) since the ﬁrst term
plays the main role. In pure metals at low temperatures, a strong space dispersion occurs (ν  kv F ),
and the second term dominates. In this case, the
condition kv F /Ω  1 provides a lower limit to the
magnetic ﬁeld B where the attenuation of helicons
is small.
HELICON–PHONON RESONANCE

A resonance interaction with respect to an external magnetic ﬁeld B of a helicon with sound, resulting in the excitation of coupled waves. During
the propagation of a helicon along the vector B,
a helicon–phonon resonance with the transverse
sound occurs for coinciding phase velocities v H
and s t of the helicon and the sound, respectively.

HETERODESMIC STRUCTURES

In typical metals this condition can be satisﬁed
at a frequency of tens of megahertz, and in ﬁelds
up to 10 T. The wave arises due to the electron–
phonon interaction. Owing to a helicon–phonon
resonance, the spectrum of collective vibrations
becomes reconstructed: with increasing magnitude of the wave vector a phonon branch of the
spectrum transforms into a helicon branch and a
helicon branch transforms into a phonon one.
HELIUM, He

A chemical element of Group VIII of the periodic table with atomic number 2 and atomic
mass 4.002602. Electron conﬁguration is 1s 2 . Ionization energy is 24.59 eV (the highest of all
elements). Radius of helium atom 0.122 nm. The
element is chemically inert. Natural helium has
stable isotopes 4 He (99.999862%) and 3 He.
Helium is a light colorless monatomic gas; its
density is 0.1785 kg/m3 (at 273 K and 1.013·105
Pa); it is barely soluble in water. Heat conductivity is 0.1438 W·m−1 ·K−1 (at 273 K), viscosity
is 18.60 μPa·s (at 273 K). Dielectric constant is
1.000074 (at 273 K and 1 atm pressure). 4 He is
weakly diamagnetic, χ = −0.78·10−13 m3 ·kg−1 .
Index of refraction for the yellow Na line nD =
1.000034; T boiling = 4.22 K, the lowest for all
liquids. Liquid helium is a transparent colorless
liquid. Helium isotopes remain liquid at the pressure of saturated vapors up to arbitrarily low temperatures (see Low-temperature physics), which is
associated with the weakness of the interaction
between helium atoms and the high amplitude of
their zero-point vibrations.
Since at very low temperature the de Broglie
wave length of the helium atoms is comparable
with their interatomic distance, helium is a quantum liquid: more speciﬁcally, 3 He forms a Fermi
liquid, and 4 He forms a Bose u id. Liquid helium
undergoes a second-order phase transition to the
superﬂuid state (see Super uidity). The superﬂuid
phase of 4 He (called He II) exists at temperatures
below the lambda (λ) point 2.172 K, and the superﬂuid phases of 3 He (A–, B–, A3 –3 He) exist
below 2.7·10−3 K. Solutions of 3 He–4 He form
quantum liquids.
Solid helium is a colorless transparent crystal, which exists only at high pressures (P >
2.5 MPa). It experiences polymorphic transitions
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(see Polymorphism). Solid helium has a low density (up to 0.19 g/cm3 ), high plasticity (up to
3.5·10−8 Pa−1 ); yield limit at shear deformations
of about 103 Pa; the Debye temperature is very
low (up to θ D = 25 K). It is the best known representative of a quantum crystal.
Helium is used for reaching low and superlow
temperatures (4.2 to 10−3 K), for thermometry in
the range of temperatures 1 to 80 K, for providing
a protective inert medium at melting, cutting and
welding of metals and alloys, growing of semiconductor monocrystals, etc.
HELIUM-3, SUPERFLUID
See Super uid phases of 3 He.
HELMHOLTZ FREE ENERGY
See Free energy.
HERZBERG–TELLER INTERACTION
(G. Herzberg, E. Teller, 1933)

The part of the interaction between the electron motion and the nuclear motion in polyatomic
systems, which is treated by the separation of
the electron and the nuclear variables in an adiabatic wave function (see Adiabatic approximation).
The presence of a Herzberg–Teller interaction explains (i) a possibility of electronic-vibrational
transitions involving odd vibration sublevels of an
excited electronic state in the case of non-totallysymmetric vibrations; (ii) the lack of reﬂection
symmetry in the intensity distribution of conjugated optical bands of the light absorption and light
uorescence of impurity molecules; (iii) temperature and other dependences of the optical spectra
of crystals (see Optical spectroscopy).
HETERODESMIC STRUCTURES
(fr. Gr. ετ ερoς , other and δεσ μoς , bond)

Crystalline structures which contain two or
more types of chemical bonds. Included among
heterodesmic structures are both monatomic crystals (e.g., graphite) and crystalline compounds,
for example, various molecular crystals, coordination compounds, polymers. It is speciﬁc for
heterodesmic structures to include portions (layers, chains, molecules) in which the atoms are
linked by strong bonding such as a covalent bond,
ionic bond, metallic bond; as well as having parts
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connected with each other by weak bonds (van der
Waals bond, hydrogen bond). Crystals with a single kind of bonding are referred to as homodesmic
structures (diamond, silicon, germanium, alkalihalide crystals, metals, etc.).
HETERODIFFUSION, chemical diffusion

A ﬂux of foreign atoms diffusing into a homogeneous medium. In this case the diffusion
mobility (see Diffusion) of the foreign atoms is
determined not only by the parameters of the
medium, but also by the interactions of the diffusing atoms which depend on their concentration.
The heterodiffusion coefﬁcient is a function of
concentration. It is deﬁned in the same way as
the partial diffusion coef cients which arise in
the theory of interdiffusion formulated within the
framework of the thermodynamics of irreversible
processes. The driving force of heterodiffusion is
the gradient of the chemical potential. Introducing
the chemical potential μ as μ = k B T ln(cγ ) (c is
the atomic concentration of a component, and γ is
its thermodynamic activity coefﬁcient) the expression for the heterodiffusion coefﬁcient takes the
form:


∂ ln γ
,
Dh = D ∗ 1 +
∂ ln c
where D ∗ is the self-diffusion coefﬁcient.
HETEROEPITAXY
Oriented crystallization of a material on the

crystal surface of another material. This phenomenon is widely found in both natural and artiﬁcial
crystallization processes. The degree of ordering
of a solid formed as a result of heteroepitaxy can
vary from a predominant orientation of polycrystal
grains to a structurally perfect monocrystal. The
latter case is possible only for crystallogeometric
compatability of a substrate and the growing material, at least in the plane of growth. As no two
materials have precisely the same crystal lattices
the inevitable differences between their parameters leads to the appearance of dislocations (see
Epitaxial dislocations) which can hinder a lm from
attaining a particular thickness. A critical thickness at which dislocation failure occurs depends
on the relative misalignment of the crystal lat-

tice constants and their elastic moduli. Heteroepitaxy plays the following roles in solid-state-device
technology: design of semiconductor integrated
circuits on dielectric substrates (heteroepitaxy occurs for semiconductors on metals and metals on
semiconductors); design of devices on heterojunctions (e.g., lasers) with a double injection of current
carriers; design of new solids with alternating ultrathin layers made of semiconductor or other
materials with various band structures (artiﬁcial
superlattices). The synthesis of a superlattice can
be a chain of sequentially alternating processes of
a heteroepitaxy.
HETEROGENEOUS STRUCTURE

A structure of a heterogeneous material; elements of a heterogeneous structure are distributed irregularly (distinguished from homogeneous
structure). A heterogeneous structure can be exempliﬁed by the structure of a system consisting of
parts differing in physical properties or chemical
compositions (phases), a so-called heterophase
structure. The parts are separated by interfaces involving a sharp change in material concentration,
crystal lattice parameters, or other characteristics.
We can distinguish macro- and microheterogeneity of the electron distribution in the system. Such
a structure can be formed through thermal, radiation and other kinds of material treatments. For
example, a single-phase alloy which is thermodynamically unstable at a certain temperature can
decay during annealing to phases with different
chemical compositions. In the process of heterogeneous structure formation, the grain boundaries
of a host (main) phase as well as the shear lines
and twinning boundaries (see Twinning of crystals)
play a signiﬁcant role which is connected with
the decrease of the energy of the interfaces due
to the accumulation of impurity atoms. A macroscopic heterogeneity manifests itself, for example, through various shrinkage cavities, cracks,
martensitic phases, and so on.
Producing a heterogeneous distribution can
provide materials with desired combinations of
properties (see Alloy heterogenization), such as
composite materials and semiconductor heterostructures.

HETEROJUNCTION LASER
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HETEROGENEOUS SYSTEM

A system consisting of physically or chemically heterogeneous (differing) regions, separated
spatially but in contact. In many cases heterogeneous systems are of natural origin (for example,
minerals), and synthetic counterparts are widely
used in science and technology. Such a system
may consist of phases differing in their states of
matter, for example, gas–liquid, gas–solid, colloidal particles in solution, and so on. Included
among heterogeneous systems are solids having a
heterophase structure, for example, ferroelectrics
and magnetic substances with a magnetic domain structure; metal–semiconductor systems (see
Metal–semiconductor junction), metal–insulator–
semiconductor, etc. A system consisting of two
or more contacting semiconductors of different
chemical compositions corresponds to a solid heterogeneous structure. Due to a difference between
polarity and between energy band widths, heterojunctions can form in such structures (e.g.,
n–p and multicomponent heterojunctions); quantum wells and more complicated multiwell structures based on them; superlattices consisting of
alternating layers of different chemical composition. Heterostructures and heterojunctions based
on them are particularly important components of
diverse devices of microelectronics.
HETEROJUNCTION

A contact of two semiconductors differing
in chemical composition and physical properties. Depending on the type of conduction of the
semiconductors in contact, there are distinguished
anisotropic heterojunctions (different types of conduction) and isotropic heterojunctions (similar
type of conduction) (see Inversion layer, Quantum well). Combinations of various heterojunctions form a heterostructure. At the formation of
a heterojunction, due to a difference between work
functions of the semiconductors in contact (see
Fig. (a)) or due to the presence of a charge in the
surface states (see Fig. (b)), band bending ϕ1 and
ϕ2 as well as potential barriers for electrons and
holes arise near the interfaces.
Due to differing electron afﬁnity, jumps in
energy of conduction band and valence band
of semiconductors, εc and εv , respectively,
occur. Under constant applied voltage, a direct

Sketches of potential energy changes (solid lines) and
Fermi energy level position (εF , dashed lines) near the
interface for two types of heterojunctions, namely, a
junction involving a difference in work functions (a) and
a junction involving surface states (b). The energies of
the top of the valence band εv , the bottom of the conduction band εc , and the band bendings ϕ1 and ϕ2 at the
interfaces are indicated.

current passes through a heterojunction as a result of the difference of the potential barriers for
electrons and holes, producing a current–voltage
characteristic which is sharply asymmetric. Different heights of barriers for holes and electrons
allow one to obtain either hole or electron currents. Under application of an alternating electric
ﬁeld the heterojunction is characterized by a parallel combination of resistive and reactive (as a rule,
capacitive) impedances whose magnitude depends
on the applied constant electric ﬁeld. The complicated energy structure of a heterojunction provides
a wide spectrum of applications in semiconductor
electronics for lasers, light emitting diodes, photodetectors, etc.
HETEROJUNCTION, ISOPERIODIC
See Isoperiodic heterogeneous systems.
HETEROJUNCTION LASER
A semiconductor laser (the most common injection laser) based on a heterostructure that incorporates one or more heterojunctions adjacent

to an active region. Potential barriers limit the
region of recombination of excess current carriers (active region), preventing their migration
to neighboring regions (electronic conﬁnement).
On the other hand, optimization of optical properties can be achieved by preparing a dielectric
waveguide (optical conﬁnement). A comparatively
low generation threshold (below 100–200 A/cm2 )
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A heterostructure for a heterojunction laser.
Table 1. Some characteristics of heterojunction lasers
Active
medium

Emitting
material

Substrate

InGaAsP
GaAs

InGaP
CaAlAs

GaAsP
GaAs

InGaAsP
GaSb
InGaSbAs
PbSnTe

InP
GaAlSbAs
GaAlSbAs
PbTe

InP
GaSb
GaSb
PbSnTe

and high efﬁciency (up to 50%) at room temperature are achievable. A basic model of a heterolaser
is a planar heterostructure with an active (narrowband) layer sandwiched between two passive emitter (wider-band) layers. Optimized multilayer heterostructures with gradient or stepwise waveguide
which includes an active layer are also employed.
Strip-geometry (V-groove) heterolasers with
a contact in the form of a strip at the planar
heterostructure serves as a waveguide conﬁguration which provides the proper distribution of
optical ampliﬁcation (under the contact) and ab-

Wavelength
range, μm
0.64–0.8
0.85–0.88
0.77–0.80
1.06–1.67
1.75–1.8
1.8–2.4
8–16

Comments
–
Ordinary heterostructure
Quantum-well heterostructure
–
–
–
Working temperature 10–77 K

sorption (out of the contact area). Heterostructures have been designed with a refractive index
gradient both in side directions and in vertical
cross-section, corresponding to a two-dimensional
dielectric waveguide (refractive conﬁnement). The
ﬁgure provides a microphotograph of an overgrown heterostructure based on InGaAsP/InP for
a 1.3 μm wavelength heterolaser. The threshold
current in such heterolasers can be reduced to 5–
10 mA at room temperature.
An important class is represented by the quantum-well heterolasers in which the active layer (or
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active few layers) thickness is comparable with or
less than the de Broglie wavelength of the current
carriers. In such a quantum well, the quantization
of levels takes place with a substantial modiﬁcation of the energy spectrum of the active region,
and with the appearance of new selection rules
for the optical transitions. In addition, in such heterolasers the active region volume is quite small,
close to 10−12 cm3 , which allows one to significantly reduce the threshold current. On the basis
of these structures not only single-strip lasers, but
also multiple-element lasers with more than 1 W
continuous radiation have been designed.
The initial developments involving physics and
engineering of heterolasers were concerned exclusively with the heterosystem GaAlAs/GaAs. To
expand the wavelength range improved heterosystems became necessary, and these are mainly quaternary ones such as InGaAsP/GaAs, InGaAsP/InP,
and GaAlSbAs/GaSb. Some characteristics of heterolasers based on various materials are given in
Table 1. In their manufacturing various methods
of epitaxy are used.
HETEROSTRUCTURE

A semiconductor structure formed by a few
heterojunctions. The geometry of these junctions

is established during the growth of a heterostructure in contrast to heterogeneous systems for
which the shape of heteroboundaries is determined by the conditions of phase equilibrium,
or by the random conditions existing during production. Several parameters of the component
materials (e.g., positions of the band extrema, effective masses, dielectric constants, etc.) provide
possibilities for controlling the properties of the
charge carriers and the propagation of the electromagnetic waves. The reﬂection and refraction
of electromagnetic waves propagating in a heterostructure is accompanied by the appearance
of waveguide modes localized in layers with a
large refractive index. Due to a difference between
the crystal lattices forming the heterojunctions the
phonon spectrum of a heterostructure changes, and
local phonon modes can arise which can inﬂuence
the nonequilibrium charge carriers. The scattering
of electrons and holes (as well as their distribution
in the structure) can also be controlled by selective
doping when donors and acceptors are introduced
only in selected regions of the structure.
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Characteristics of the motion of charge carriers in heterostructures are determined by relative
energy positions of band extrema (i.e. by the type
of heterojunction) and by the geometry of these
structures. In structures based on GaAs–AlAs,
GaAs–GaP and some others the gap of a narrowgap semiconductor is situated on the background
of a wide-band material. This band diagram (i.e.
a dependence of band extremum positions on a
coordinate) corresponds to a heterostructure of
the ﬁrst kind. Heterostructures of the second kind
(e.g., InP–Al0.48 In0.52 As) correspond to a band
diagram where the breaks of c- and v-bands at
the heterojunction are of the same sign. The case
of non-overlapping band gaps (e.g., in the system InAs–GaAs) is referred to as a heterostructure
of the third kind. More complicated variants of
band diagrams occur for heterostructures formed
by materials of different symmetry (e.g., heterojunctions with band inversion, or those between a
gapless semiconductor and an ordinary semiconductor), or in the case of the structures formed by
semimagnetic semiconductors (spin heterostructures) or materials in which the band extrema
are situated at different points of a Brillouin zone
(different-valley heterostructures); various combinations of these above variations also occur.
To account for the change in the geometry
of structures various cases of low-dimensional
electron states as well as tunnel processes in heterostructures (see Tunneling phenomena) became
available. In Fig. 1 the band diagrams, positions
of the energy levels, and the wave functions are
shown for various heterostructure types: (a) single quantum well, (b) multiple quantum wells,
(c) superlattice, and (d) selective-doped single
heterojunction. Two-dimensional electron states
are formed in narrow-gap materials; and in the
case of a superlattice a mini-band energy spectrum appears due to a tunneling between these
states. Structures with tunneling-transparent barriers (Fig. 2) are used for transverse charge carrier
transfer. At these two-barrier structures separated
by a narrow quantum well, an increase of the transparency for the energies close to the resonance
level is observed (resonance tunneling effect).
In addition to the above-described plane heterostructures, quantum wires and quantum dots
have been intensively investigated (see Fig. 3). In
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Fig. 1. Diagrams of (a) single quantum well, (b) multiple quantum wells, (c) superlattice, and (d) doped single heterojunction. The ﬁrst three ﬁgures show the potentials (solid lines), energy levels (a, b) and miniband (c), and wave functions
(dotted lines) plotted versus position. The fourth sketch is a plot versus the Fermi energy εF .

Fig. 2. Tunnelling processes through a single (a) and a
double (b) barrier with the incident (1), reﬂected (2) and
transmitted (3) currents indicated.

Fig. 3. Heterojunctions of lower dimensions: quasi-twodimensional (1: quantum well), quasi-one-dimensional
(2: quantum wire), and quasi-zero-dimensional (3: quantum dot). The potential barriers are darkened.

quantum wires the charge carrier motion is limited in two directions by the potential barriers
of heterojunctions, or the electrostatic potential
emerged on the surface, so that a one-dimensional
energy spectrum appears. Therefore, the galvanomagnetic and optical properties of the quantum
wires differ from the case of two-dimensional systems. Wholly localized states of charge carriers

(i.e. zero-dimensional energy spectrum) in quantum dots are studied using optical methods (see
Nanoelectronics).
To obtain semiconductor heterostructures the
method of growing ultrathin semiconductor layers (liquid-phase epitaxy or molecular beam epitaxy, chemical deposition from a gas, see Thin
lm growing) as well as various methods of surface treatment (ion implantation, etching and so
on) and control are used. The appearance of heterostructures not only opened broad opportunities
for investigating atomic and electronic properties
of interfaces, and the physics of a two-dimensional
electron gas, but it also prompted the design of
new semiconductor devices and the improvement
of already existing ones in microelectronics and
optoelectronics. Heterostructures are applied in
manufacturing of semiconductor lasers and light
emitting diodes as well as for various optical radiation detectors (avalanche photodiodes, phototransistors, infrared detectors, etc.) and solar cells.
New kinds of transistors are designed on the basis
of heterostructures.
HEUSLER ALLOYS (F. Heusler, 1898)

Three-component alloys possessing an ordered
body-centered cubic lattice with ions of copper
(silver, gold, palladium, etc.) at the vertices of a
cube, and ions of manganese and aluminum (tin,
antimony, indium, gallium, etc.) alternating in the
centers of cubes. Heusler alloys can be ferromagnets or antiferromagnets.

HIGH-COERCIVITY ALLOYS

HEXAFERRITES

Oxide ferrimagnetic monocrystals of the
hexagonal or trigonal types (see Crystal symmetry) with a composition n1 BO·2n2 MO·2n3 Fe2 O3
where n1  1, n2  0 and n3  3 are integers, B = Ba, Sr, Pb, and M = Mn, Co, Ni,
Cu, Zn, Mg, and so on. The unit cell consists
of a sequence of alternate blocks arranged normally to a principal symmetry axis: two-layer
block S with a cubic spinel-like structure (see
Ferrite spinel), three-layer block R with a hexagonal structure, and four-layer block T with a
hexagonal structure. The best known hexaferrites
are the following: with structure M or magnetoplumbites (block arrangement is SRS ∗ R ∗ ,
4 ); with structure W
space group P 63 /mmc, D6h
(block arrangement is S2 RS2∗ R ∗ , space group is
4 ); with structure Y (block arrangeP 63 /mmc, D6h
ment is ST S ∗ T ∗ S ∗ T ∗ , space group is R3m,
5 ); with structure X (block arrangement is
D3d
5 ); with struc(SRS2∗ R ∗ )3 , space group R3m, D3d
ture Z (block arrangement is SRST S ∗ R ∗ S ∗ T ∗ ,
4 ); with structure U
space group P 63 /mmc, D6h
(block arrangement (SRS ∗ R ∗ S ∗ T ∗ )3 , space
5 ); and an asterisk means a turn
group R3m, D3d
of a block through 180◦ with respect to a principal symmetry axis. In some hexaferrites (e.g.,
those with structure Y ) helical magnetic ordering
can occur (see Modulated magnetic structures).
A particular feature of hexaferrites is a strong,
single-axis magnetic anisotropy.

HEXAGONAL SYSTEM

A crystallographic system characterized by the
presence of a single axis of symmetry 6 (or 6)
and referred to as hexagonal crystal class. In a
hexagonal system, a sixfold coordinate axis (6
or 6) is parallel to the z direction, a = b = c,
α = β = 90◦ , γ = 120◦ . The hexagonal system includes one Bravais lattice, seven point groups and
27 space groups.

HIGGS EFFECT

See Higgs mechanism.
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HIGGS MECHANISM, Higgs effect (P. Higgs,
1964; rst proposed by P.W. Anderson)
An analogue of the Meissner effect in gauge
ﬁeld theories with spontaneous symmetry breaking. The simplest theoretical ﬁeld model is Higgs’

Abelian model, in which a complex scalar ﬁeld,
called the Higgs ﬁeld, interacts with an Abelian
gauge ﬁeld (like an electromagnetic ﬁeld). In the
static case the Lagrangian of this model, e.g.,
correlates with the free energy in the Ginzburg–
Landau theory of superconductivity for type II
superconductors, where the order parameter plays
the role of the Higgs ﬁeld. The Higgs mechanism generates a mass by the gauge ﬁeld: in terms
of electromagnetism this means a ﬁnite depth of
penetration of an electromagnetic ﬁeld into the
condensate (Meissner effect). Higgs mechanism
is based on a spontaneous breaking of continuous symmetry and local gauge invariance (in the
Abelian case – the ordinary gauge invariance of
electromagnetism). Spontaneous symmetry breaking is related to the appearance of Goldstone
excitations (bosons with zero mass and zero spin,
see Goldstone theorem). In the case of the electromagnetism of a superconductor a measure of the
reciprocal effective mass of a “photon” (accurate
to a dimensional factor) is the penetration depth of
an electromagnetic ﬁeld into a superconductor. In
particle physics the Higgs mechanism is that aspect of the gauge theory of the weak force that
provides mass for the W and Z bosons. The discovery of the Higgs mechanism turned out to be
of decisive importance for Weinberg and Salam’s
1967 derivation (Nobel Prize, 1979) of their theory
involving the uniﬁcation of the weak and electromagnetic interactions.
HIGH-COERCIVITY ALLOYS
Metallic ferromagnetic alloys, which possess,
after speciﬁc pretreatments, a high coercive force

and can be used as hard magnetic materials.
Among these are the widely used dispersionhardened cast alloys of the Alni (Al–Ni) and
Alnico (Al–Ni–Co) types, the deformable alloys
Vicalloy, Cunife (Cu–Ni–Fe), Cunico (Cu–Ni–Co),
and related alloys of the Fe–Co–Cr system. The
high coercitivity state in these alloys is due to
the presence in them of small single-domain formations (see Single-domain particles), with their
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remagnetization brought about by uniform rotation of the spontaneous magnetization (see Magnetization rotation process). The ordered alloys
Pt–Co, Pt–Fe, Mn–Al–C are the other class of
high-coercivity alloys, in which the magnetic reversal processes are difﬁcult, mainly due to pinning of the magnetic domain walls at the anti-phase
boundaries of the ordering domains. The properties of many alloys are given in Table 1 in Hard
magnetic materials.

drift space in the device, this leads to a very large
drift velocity, up to 4·107 cm/s, a shortening of the
delay time to 1 ps, and a raising of the frequency
limit to hundreds of GHz. This two-dimensional
electron gas exhibits the quantum Hall effect and
the Shubnikov–de Haas effect. In metrology this
makes it possible to measure the ﬁne structure
constant, and to deﬁne the international ohm standard.
HIGH-ENERGY CHEMISTRY

HIGH-DENSITY EXCITONS

Situation arising at high levels of optical radiation in crystals when interactions between excitons
become appreciable. This high exciton density
favors the formation of exciton molecules (biexcitons), and the appearance of coherent nonlinear
phenomena and new luminescence bands. At den3  1 (here a is the exciton radius)
sities nex aex
ex
Wannier–Mott excitons metallize and transform
into an electron–hole plasma. The presence of
this plasma at low temperatures in crystals like
Ge and Si with a complex electron band structure leads to the formation of an electron–hole
liquid and electron–hole drops. It was found experimentally that crystalline Si exhibits the presence
and inter-transformation of excitons, biexcitons
and electron–hole drops. The quantum statistics
of excitons and properties close to Bose–Einstein
condensation are found in the crystal Cu2 O.
HIGH ELECTRON MOBILITY TRANSISTOR
(HEMT)
A eld-effect transistor whose channel contains a heterojunction interface between wide- and
narrow-gap semiconductors. In a narrow potential

well (∼10 nm) formed at the heterojunction interface, both the quasi-momentum and the electron
energy are quantized, and there appears a ﬁnite
density of states, independent of the energy, which
in combination with selective (modulated) doping
leads to the suppression of scattering mechanisms,
and a sharp rise of the mobility of current carriers. The mobility growth is promoted by a thin
undoped layer formed at the heterojunction interface. The current carriers in the channel form a
two-dimensional electron gas with the carrier mobility reaching 2·106 cm2 ·V−1 ·s−1 at 4 K, and
5·105 cm2 ·V−1 ·s−1 at 77 K. In the case of a small

The branch of physical chemistry dealing with
high temperature activation processes caused by
electronic, atomic, molecular, ionic, neutron, photon impacts, absorption of photons and phonons,
application of electric and magnetic ﬁelds, mechanical stress, shear, shock. A common feature of these processes is that the energy which
is absorbed from the external source creates in
the medium nonequilibrium concentrations of intermediate highly reactive particles and quasiparticles: holes and conduction electrons, localized holes and electrons, ions, ionic clusters,
excitons and other excited states, free radicals,
etc. At the instant of formation these particles
are very far from thermal equilibrium with the
medium, and in a number of cases they take part
in chemical reactions until they slow down, cool
down, and approach thermal equilibrium. Thus
high-energy chemistry involves the study of thermal transformations in chemical systems of all
types in the absence of thermodynamic equilibrium. Within this scope the following branches
are included: photochemistry, laser chemistry, radiation chemistry, plasma chemistry, chemistry
of shock waves, as well as chemistry of sound
(phonons), chemistry of infrared and extra-high
frequency radiations (at high densities of corresponding actions), chemistry resulting from nuclear transformations, chemistry of hot atoms,
chemistry of “exotic” atoms (positronium, muonium, etc.), chemistry of processes of dissolving
defect-containing substances, chemistry of molecular beams, photoelectrochemistry, emission of
ions and electrons, electric discharge in condensed
medium, etc. The main tasks of high-energy chemistry are: development of methods of production of
new substances and materials including those resistant to superthermal activation of various kinds,

HIGH-FREQUENCY SIZE EFFECTS

determination of the resistance of substances and
materials towards various types of corrosive actions, the study of the mechanisms of chemical
processes, of the composition and physicochemical properties of intermediate particles and quasiparticles, etc.
HIGH-ENERGY ELECTRONICS of the solid state

A discipline at the border of solid-state physics
and electronics, studying the properties of solids
upon the passage of high density electron beams
through them. Such investigations underwent intensive development during the 1970s after the
introduction of high-current pulsed electron beam
accelerators. These were based on explosive electron emission, with a pulse period up to 1 ns,
and with electron energies from 0.3 to 0.5 MeV,
regulated by a current I up to 5,000 A with a density up to 2,000 A/cm2 . These accelerators had
been developed in Russia and the USA. Upon irradiation by strong-current beams and high-energy
hole plasmas with densities of about 1013 to
1014 cm−3 some speciﬁc new effects appeared.
One such effect is a new type of luminescence,
caused by band-to-band transitions of electrons
and holes. This emission has a wide spectral band
and a short relaxation time, much less than a
picosecond. The electrical conductivity of the irradiated body even in a weak external electric
ﬁeld is determined by the strongly excited conduction electrons and holes with energies of about
an electron volt beyond the edges of the corresponding bands. The speciﬁc resistance of an
insulator penetrated by the beam drops by 1011 –
1015 orders of magnitude, and can reach values
of about 10 ·cm, and a current density of thousands of A/cm2 . An electron–hole plasma, which
is formed by the pulsed strong-current irradiation, greatly inﬂuences the brittle failure of crystals.
Pulsed accelerators can be used to investigate the
ﬁne details of the process of Frenkel defect formation via the excitation of the electronic subsystem
in non-metallic crystals (see Pulse spectroscopy).
HIGH-FREQUENCY CONDUCTANCE
A complex kinetic coef cient σ (ω) in the gen-

eralized Ohm’s law that is frequency (ω) dependent and deﬁnes the linear relation between the
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AC current density j (ω) and the strength of the
applied AC electric ﬁeld E(ω):
j (ω) = σ (ω)E(ω).

(1)

Isotropic conductors (metals, semiconductors)
usually have their high frequency conductivity
quite well described by the classical Drude formula (P. Drude, 1900):
σ (ω) = σ0

1 + iωτ
,
1 + ω2 τ 2

(2)

where σ0 = e2 nτ/m∗ is the static electrical conductivity, n and m∗ are the concentration and the
effective mass of free current carriers (conduction
electrons, holes), and τ is the characteristic time
of scattering of carriers by each other, acoustic
phonons, crystal lattice defects, impurity atoms,
etc.
Eq. (1) holds in a local approximation, provided the characteristic distance over which the
amplitude of the external electric ﬁeld E changes
(e.g., the depth of the ﬁeld penetration into the
metal through the skin-effect) is much larger than
the effective mean free path, leff = |l/(1 − iωt)|,
where l = vτ and v is the average carrier velocity.
HIGH-FREQUENCY SIZE EFFECTS
Dependence of the impedance and/or the trans-

parency of an electrically conducting medium
(metal or semiconductor) on its dimensions (see
Size effects). During bilateral antisymmetric excitation of electromagnetic waves under the conditions of the normal skin-effect (the skin depth
δ exceeds the electron mean free path, l), the
impedance is at its maximum when δ equals a
half of the plate thickness, d, i.e. the entire sample volume placed in the resonant cavity takes
part in lowering the cavity quality factor Q. For
δ > d/2, the intensities of the waves reﬂected from
and passing through the plate fall off with decreasing frequency ω due to the superposition
of waves inside the plate. The Fischer–Kao size
effect (H. Fisher, Y.-H. Kao, 1969), which provides a direct determination of the skin depth
by a radio-frequency measurement, has been observed in semiconductors. In metals this effect
takes place even at room temperatures up to frequencies of ω  1014 Hz. It may be employed
to control the state of the specimen surface, and
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when the surface is improved through mechanical
(polishing) or chemical processing the maximum
of the impedance shifts to lower frequencies. At
liquid helium temperatures l is quite large (reaching 0.1–1 cm in pure metals) and the anomalous
skin-effect occurs (δ  l) over a wide frequency
range, including radio-frequencies. For δ  l high
frequency size effects develop when d is comparable to l. They are related to the excitation of
weakly damped waves that are produced by electrons, and that carry information on the state of
the ﬁeld within the narrow skin depth layer to distances of the order of l into the specimen.
In a magnetic ﬁeld B tilted by an angle θ  d/ l
from the surface of a thin metal layer the intensity of waves reﬂected from that layer and passing
through it will oscillate with changing B, provided that the radius r of the electron orbit satisﬁes
r  d (analogue of Sondheimer oscillations). Let
θ = 0 and δ  2r < l  d. Then, provided that
there are no open electron trajectories, the electromagnetic ﬁeld penetrates into the bulk in the
form of narrow bursts, having a width of the order of δ only, while the distance between such
bursts remains equal to the extremal diameter of
the electron orbit. The transparency of a thin plate
sharply increases when a burst of high frequency
ﬁeld approaches the face opposite the skin-layer.
This effect, in its turn, results in an oscillatory dependence of the plate impedance and transparency
on B (see Fig. 1). Both the widths of such bursts
(δ1 , δ2 , . . .) and their shape signiﬁcantly depend
on l and on the state of the specimen surface.
The larger l, the narrower the burst, so that in
plates with rough surfaces one may deduce the
mean free path of those charge carriers that exhibit
high-frequency size effects from the width of the
corresponding high-frequency lines. The burst approaching a smooth enough surface area to within
Δ  r is transformed quite appreciably. The lower
Δ is, the more often the electrons almost specularly reﬂected by the surface enter such bursts, and
thus the more appreciably they screen the electromagnetic ﬁeld. Within the range δ < Δ  r
the burst narrows in proportion to (Δ/r)1/6 . At
the same time its amplitude is proportional to
(Δ/r)1/3 and is sensitive to the state of both faces
of the plate. In the case of multiple mirror reﬂection the trajectory of an electron travelling through

Fig. 1. Specular reﬂection of charge carriers by the conductor surface: electrons 1 (remaining in the skin layer)
produce a strong high-frequency current screening the
electromagnetic ﬁeld; electrons 2 and 3 “pull” the highfrequency ﬁeld into the bulk of the metal; electrons 4
screen the ﬁeld in the burst nearest to the x = d face.

Fig. 2. Multichannel specular reﬂection, whereby electrons effectively interacting with the high-frequency ﬁeld
in the skin-layer also take part in forming bursts of the
high-frequency ﬁeld below the skin-layer.

a magnetic ﬁeld parallel to the specimen surface
is no longer periodic (a reﬂected conduction electron has several inequivalent states). The electron
alternatively “glides” along the conductor surface,
remaining in the skin-layer, or it enters the bulk of
the material, producing a burst of high-frequency
ﬁeld at a distance of the order of r (see Fig. 2). The
further transfer of high-frequency ﬁelds produced
by that burst into the bulk material is carried out by
those electrons exhibiting an extremal diameter of
their orbits. As a result, there appears an additional
series of high-frequency size effect lines absent
in plates with rough surfaces. By studying these
additional lines, one may determine the mutual position of separate indentations of the Fermi surface
in momentum space. Each high-frequency ﬁeld
burst is formed by a small group of conduction
electrons, the diameters of their orbits scattering
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within the order of δ around each other. Meanwhile, the ﬁeld of a burst in the radio-frequency
region is at least (r/δ)1/2 times lower than the
ﬁeld in the skin-layer.
Proceeding to the UHF range one may ﬁnd
bursts of signiﬁcantly higher intensities. Under
the conditions of cyclotron resonance in metals,
when the energy spectrum of charge carriers is
anisotropic, the surface is rough, and ωτ > r/δ,
the ﬁeld in the burst coincides with that in the
skin-layer in its order of magnitude (τ = l/v is the
charge carrier mean free time). This is because of
the scatter of the orbit diameters of the resonance
electrons, such orbits forming in the skin-layer
when r(ωτ )−1 , is smaller than or of the order
of δ. At even higher frequencies, ω > v(rδ)−1/2 ,
the wave phase changes several times while the
electron ﬂies through the skin-layer, and instead
of bursting into the metal the high frequency ﬁeld
penetrates it via a different mechanism, that of
electron transit. Note that the latter is also sensitive to the state of the material surface. Hence, if
the electrons are almost specularly reﬂected then
the transparency of a thin (d  l) plate acquires
a resonance character as long as the electrons repeatedly return into the skin layer. In the case of
a weak magnetic ﬁeld (r
d), the electrons carrying information on the ﬁeld into the skin layer
perform essentially a nonlinear unwinding of the
high-frequency temporal oscillations of the ﬁeld
into the respective spatial oscillations. At ω
v(rd)−1/2 this results in an oscillatory dependence of the transparency of a thin plate. It is then
a function of B −1/2 , the period of this function
being dependent on ω, d, and the local properties
of the Fermi surface.
A size cyclotron resonance takes place within
the d < 2r < l range. Instead of the “cut-off” of
the cyclotron resonance frequencies at the plate
depth there appear new resonance frequencies at
a multiple of the rotation frequency of those electrons in the magnetic ﬁeld which have their orbit
diameters equal to d. Studies of cyclotron resonance for various values of d make it possible to
determine not only particular effective masses, but
all the effective masses of charge carriers at the
Fermi surface. At these frequencies the impedance
has a weaker, logarithmic frequency dependence,
instead of the fractional power law dependence.
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Fig. 3. The Andreev reﬂection of charge carriers from the
N–S (normal metal–superconductor) interface. Trajectory 2 complements trajectory 1 to form an open electron
orbit in a bulk specimen, and there is no “cut-off” of the
resonance frequency at r < d < 2r.

In a plate with smooth enough faces charge carriers repeatedly return to the skin-layer due to
multiple specular reﬂections off the face opposite to the skin-layer, and these also take part in
the resonance. Dimensional cyclotron resonance
is also possible in weak enough magnetic ﬁelds
(however, strong enough to satisfy the condition
r < l 2 /d). By measuring the width of the resonance lines one may determine the dependence of
the specular reﬂection probability on the angle of
incidence of the electrons on the conductor surface. In a thin layer of a normal metal superposed
on a superconducting substrate, the “cut-off” of
part of the cyclotron resonance takes place at
appreciably lower values of B, when the halfdiameter of the orbits of the resonance electrons
equals the depth d of the normal metal layer. When
r < d < 2r then Andreev re ection of charge carriers by the normal metal–superconductor (N–S)
interface takes place, with the sign of the velocity of those carriers reversing itself (v → −v). In
that case, the frequency of a charge carrier entering the skin-layer appears to be the same as that in
the bulk material (see Fig. 3). There forms a narrow burst of high-frequency ﬁeld in the presence
of the magnetic ﬁeld. As B decreases the burst
approaches the surface of the layer in which the
electromagnetic wave is excited, so that at r = d
a signal associated with high-frequency size effects is detected. Now, for the condition r > d a
signiﬁcant fraction of electrons, having effectively
interacted with the high-frequency ﬁeld in the
skin-layer, and having subsequently experienced
Andreev reﬂection from the N–S interface, must
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eventually collide with the layer surface. Meanwhile, resonance effects are only possible when
there is almost specular reﬂection from that surface. Experimental studies of these effects make it
possible to directly observe the Andreev reﬂection
of electrons.
HIGHLY-DOPED SEMICONDUCTORS
Semiconductors whose concentration of impu-

rities N is so high that weak compensation causes
electronic states at the Fermi level to become delocalized, and the low-temperature electrical conductivity assumes a metallic, non-activated nature.
Experiments show that the transition from activated conductivity to the metallic type with the
growth of N (Mott metal–insulator transition) takes
place at the concentrations that fulﬁll the condi3 ≈ 0.02, where a is the Bohr radius
tion NaB
B
of the impurity atom. The theory of highly-doped
semiconductors usually rests on the assumption
3
1 holds. In this case,
that the inequality NaB
in the weakly-compensated highly-doped semiconductors the electrons are degenerate, and the
structure of the density of states is described by
the linear theory of screening (see Electric charge
screening). For this situation the frequency dependence of the band-to-band light adsorption coefﬁcient at frequencies below the threshold provides
the density of states of minority carriers. With the
growth of compensation (or temperature), when
the Fermi level lies deep in the band gap, the direct association of the frequency dependence of
the absorption coefﬁcient with the density of states
vanishes.
A special class arises with strongly-compensated highly-doped semiconductors, where the electron density at sufﬁciently low temperatures appears to be highly nonuniform in space. The
screening of the potential associated with ﬂuctuations of impurity concentrations in such a system
is nonlinear. The greatest spatial R and energy γ
scales of ﬂuctuations, which are not screened by
the electrons, are equal in order of magnitude to
1/3
2/3
the values R = Nt /n2/3 , γ = e2 Nt /(εn1/3 ),
respectively. Here Nt is the overall concentration
of impurities, n is the difference in concentration of basic and compensating impurities, ε is
the dielectric constant of the system. In such semi-

conductors electrons form drops isolated from one
another. Within each drop the conductivity has a
metallic nature, but the drops occupy only a small
fraction of the volume. They are separated from
one another by potential barriers with height γ and
thickness R, and at not very low temperatures conduction takes place by the relegation of electrons
to the processes of percolation (see Percolation
theory), i.e. it has an activated nature. The transition from metallic conductivity to the activated
variety with the increasing extent of compensation
(Anderson transition) in highly-doped semiconductors has been experimentally observed in n-Ge,
GaAs, CdTe and n-InSb. Such a transition may
occur under the effect of a magnetic ﬁeld, because the magnetic ﬁeld, by restricting the motion
of electrons in directions transverse to the ﬁeld
direction, helps to bring about their localization
(see Anderson localization). The limiting case of
strongly-compensated highly-doped semiconductors is sometimes investigated theoretically for
the purpose of modeling properties of amorphous
semiconductors.
HIGH MELTING TEMPERATURE MATERIALS
See Refractory materials.
HIGH MOLECULAR WEIGHT COMPOUNDS

Compounds containing in a single molecule
a large number (from several thousands to many
millions) of chemically bound atoms, e.g., proteins, starch, polyethylene, and other polymers. In
the case of ﬂexible-chain polymers the location of
the boundary between the low molecular weight
and the high molecular weight categories depends
on the exibility of the polymer chain. In the case of
rigid-chain molecules forming three-dimensional
networks the transition from the low to the high
molecular weight categories is blurred.
HIGH MOLECULAR WEIGHT GLASSES

Amorphous polymers in the solid state. The
properties of high molecular weight glasses (e.g.,
speci c heat) depend on the temperature of the
transition to the vitreous state of matter (the temperature of vitri ca tion), and on the chacteristics
of the vitriﬁcation process. In particular they de-
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pend on the rate of cooling during vitriﬁcation, the
type of solvent, and the velocity of its evaporation
upon the formation of the polymer glass from the
solution. Concerning mechanical effects, the transition to the glass-like state depends on the loading
speed and on the frequency of vibrations (mechanical vitriﬁcation). High molecular weight glasses
are capable of extensive strain when loaded in the
thermal range below vitriﬁcation (induced high
elasticity).
HIGH-PERMEABILITY MAGNETIC MATERIALS
Materials which have high values of magnetic
saturation, and which can be easily remagnetized
(see Magnetic reversal) and demagnetized. This

is achieved by forming alloy compositions with
a highly uniform atomic magnetic structure, and
close to zero constants of magnetic anisotropy
(K1 ) and of magnetostriction (λs ).
There are several systems of high permeability
magnetic materials:
1. In the Fe–Ni alloy system there are three
types of compositions, used for production of
high-permeability magnetic materials, called
permalloys. At 70–85% of Ni with the help of
annealing in the range of temperatures 1100–
1300 ◦ C in vacuo (or hydrogen) and cooling at
a regulated rate, a state with K1 and λs , close
to zero, is obtained, in this case with values
of magnetic permeability (initial and maximum)
μa = 2·104 to 2·105 , μmax = 105 to 106 , but
these alloys have low saturation induction Bs =
0.5 to 0.8 T. To facilitate the process of thermal
treatment of such alloys and obtain certain combinations of magnetic, electrical and mechanical
properties, they are alloyed with the following elements which inﬂuence the ordering processes:
Mo, Cr, Cu, V and Si. The best properties in this
group are exhibited by supermalloy containing
80% Ni, 5% Mo, 15% Fe and with μmax > 105 .
The alloys with 55 to 68% Ni after thermomagnetic treatment and thermomechanical treatment
acquire a magnetic texture with an easy magnetization axis, and for magnetizing along this direction they have a rectangular magnetic hysteresis
loop and μmax > 800,000. The compositions with
45–50% Ni have an increased Bs = 1.3 to 1.5 T.
During the course of secondary recrystallization at
1150 to 1200 ◦ C a crystallographic texture appears
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in them, which provides high-permeability magnetic materials with μa and μmax within the limits
2,000 to 5,000, and 20,000 to 300,000, respectively. All the Fe–Ni alloys are pliable, they can be
subjected to cold rolling up to micron thicknesses,
to cutting and welding; after thermal treatment in
the state with maximum permeability they are very
sensitive to mechanical stresses and deformations,
under the inﬂuence of which their magnetic properties sharply deteriorate.
2. Alloys containing 33 to 40% Ni, 25 to 30%
Co, additions of: Cr, Si, Mo, Cu, and residual Fe.
With the help of a thermomagnetic treatment they
exhibit a rectangular hysteresis loop with Br /Bs =
0.85 to 0.98 and μmax = 4·104 to 8·105 .
3. Alloys based on the Fe–Al system containing about 12% Al have a high hardness; they
are used for manufacturing magnetic circuits and
products which are routinely subjected to mechanical loads.
4. Some metallic glasses, obtained by quenching from the liquid state, have high values of
μa and μmax . For example, Fe–Ni glasses with
45% Ni after annealing in a longitudinal magnetic ﬁeld have μmax = 310,000. Some Co-based
glasses after tempering in vacuo at 300 ◦ C have
μa = 30,000 and μmax = 370,000.
HIGH-PRESSURE CELLS

Devices for the creation of static pressure in
excess of 100 MPa.
High-pressure cells with a gaseous or liquid
pressure-transmitting medium are capable of producing a hydrostatic pressure of up to 3 GPa.
These cells are made in the shape of hollow
thick-walled (often multilayer) cylinders, closed
(if the pressure is created by means of a pump)
or with a movable piston (if they are driven by
a press). A higher (but quasi-hydrostatic) pressure (up to 170 GPa) is produced in solid-state
high-pressure cells, i.e. with a solid pressuretransmitting medium. These cells are press-driven
and consist of a container (material: pyrophyllite, talc, lithographic stone) with the material to
be compressed inserted into it, and force bearing
hardened instrumental steel, hard alloy or diamond
placed around the container. The shape of the
force applicators are chosen so that a cavity ca-
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pable of reducing its volume is created around
the container. This cavity may be either initially
closed (high-pressure cells with gliding punch), or
with clearances left between power details (highpressure cells with compressible burr). When the
force applicators come closer together, a part of
the container’s material is forced out into these
clearances to form the burr locking the cavity, and
clamp together the surfaces of power details adjacent to the cavity. The lateral surfaces of the
force applicators are clamped together by pressing them into steel cartridges. The steel solid-state
high-pressure cells create a pressure up to 5 GPa,
and the diamond ones up to 170 GPa. For synthesis of diamond, cubic boron nitride and sintering
of composite materials on their base, the industry
employs solid-state high-pressure units for pressures 5–8 GPa in the shape of two anvils with
depressions, together with a cylinder with ﬂared
holes at both ends and two punches (see also High
pressures, High pressure measurements).
HIGH PRESSURE MEASUREMENTS

Measurements of pressure carried out with
the help of various manometers whose operation
is based on the pressure dependence of many
diverse characteristics of matter, viz., thermodynamic, electric, magnetic, spectral, and so on.
Manometers must be calibrated by comparison either with results of absolute measurements using
piston gauges, or with secondary data recommended by the special group of the International
Association on Development of Research in the
ﬁeld of high pressures (1986). Below 1.4 GPa, the
pressure measurements can be based on mercury
melting temperature data. Manometer calibration
can also be based on characteristics of phase
transitions at room temperature, calculated data
relating the pressure (in kbar) to the compressibility of NaCl, or the spectral shift of the R1
line in the spectrum of ruby at room temperature:
2.746 R1 (Å) = P (kbar) (this equation is valid
up to 200 kbar). The Raman spectrum of ruby is
currently the most popular calibration method.
Measurements of high pressures are often reported in non-standard units, such as: kilobar and
megabar, as well as derived SI units: megapascal (106 Pa), gigapascal (109 Pa), and terapascal

(1012 Pa) (see Units of physical quantities). Their
interrelationships are given below:
kbar
Mbar
MPa
GPa
TPa

kbar
1
103
10−2
10
104

Mbar
10−3
1
10−5
10−2
10

MPa
102
105
1
103
106

GPa
10−1
102
10−3
1
103

TPa
10−4
10−1
10−6
10−3
1

HIGH PRESSURES in solid state physics

Conventional name for a range of pressures at
which the distance between the atoms in solids
decreases more through compression than it does
during cooling of the same body at a normal pressure. Pressures above 100 MPa are classed as high
pressures.
In solid state physics the high pressures that
are generally employed are of the static type. In
this case the value of the attainable pressure is
determined by the design characteristics of the
high-pressure cell and chamber. Depending on the
application, the speciﬁcations required for particular investigations can put limits on the range of
working pressure. For example, a high pressure
chamber can be weakened by windows incorporated for the admission of light, by conductoring
wires inserted for resistance measurements, or by
the incidence of ionization radiation. For magnetic
investigations the chambers should be manufactured from non-magnetic materials; for chambers
working at high or low temperatures appropriate
materials must be selected. The pressure, together
with the temperature, both enter the main thermodynamic relations, and can appear as differentials
of energy, entropy and volume. The dependence
of the pressure on the volume and temperature
is described by an equation of state. Several approximate and empirical equations of state have
been proposed which give satisfactory agreement
with experimental data, at least for pressures up to
20 GPa.
Under compression changes can occur in various interactions, and in particular, interactions between electrons of the same conﬁguration, interactions with nuclei, as well as inter-conﬁgurational
interactions. The values of these interactions
sharply differ for “inner” and “outer” electron
shells. For instance, the variation of electrostatic interactions of f -electrons can bring about
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a shift of energy levels up to approximately
10 cm−1 /GPa, and the shift of outer conﬁguration
levels can be an order of magnitude higher.
Using such relations and the fact that high pressures can provide a large variation of inter-atomic
distances, it is possible to single out these interactions and to acquire some information about them
which cannot be obtained by the other methods.
Quantitative investigations of this type have been
carried out using magnetoacoustic resonance, tunneling spectroscopy, electron paramagnetic resonance, nuclear magnetic resonance, etc. It often
happens that at the attainment of a particular degree of compression qualitative changes in properties occur, the characters of interactions change,
and phase transitions are observed. For example, metallic cesium undergoes an electronic phase
transition (see Phase transitions under pressure)
in the vicinity of 4.5 GPa; its volume signiﬁcantly
decreases without a change of the close packing of
the atoms or the lattice symmetry. Such transitions
are studied by measuring the electric resistance,
because they often involve a metal-to-insulator
transformation (and also superconductor). Modern experimental installations permit one to make
simultaneous measurements of electric resistance
under high pressures (up to 50 GPa) and low temperatures (below 1 K). Different spectral investigations (absorption, luminescence, Raman scattering of light, etc.) performed at low temperature
(4.2 K using “piston–cylinder”, and 25 K using
“diamond anvil” type chambers) and high pressure
(up to 6 GPa in two-step “piston–cylinder”, and up
to 16 GPa in “diamond anvil” chambers) are devoted to the study of structural phase transitions
and electronic phase transitions.
During magnetic investigations at high pressures (up to 1 GPa) and low temperatures (below
0.05 K) some rare-earth substances characterized
by magnetic ordering loose this ordering down
to the lowest temperatures. Investigations of the
Mössbauer effect have shown, in particular, that
these materials do not change their valence up to
very high degrees of compression. At present the
Mössbauer effect can be studied (at room temperature) at pressures up to 70 GPa.
HIGH-SPIN COMPLEXES
Complexes of transition metals, in which the

electrostatic interaction of electrons within a par-
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tially full d-shell of the central transition atom
exceeds that of the crystal ﬁeld of the ligands.
High-spin complexes are formed preferentially
with strongly electronegative ligand atoms and
groups utilizing strongly ionic type bonds, without
essential participation of d-orbitals. In high-spin
complexes the structure of the d-shell is not disturbed by the inﬂuence of weak ligand ﬁelds, and
the number of unpaired d-electrons, which has a
maximal value according to the Hund rule for the
main term of the isolated central atom, remains the
same in complexes with ligands. Low-spin (spinpaired) complexes are also distinguished; they are
complexes of transition metals, where the maximum possible spin of unpaired electrons in the
unﬁlled d-shell of the central atom is not realized
due to the strong interaction with the ligands. This
interaction brings about the splitting of the d-level
of the central atom into sublevels, the multiplicity
of which is determined by the crystal ﬁeld symmetry (see Crystal e ld). Differences in the total
spin of the ground state, depending on the ligand
type, are possible for the electronic conﬁguration
d n of the central atom with n = 4, 5, 6, 7 in
the case of octahedral complexes, and with n =
3, 4, 5, 6 in the case of tetrahedral complexes.
In low-spin complexes the energy gain from placing electrons at the lower energy sublevels exceeds
the loss in exchange energy. These complexes are
characteristic of the second, and especially of the
third series of transition elements; they are formed
preferably with weakly-negative ligands, bound to
metals by covalent bonds.
HIGH-TEMPERATURE ALLOYS
Alloys based on nickel, iron–chromium–nickel,
cobalt, or a mixed base, known for their hightemperature strength. The main features character-

izing high-temperature alloys are high resistance
to creep and fatigue, and long-term strength.
Deformable and cast high-temperature alloys
are distinguished. The heat resistance of the deformable high-temperature alloys is due to the
structure, where the particles of intermetallic compounds, borides and carbides are evenly distributed. Such a structure appears as a result of heat
treatment (homogenizing and aging, see Homogenization) bringing about the alloy heterogenization
of the microstructure. Besides, this appears during the course of alloying with refractory chemical
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elements (tungsten, molybdenum, vanadium) and
strengthening elements (e.g., titanium, aluminum,
niobium, boron). Finally, it can be created by
reduction of the content of lead, tin, antimony,
bismuth and sulfur, and by addition of reﬁning elements (calcium, cerium, barium and boron). The
long-term heating during the course of hardening
causes the depletion of alloying elements (titanium, aluminum, etc.) in the upper layer of the
products. The defective layer is removed by cutting, polishing or electrochemically. The thermalenvironment resistance of high-temperature alloys
in the air, in the products of fuel combustion, and
other gas media depends on the content of alloying elements, and it is determined by the operating
temperature, operational life, and alloy composition. Heat resistance reduces sharply in a medium
of combustion products of raw oil, black oil, of
combustion products of fuels with addition of sea
water, whereas chromium and aluminum improve
it. If the high-temperature alloy products are intended for foundry use at 800 ◦ C, their surface is
additionally subjected to a diffusion thermochemical treatment (calorizing, chromium calorizing,
enameling, deposition of refractory oxides, etc.).
Deformable high-temperature alloys are fused in
vacuo by the methods of HF induction, including
plasma overheating, complying with strict requirements on the purity of alloys.
Cast heat-resistant alloys differ from deformable alloys by their dendriticity (see Dendrites).
The inter-dendrite spaces contain, as a rule, fusible
element admixtures, oxides, sulﬁdes, etc., so that
it is best to perform melting and pouring under
vacuum or in argon, using extremely pure charge
materials. Homogenization can partly correct for
structural inhomogeneity. The products made of
cast high-temperature alloys are calorized (aluminized) in dry mixtures or by dipping into liquid
aluminum alloy with subsequent diffusion heating at high temperatures. Calorizing (chromium
calorizing) improves the oxidation resistance of
surface layers as well as the thermal stability of
the products. High-temperature alloys are used
to manufacture parts of steam and gas turbines,
and internal combustion engines operating at high
temperatures, air jet engines, and in rocket engineering.

HIGH-TEMPERATURE EXPANSION

A method for the approximate calculation of
thermodynamic functions (see Thermodynamic
potentials) and average values of physical parameters, based on their expansion in an inﬁnite series
with respect to the small parameter δE/(k B T ),
where δE is the energy scale characteristic for
the given problem. Often only the term linear in
1/T is taken into account. This is acceptable if
the energy spectrum of the system is restricted
to the narrow interval E  k B T . In the general case this approximation can be applied to a
group of levels which lie within the relatively narrow energy gap E1  k B T and are separated
from other levels by an appreciable energy interval
E2
k B T . The high-temperature expansion is
used in the theory of magnetism because spin systems have a restricted spectrum. In particular, the
Curie law for the magnetization of an ideal paramagnet is well described by this approximation. In
non-equilibrium thermodynamics this approximation allows one to linearize the kinetic equations
for reciprocal temperatures of quasi-equilibrium
subsystems.
HIGH-TEMPERATURE MATERIALS

Materials known for their enhanced high-temperature strength. High-temperature materials also
exhibit high resistance to creep and failure at
elevated temperatures. They include high-temperature alloys based on iron, nickel and cobalt,
refractory materials, and also complex composite
materials: metal–oxide, metal–carbide and metal–
intermetallic compounds with various high-temperature properties. The properties of high-temperature materials depend on the melting temperature of their base, on homologous temperatures,
diffusion mobility (see Diffusion), atomic bond energy in alloys, and on their structure. Within each
group of materials and each base (aluminum and
magnesium steels, nickel alloys, cobalt and refractory alloys), mechanical properties (long-term
strength, Young’s modulus, impact strength, tensile
ultimate limit, etc.) vary over a wide temperature
range depending on the alloying of the base, on
melting methods, heat treatment, and gas medium
composition.
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HIGH-TEMPERATURE STRENGTH

The ability of a material to resist plastic deformation and failure under the conditions of high
temperature, and constant and alternating stresses.
The main physical parameters which determine
the high-temperature strength of materials are the
magnitude and direction of interatomic bonds in
crystal lattices of their component phases, and
also the crystal structure. The magnitude and direction of interatomic bond forces determine the
upper limit of temperature, where the material
still has a high resistance to plastic deformation.
Depending on their purpose, heat-resistant materials may be unalloyed metals, solid solutions,
dispersion-hardened alloys (see Dispersion hardening) and composite materials.
Heat treatment and mechanical heat treatment
are capable of producing a certain structure and
dislocation substructure in the material, which
increase the resistance to plastic deformation at
high temperatures. The higher the density of crystalline structure defects, the more disperse and
uniformly distributed the secondary phases, and
also the higher the resistance of the material to
plastic deformation. Since thermodynamic stability differs for different structure types, the longer
the material must operate at high temperature the
more stable the strengthing structural elements
should be. In the case of a very long service life
(over 100,000 hours), the material is subjected beforehand to special stabilizing types of treatment.
Depending on this expected life, on the nature of
the loaded state: static, dynamic or cyclic, and also
on the value of permissible deformation, different parameters are used to deﬁne high-temperature
strength of the material. Hot hardness and shortterm strength at high temperatures serve for estimating the high-temperature strength of the material in the case of short-term operation, and also
for a tentative appraisal in the case of long-term
service. Creep is often observed in the material after the long-term action of static stress at a
high temperature. To evaluate destruction resistance, the long-term strength limit is used, which
is deﬁned as the minimal stress, at which the
material fails during a certain time period at a
500 , σ 700 , σ 100 ,
speciﬁed temperature, e.g., σ1000
3000 10000
where the subscript shows the time to failure (hrs),
and the superscript gives the temperature (◦ C).
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If the maximum permissible lengthening serves
to limit the material service life, then the conditional creep limit is used, i.e. the stress, at which
a speciﬁed deformation is attained during the pre100
1200
determined time period, e.g., σ0.2/500
, σ1.0/1000
,
◦
etc. (superscript gives temperature ( C), subscript
% strain/time to develop deformation). When the
deformation in the material is preset as constant,
then the stress relaxation occurs at a high temperature during the course of time. Elastic strain
is gradually transformed, by virtue of creep, into
plastic deformation. In this case, high-temperature
strength is determined by the relaxation strength
which is evaluated by the stress, στ , remaining
in the material for the time period τ , or by a decrease in stress στ , for the same time period:
στ = σ0 − στ , where σ0 is the initial stress. If
the stress changes in a cyclic manner then one can
observe the creep via the cyclic stress, dynamic
creep and high-temperature fatigue in the material. Creep at cyclic stress can occur if the value
of stress changes according to a rectangular cycle with a long period (tens of minutes to tens
of hours) as a superposition of cyclic stress σ a
over average stress σ m . When compared to creep
at constant stress equal to the maximum level in
the cycle, the creep resistance at cyclic stress often proves to be lower. In the case of dynamic
creep, the tension also changes in a cyclic way, but
the frequency is considerably higher (from units to
tens of hertz) and the value of the stress change
is considerably below the average stress in the
cycle. Reversing the sign of the load at a high temperature leads to fatigue in the material. Fatigue
resistance is expressed in terms of the number of
cycles until the appearance of a macrofracture (see
Fractures), or until the failure of the deformation
amplitude at a preset temperature.
HIGH-TEMPERATURE SUPERCONDUCTIVITY
A phenomenon of superconductivity observed

at temperatures much higher than those of ordinary superconductors (T > 30 K) and discovered in 1986 by J.G. Bednorz and A.K. Müller
and C. Chu in metal oxide ceramics (see Hightemperature superconductors). The highest transition temperature into the superconducting state
now stands at Tc ≈ 145 K for the mercury cuprate
compound HgBa2 Ca2 Cu3 O8+x , which also exhibits Tc ≈ 166 K at a pressure of 30 GPa.
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In 1946 R.A. Ogg Jr. observed a sharp drop
in the resistance of a metal–ammonium solution
Na:NH3 frozen in liquid nitrogen (T = 77 K).
Based on his experiments, Ogg suggested that
bound electron pairs with zero spin form as a
result of the polarization of dipole molecules
of NH3 (prototype of singlet Cooper pairs or
bipolarons), and he attributed zero resistance (i.e.
superconductivity) to the super uidity of such
charged bosons. Ogg’s experimental results, however, were later found to be due to the precipitation
of sodium ﬁbers from the solution.
Almost twenty years later the idea of hightemperature superconductivity appeared in studies
by W. Little (1964) who suggested its possibility
in organic polymers at Tc ∼ 102 –103 K. Similarly, V.L. Ginzburg pointed to a possibility of
high-temperature superconductivity at a metal–
insulator interface or in “sandwich” systems of
the insulator–metal–insulator or semiconductor–
metal–semiconductor type. These studies considered a non-phonon mechanism of Cooper pairing
of conduction electrons (see Cooper effect), which
might occur due to exchange of high-energy excitations of the Bose type, i.e. excitons (see Exciton
mechanism of superconductivity). V.L. Ginzburg
and D.A. Kirzhnits wrote a book entitled High
Temperature Superconductivity in 1977. The above
ideas stimulated experimental research in systems
of low dimensionality, such as the quasi-onedimensional crystals (both organic and inorganic)
of the TTF-TCNQ, KPC type, the (SN)x polymer,
Nb(Se, S)3 , or the quasi-two-dimensional crystals
of the type of Nb(Se, S)2 and Ta(Se, S)2 . However,
the maximum values of Tc ≈ 10 K could only be
reached in the (ET)2 Cu(NCS)2 compound.
In 1967–1968 J. Garland, H. Fröhlich, and
E.A. Pashitsky independently suggested a mechanism of high-temperature superconductivity in
the transition metals and in degenerate semiconductors, semimetals and layered semiconducting
structures where there seemed to be a possibility
of another type of collective boson excitation exchange of an electronic nature, namely acoustic
plasmons. Such excitations had been predicted
earlier by D. Pines (1956) for a two-component
Fermi liquid with “light” and “heavy” charge carriers (see Plasmon mechanism of superconductivity). B.T. Geilikman (1966) treated a similar

mechanism of electron superconductivity involving the screened Coulomb interaction in transition
metals and alloys. No account, however, was taken
of the effects of retardation that develop during the
exchange of acoustic plasmons.
After the discovery of high temperature superconductivity in 1986, numerous new theoretical
concepts appeared to explain this unique phenomenon. Such concepts may be separated conditionally into the traditional ones that treat this or
that mechanism of Cooper pairing (see Bardeen–
Cooper–Schrieffer theory), and the nontraditional
varieties that offer entirely new approaches to
the solution of the problem of high-temperature
superconductivity. Among the ﬁrst are the models with strong electron–phonon interaction that
are based on the Eliashberg equations for the
energy gap in superconductors and the critical
temperature. Various non-phonon mechanisms of
superconductivity are considered, in particular
those stemming from the exchange of dipole and
quadrupole permitted excitons (see Exciton mechanism of superconductivity) or of collective excitations of charge density (e.g., of plasmons, see
Plasmon mechanism of superconductivity). Such
excitations may take place in layered (quasi-twodimensional) metals and in narrow-band metals
with charge carriers almost localized at lattice
points. In 1962 I.Ya. Privorotsky suggested another mechanism of Cooper pairing for the case
of triplet p-wave pairing of electrons that could
go via the exchange of virtual antiferromagnetic
magnons (see Magnon mechanism of superconductivity). D. Pines (1990) applied this mechanism
to a modiﬁed case of singlet d-wave coupling
of holes in CuO2 cuprate layers to explain the
nature of high temperature superconductivity. According to a concept suggested by A.A. Abrikosov
(1993), an important role in Cooper pairing that
takes place in high-temperature superconductors
based on layered copper metal-oxide compounds
is played by the quasi-one-dimensional saddle
anomalies (lines of saddle points) found in the
quasi-two-dimensional dispersion law (band spectrum). These are experimentally observable using
angle resolved photoelectron spectroscopy. Such
anomalies are characterized by Van Hove singularities in their density of electron states.
Other nontraditional theories of high temperature superconductivity which have been proposed
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include the model of resonating valence bonds
(see Anderson mechanism of high-temperature
superconductivity), various modiﬁcations of the
Hubbard and the Heisenberg models (see Hubbard model and Heisenberg magnet), the model
of a charged bipolaron gas superconductivity (see
Bipolaron mechanism of superconductivity), the
anyon model – a model of quasi-particles that follows a statistics intermediate between the Boson
and Fermion types in strongly correlated twodimensional systems, etc. Currently, there is no
comprehensive uniﬁed commonly accepted theory
of high-temperature superconductivity, although
the BCS theory does quite well in explaining most
known properties.
HIGH-TEMPERATURE SUPERCONDUCTORS

Solid-state materials (chemical compounds
such as alloys, solid solutions, especially ceramics) with rather high critical temperatures (Tc )
of their superconducting phase transition (assumed Tc > 30 K). The ﬁrst high-temperature
superconductor was discovered by J.G. Bednorz
and K.-A. Müller (1986) in the form of ceramic
samples of a LaBaCuO metal-oxide compound,
Tc ≈ 30 K. At present, several types of copperoxygen containing (cuprate) high-temperature
superconductors are known: La2−x Mx CuO4
(M = Ba, Sr, Ca), the maximum value of the critical temperature, Tc max ≈ 40 K; YBa2 Cu3 O6+x
(123) and YBa2 Cu4 O7+x (124), Tc max ≈ 90 K;
Bi2 Sr2 Can−1 Cun Ox , Tc max ≈ 110 K (for n = 3);
Tlm Ba2 Can−1 Cun Ox , Tc max ≈ 115 K (for m = 1
and n = 5), or Tc max ≈ 125 K (for m = 2,
n = 3); HgBa2 Can−1 Cun Ox , Tc max ≈ 135 K
(for n = 3) and Tc max ≈ 160 K under pressure (30 GPa). All such compounds feature a
perovskite-type structure (see Perovskites) and
contain from 1 to 5 of the so-called cuprate layers of CuO2 in their unit cell, the latter serving as the basic conducting and superconducting channel in a high-temperature superconductor.
Layers of CuO2 alternate with layers of metal
ions (Ca2+ , Sr2+ , Y3+ ) and oxide layers (LaO,
BaO, SrO, BiO, TlO, HgO) in their crystal lattice. Figs. 1–3 demonstrate the crystalline structures of certain high-temperature superconductors.
Fig. 1 shows the structure of LaCuO4 (a) and
YBa2 Cu3 O7 (b); Fig. 2(a) shows the structure

Fig. 1.

Fig. 2.

of Bi2 Sr2 CuO6 and Tl2 Ba2 CuO6 with a single
cuprate layer, n = 1. Fig. 2(b) shows the structure of Bi2 Sr2 CaCu2 O8 and Tl2 Ba2 CaCu2 O8
with two cuprate layers, n = 2. Fig. 3(a) shows
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Fig. 3.

Fig. 5.

Fig. 4.

the structure of TlBa2 CuO6 and HgBa2 CuO6
with a single layer of CuO2 (n = 1). Fig. 3(b)
shows the structure of TlBa2 Ca2 Cu3 O10 and
HgBa2 Ca2 Cu3 O10 with three layers of CuO2
(n = 3). Using the method of molecular epitaxy
(see Molecular beam epitaxy) a metastable layered
system was constructed (Ca1−x Srx )1−y CuO2 that
contains an “inﬁnite” number of cuprate layers
of CuO2 , separated by intermediate layers of
Ca2+ and Sr2+ ions, with the critical temperature
Tc ≈ 110 K.
Depending on the contents of the intermediate layers, the valence (charge) state of the Cu
and possibly O ions also changes, as well as
the magnetic spin state of the Cu ions. For example, La2−x Mx CuO4 (M = Sr, Ba), x < 0.05

(and YBa2 Cu3 O6+x , x < 0.5) are both antiferromagnetic insulators (see Antiferromagnetism),
with Néel points found at TN = 300 K and 400 K,
respectively, for x = 0. They also feature a
two-dimensional ordering of half-integer spins
(S = 1/2) of their Cu2+ ions that form a double sublattice collinear structure (Fig. 4). As x
grows, large-scale macroscopic ordering in the
CuO2 planes deteriorates, although a high degree of localization of spin states and a nearneighbor antiferromagnetic ordering both persist.
Charge states appear of O− instead of O2− ,
as well as extra (doped) holes, ﬁrst localized
at atoms of oxygen. Next, as their threshold
concentration is reached (at x ≈ 0.05 per single layer of CuO within the volume of the unit
cell) these holes delocalize and the system as a
whole transforms to its metallic state (see Mott
metal–insulator transition, Anderson localization).
At T < Tc the same system transforms to its superconducting state (see High-temperature superconductors). Fig. 5 presents a typical compositional
phase diagram, drawn for the La2−x Srx CuO4

HIGH-TEMPERATURE SUPERCONDUCTORS

Fig. 6.

system, in the temperature (T ) versus doped carrier concentration (x) space. It provides an example of how various phases or states of cuprate
high-temperature superconductors can be related
to each other. Besides the cuprate compounds described above that feature hole conductivity in
their metallic state, there also exist compounds
of the Nd2−x Cex CuO4 type and Pr1−x Cex CuO4
type which exhibit electronic conductivity. However, their critical temperatures are signiﬁcantly
lower, Tc < 25 K. Their crystalline structure is
shown in Fig. 6.
One of the most prominent features of hightemperature superconductors are the nonmonotonic dependences of their critical temperature Tc
on x, and on the number n of CuO2 cuprate layers
in their crystal unit cells. There is also the absence of an appreciable isotope effect in all components of the cuprate metal-oxide compounds,
with the exception of oxygen and (possibly) copper. According to the classical isotope effect,
M α Tc = const, where M is the isotope mass and
α = 1/2 for the simpliﬁed BCS model involving
phonon-coupled Cooper pairs. The oxygen isotopic shift of the critical temperature Tc is also
anomalous when O16 is replaced by O18 , in both
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its dependence on the concentration of carriers,
and the value of Tc . As Tc increases for higher or
lower x, the index α of the oxygen isotopic effect
drops all the way to zero, and even becomes negative, in contrast to regular superconductors with an
electron–phonon interaction. In the latter, the index
of their isotopic shift in Tc decreases for lower Tc .
This feature may point to a non-phonon mechanism of high-temperature superconductivity.
At T < Tc high-temperature superconductors
typically display anomalous thermodynamic and
kinetic properties. For example, they feature a
non-exponential temperature dependence of their
electronic speci c heat, the rate of spin–lattice
relaxation, and the damping coefﬁcient of ultrasound. The high-temperature superconductors are
type II with abnormally high values of their trans⊥ (T = 0) > 100 T.
verse upper critical eld, Bc2
This is typical for layered superconductors with
weak Josephson binding between the layers (see
Josephson effect). In its turn, the layered structure
results in strong anisotropy of the critical ﬁelds
and currents (see Critical currents in superconductors).
The normal metallic state of high-temperature
superconductors above Tc also exhibits certain unusual properties, among which are a linear temperature dependence of their electrical resistance and
an inverse value of their Hall coefﬁcient (see Galvanomagnetic effects) over a broad temperature
range. Moreover, they feature nonlinear temperature dependences of their electron speciﬁc heat,
and the rate of their spin–lattice relaxation, pronounced deviations from the Drude formula in
the frequency dependence of their high-frequency
electrical conductivity, etc. All these anomalies of
normal state physical properties of the cuprate
superconductors (as well as the phenomenon of
high-temperature superconductivity itself) have as
yet found no comprehensive theoretical explanation.
Some authors include among the family of
high-temperature superconductors the Ba1−x Mx BiO3 metal-oxide compound (M = K, Rb) with a
cubic perovskite structure and the maximum value
of Tc ≈ 30 K, and perhaps fulleride, a C60 Mx
solid fullerene doped with alkali metals (M = K,
Na, Rb, Cs), its Tc max ≈ 47 K for C60 Cs3 .
Studies of physical properties of high-temperature superconductors, both already known and
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newly synthesized, are ongoing, and have ﬂourished during their active development phase. One
should not completely rule out the possibility of
discovering “room temperature” high-temperature
superconductors (Tc > 300 K). It is hard even to
grasp the perspectives of practical applications of
such an eventuality.
HIGH-TEMPERATURE X-RADIOGRAPHY
Use of X-ray diffraction to investigate solid-

state physics and material science problems at
high temperatures (500 to 3000 K). One main application is the investigation of rst-order phase
transitions and second-order phase transitions at
high temperatures, including polymorphism, the
crystal structure of the high-temperature modiﬁcations, determination of the phase transition
temperature, ﬁnding volume and orientation relations at the transformations, and elucidating the
kinetics of different transformations in the solids.
The X-ray diffraction data can provide hightemperature phase diagrams of multicomponent
system equilibria. This technique is also used for
studying heat expansion of crystals at high temperatures (X-ray dilatometry). Although the accuracy
of X-ray dilatometry is not very high, it has the
advantage of allowing one to measure the thermal expansion tensor of anisotropic crystals. The
X-ray diffraction data can provide estimates of the
equilibrium concentration of point defects. Measurements of the temperature dependence of the
intensity of X-ray diffraction lines, together with
heat diffusion dissipation at high temperatures,
can provide the characteristic Debye temperature.
X-ray diffraction intensity measurements are also
used to study alloy ordering processes.
HILBERT RELAXATION TERM
See Landau–Lifshits equation.
HOFFMANN METHOD, extended Hückel method
(R. Hoffmann, 1963; E. Hückel, 1931)

A semiempirical method, no longer much in
use, for the quantum mechanical calculation of
the electron structure of multiatomic molecules. In
the Hoffmann method the single particle states of
a molecule (molecular orbitals) are determined in
the form of linear combinations of valence orbitals
of component atoms, whose coefﬁcients are components of particular vectors Ci of the matrix of

the single-electron Hamiltonian H from the eigenvalue equations
H Ci = εi Si Ci ,

Ci+ SCj = δij ,

where S is the matrix of orbital overlap, Ci+ is
the transposed column-vector Ci ; εi are the energies of the one-electron levels; above the lowest
levels of the range the electrons are distributed in
accordance with the Pauli principle. The matrix elements of H are determined by the formulae
Hμμ = −Iμ ,
Hμν = kSμν

Hμμ + Hνν
,
2

μ = ν,

where Iμ is the ionization potential which responds to removal of an electron from a valence
atomic orbital μ, and k is a numerical coefﬁcient
(as a rule, k = 1.75). A principal drawback of the
Hoffmann method is its neglect of the Coulomb
interaction between electrons; however, owing to
its simplicity, it has been used to assess the electron density distributions and the spin density in
the ground state of molecules and radicals, and to
estimate the energy of conformations, internal rotation barriers, and characteristics of deformation
vibrations. The method is not satisfactory for determining bond lengths.
HOLE
A quasi-particle introduced to account for the
cooperative motion of electrons in energy bands
of solids. Holes are found in the valence band
of semiconductors, and in the conduction band
of hole-type metals and semimetals. The intro-

duction of holes replaces taking into account the
actual motion of all the band electrons in external
electric (E) and magnetic (B) ﬁelds by consideration of the motion of ﬁctitious particles, i.e. holes,
each of which has a positive charge e equal in
magnitude to electron charge; each hole occupies
one of the free (unoccupied) states of the band and
has the quasi-wave vector k of this state. As this
takes place, the following circumstances should
be noted: (1) the concentration of holes is equal
to the concentration of free-electron states in the
band, and can be calculated with the help of the
statistical equations which describe these states;
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(2) the motion of holes produces current, which
equals the current carried by actually existing electrons; (3) the change of state of a hole is described
by quasi-classical equations for positively charged
particles with positive effective masses:
1 ∂ 2 ε(k)
1
= 2
,
mij
 ∂ki ∂kj
where the mij are components of the effective
mass tensor, and ε(k) is the electron energy.
If, as it is the case for Ge or Si, the valence
band width matches or overlaps the maximum of
two or more electronic spectrum branches ε1 (k)
and ε2 (k), which have different values of effective
mass, then holes are classiﬁed into heavy (slow)
holes and light (mobile) holes, respectively.
In a certain region of k -space, i.e. in the cone
of negative effective masses in Ge, Si, AIII BV
semiconductors, the effective masses of holes
and, respectively, the differential conductivity may
have negative values. This provides an opportunity
for the design of extra-high frequency ampliﬁers
and generators.
Holes are responsible for hole (p-type) conduction of semiconductors, metals and semimetals. In
metals and semimetals the Fermi level may intersect several energy bands with overlapping energy
values. As this takes place, the role of current carriers can be played by holes in one energy band
and by electrons in another. If the concentrations
of electrons and holes are equal, then the metal
(semimetal) is called a compensated metal (e.g.,
Bi).
The term hole is also used in a sense which
is unrelated to an energy maximum. Free regions,
which arise under the Fermi surface at T = 0, are
also called holes (Fermi holes). A ﬁeld E, which
acts upon a metal, shifts the distribution of electrons (or holes in a hole-type metal). This may be
interpreted as the generation of kinetic holes in a
portion of the surface area in the neighborhood
of the Fermi surface, and of kinetic electrons at
the opposite E region. The absence of an electron
at the local electronic level of a defect is sometimes treated as the localization of a hole on it.
The term X-ray hole is also used, meaning a hole
which arises through ionization of deep lying electron shells of atoms.
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HOLE BURNING

Formation of a dip in the contour of an electron paramagnetic resonance (EPR) (or nuclear
magnetic resonance) spectral line due to the action of a short saturating microwave pulse applied
to the spin system. The hole burning is observed
immediately following the termination of the saturating pulse by recording the EPR signal using
low-power (non-saturating) continuous wave (cw)
microwaves incident on the system. The hole burning occurs because the energy absorbed in the
rapid saturation of particular resonating spins is
only slowly passed on to nearby spins, so the decrease of the signal intensity due to the saturation
effects occurs only at one particular location on
the line. In the presence of coherent effects or of
selective saturation the process of hole burning becomes more complicated. This procedure is used
to clarify the mechanism of EPR line broadening
and the efﬁciency of spin diffusion.
HOLE CONDUCTIVITY
Electrical conductivity of a semiconductor in
which the majority current carriers are holes. Hole

conductivity takes place in semiconductors when
the concentration of acceptors exceeds that of
donors. In the band theory of solids, hole conductivity is called p-type conductivity.
HOLMIUM, Ho

A chemical element of Group III of the periodic table with atomic number 67 and atomic
mass 164.93; it belongs to the lanthanide group;
21 isotopes are known with mass numbers from
150 to 170, among which only 165 Ho is stable. Electron conﬁguration of the outer shells is
4f 11 5s 2 5p6 5d 0 6s 2 . Successive ionization energies are 6.02, 11.8, 22.8 eV. The atomic radius is
0.176 nm, the radius of the Ho3+ ion is 0.091 nm,
the oxidation state is +3 (more rarely +2), electronegativity is 1.2.
In the free form holmium is a silvery-white
metal with α- and β-modiﬁcations known. α-Ho
has a hexagonal close-packed lattice with parameters a = 0.3578 nm, c = 0.5618 nm at room
4 ).
temperature; the space group is P 63 /mmc (D6h
Above 1700 K up to T melting = 1740 β-Ho has a
body centered cubic lattice with lattice parameter
a = 0.396 nm (extrapolated value) after annealing;
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space group is I m3m, Oh9 . The binding energy of
holmium is 3.0 eV/atom (at 0 K). The density is
8.78 g/cm3 (at 293 K), T boiling ∼ 2900 K. Latent heat of melting is ∼15 kJ/mole; latent heat of
sublimation is 280.5 kJ/mole; latent heat of evaporation is ∼260 kJ/mole, vapor pressure is 42.1 Pa
(at the melting temperature); entropy in the standard state is 75.45 J·mole−1 ·K−1 (at 298.15 K) at
room temperature; Debye temperature is ∼175 K;
linear thermal expansion coefﬁcient of monocrystal at 300 K is 13·10−6 K−1 along the principal axis 6 and 5.0·10−6 K−1 in the perpendicular direction; coefﬁcient of thermal conductivity of holmium polycrystal is 7 W·m−1 ·K−1
(at 100 K) and ≈16 W·m−1 ·K−1 at room temperature. Adiabatic coefﬁcients of elastic rigidity
of α-Ho monocrystal: c11 = 76.12, c12 = 26.0,
c13 = 20.72, c33 = 80.15, c44 = 25.92 GPa (at
300 K); isothermal bulk modulus is 39.7 GPa;
Young’s modulus is 67.17 GPa; ultimate tensile
strength is 0.280 GPa; yield limit is 222 MPa (at
293 K). Brinell hardness is 0.49 GPa. Holmium
is easily machined. Effective thermal neutron capture cross-section is 65 barn. Electrical resistivity
of holmium monocrystal is 610 n·m along the
principal axis 6 and 1020 n·m in the perpendicular direction (at 298 K), temperature coefﬁcient
of electrical resistance of holmium polycrystal is
0.00171 K−1 . Work function of an electron from
holmium polycrystal is 3.09 eV. Below the Néel
point T N = 132 K, but above the Curie point
TC = 19.6 K holmium is a helicoidal antiferromagnet with a distorted simple spiral magnetic
structure (the principal axis 6 of α-Ho serves
as the helicoid axis, and the magnetic moments
are located in the basal planes of α-Ho). Below
T C holmium has a cone-like helicoidal (spiral
type) ferromagnetic structure with projections of
the magnetic moments helicoidally ordered in the
basal planes of α-Ho, and the moments themselves
deviated by the angle ≈80◦ from the principal
axis 6 (see Atomic magnetic structure). Magnetic
susceptibility of holmium is 68,200·10−6 CGS
units; nuclear magnetic moment of the isotope
165 Ho is 3.31 nuclear magnetons. Holmium is a
component of magnetic alloys (with iron, cobalt,
nickel) with high magnetic induction and magnetostriction, and it is also a part of composition of
some luminophors, materials for microelectronics
and special glasses.

HOLOGRAPHIC GRATING
See Diffraction grating.
HOLOGRAPHIC LASER, dynamic grating laser,
degenerate four-wave mixing laser
A class of lasers based on the generation

and ampliﬁcation of light waves through energy exchange with incident pumping waves on
light-induced dynamic gratings, while satisfying
synchronization conditions (see Nonlinear optics,
Real-time holography). A working principle of a
holographic laser, sketched in the ﬁgure, is the following: the pumping ﬁeld of frequency ωP and the
radiation of frequency ωS scattered in nonlinear
medium 1 interfere and write in it the volume gratings 2 (real-time holograms) which are either immobile (for ωP = ωS ) or move (for ωP = ωS ); the
recording beams diffract on gratings, which leads
to ampliﬁcation of the scattered radiation; a major role in the generation is played by the radiation
at frequency ωR for which the threshold pumping
is minimal in a given resonator. The resonator of
a holographic laser can be of either a linear or a
ring type, and it can be formed from both ordinary mirrors 3, 4 or phase-conjugate mirrors (see
Wave front reversal). The ampliﬁcation band width
of a holographic laser is δω = 2(ωP − ωR ) = τ −1 ,
where τ is the grating relaxation time. A combination of ordinary and nonlinear media is possible in
a holographic laser.
A holographic laser can function on stimulated
scattering in media with a nonlocal response (the
extrema of the ﬁeld and grating are shifted) where
a single pumping beam is sufﬁcient (Fig. (a)); in
parametric four-wave mixing in media with a local response (the extrema of the ﬁeld and grating
coincide) when a pair of beams, those of pumping
ωP1 and generation (radiation) ωR1 , write the grating while the second pumping beam ωP2 diffracts
on it to produce the second generated (radiated)
beam ωR2 (Fig. (b)).
In solids, which comprise the main active media of holographic lasers (photorefractive crystals,
see Holography in solid media, Semiconductors)
a gain of up to 102 cm−1 in order of magnitude can be achieved. A holographic laser provides
the possibility of generating beams with a diffraction divergence on inhomogeneous media and of
achieving wave front reversal of laser beams. Designs for optical communication systems based on
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Sketch of operating principle of holographic laser based
on (a) a single incident pumping beam ωP , and (b) two
incident pumping beams ωP1 and ωP2 .

inhomogeneous media, new methods of interferometry and optical activity, and optical processors
have been based on holographic lasers.
HOLOGRAPHY in solid media

A technique of recording and restoring an interferometric wave ﬁeld (in most cases, electromagnetic) based on alteration of the characteristics
of solids under the action of an appropriate ﬁeld.
In particular, under the action of light on many
solids, their optical characteristics change both at
the exciting light frequency and in other spectral
ranges (refractive index, absorption coef cient). In
most cases, for a radiation of moderate power that
does not produce any bulk or surface damage,
these changes are reversible, i.e. disappear spontaneously or can be deleted with the help of another
irradiation or heat, or by application of a ﬁeld, and
so on. This property of solid materials is used for
either real-time or reversible cyclic holographic
recording (see Optical techniques of information
recording).
A solid detecting specimen for holography can
have a thickness d much greater than the spatial period of a recording interference pattern Λ.
As a result, a hologram becomes spatial (threedimensional), and during its restoration all extra
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orders of diffraction (with the exception of standard and object beams) are attenuated by the interference (Bragg condition of restoration). When
a high-quality restoration is not required, the diffraction efﬁciency of a hologram can reach 100%.
In this case the angular selectivity of the hologram Θ, i.e. a permissible divergence from a
Bragg angle, is related directly to the layer thickness where Θ = Λ/d, and for a medium with
d = 1 mm and Λ = 1 μm, Θ = 10−3 . High selectivity permits the detection in a single specimen
of hundreds and thousands of holograms of complicated images, and this is of considerable interest
for optical storage systems (see Optical storage
disks).
Physical processes determining the optical nonlinearity of solids are extraordinarily diverse.
Many investigations are carried out for media
where light causes the appearance of either local or collective excitations, photoinduced charge
transfer, and photochemical reactions. In the
medium with impurity centers whose energy levels are situated in the gap of the host crystal, using
light with its frequency close to a resonance enables one to saturate a transition between a pair of
levels, thus stimulating strong changes of absorption and dispersion (resonance nonlinearity). In a
semiconductor crystal the excitation near the intrinsic light absorption edge enables the production
of a noticeable concentration of nonequilibrium
free carriers. Their appearance shifts the plasma
frequency (see Plasma oscillations) thus modifying the crystal dispersion over quite a broad range
(Drude–Lorentz nonlinearity). Optical properties
of crystals are also changed as a result of the photogeneration of excitons and other excitations.
A particular class of recording solid materials with a pronounced optical nonlinearity are
represented by photorefractive crystals (see Optical recording media). Under the action of light
(in some cases with the application of an external ﬁeld), in these materials a space separation
of charges takes place; and as a result, a static
electric ﬁeld appears that changes the refractive
index due to the electrooptical effect. In crystals
with strong photoconductivity, the ultimate variation of the refractive index is determined, not by
the light wave intensity, but rather by the value of
the electric ﬁeld producing the charge separation
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(i.e. the external ﬁeld, the “internal” photovoltaic
ﬁeld, or the diffusion ﬁeld). The lack of a center
of symmetry in photorefractive crystals determines
the possibility of a special nonlocal nonlinear response providing a stationary ampliﬁcation of the
weak light wave on account of the diffraction of
the strong beam at the emerging hologram (see
Real-time holography).

Lorentzian shape and Gaussian shape. The function I appears in the ﬁrst-order statistical theory of
line shape of magnetic resonance when the ﬁeld

components fk , which cause a frequency shift,
fall off with distance from the resonance center
as r −2 . An example is the electric ﬁelds of charged
point defects in crystals, which lead to inhomogeneous broadening of an electron paramagnetic
resonance line. This line shape is rarely used.

HOLOGRAPHY, ACOUSTICAL
See Acoustical holography.
HOMEOTROPY
HOLOGRAPHY, POLARIZATION
See Polarization holography.
HOLOHEDRIES

Centrosymmetric lattice point groups of symmetry of crystal systems; highest point symmetry group of a crystal family. There is a single
holohedry in one dimension. There are four holohedries in two dimensions, three of which are
symmetry groups of parallelograms (oblique, rectangular, square), and the fourth of a hexagon
(hexagonal). In three dimensions there are seven
holohedries, six of which are the allowed symmetry groups of parallelepipeds (triclinic, monoclinic, orthorhombic, tetragonal, trigonal, cubic),
and the seventh is the symmetry group of a hexagonal prism (hexagonal). A holohedry can also be
deﬁned as a symmetry group of the Wigner–Seitz
cell. The holohedries of direct and reciprocal lattices are the same.
HOLSTEIN–PRIMAKOV REPRESENTATIONS
See Spin operator representations.
HOLTSMARK SHAPE, Holtsmarkian
(T. Holtsmark, 1919)
A line shape described by the function

IΩ (ω − ω0 ) = (πΩ)−1

∞
ρ
cos(ω − ω0 )
Ω
0


× exp −ρ 3/2 dρ,

where ω0 is the frequency of the resonance line
in the absence of broadening mechanisms, characterized by the parameter Ω. The Holtsmark
line shape is an intermediate one between the

A homogeneous state of a liquid crystal layer
with a director normal to principal surfaces. In this
case the direction of the director is called the optical axis of the crystal.
HOMOEPITAXY

See Autoepitaxy.
HOMOGENEOUS BROADENING

This is the broadening of spectral lines resulting from irreversible phase relaxation, i.e. related
to the ﬁnite lifetimes of particles in various energy levels. Its effect on general broadening may
be determined in the most direct manner by the
spin echo technique (in the case of magnetic resonance), or by using a light echo, since only irreversible phase relaxation contributes to decaying
echo signals. While the resonance is saturated by
a monochromatic variable ﬁeld, all the portions of
the uniformly broadened line behave identically:
in contrast to the case of inhomogeneous broadening, their amplitudes monotonically decrease. The
corresponding mechanisms include processes of
spin–lattice relaxation and ion–lattice relaxation;
relaxation processes due to internal molecular
motion, by atomic diffusion, etc. The inhomogeneous contribution is always present during
dipole–dipole broadening due to the presence of
static local ﬁelds that signiﬁcantly inﬂuence the
situation, particularly in magnetically diluted systems. See also Inhomogeneous broadening.
HOMOGENEOUS STRUCTURE

See Heterogeneous structure.

HOMOLOGY

HOMOGENEOUS SYSTEM
A thermodynamic system whose properties

(composition, density, pressure, etc.) vary continuously (remaining close to mean values) in space.
Owing to this continuous variation such a system
(in contrast to a heterogeneous system) has no
parts conﬁned by interfaces on which even a single property could vary by a jump, i.e. the system
is truly a single-phase (see Phase). Solid solutions
are examples of homogeneous systems.
HOMOGENIZATION, homogenizing annealing
A thermal treatment aimed to increase the ho-

mogeneity (more exactly, microhomogeneity) of
an alloy by means of diffusion. To accelerate the
diffusion, the homogenization is performed at an
elevated temperature: for iron alloys (steel) it is
usually a prolonged exposure during a few hours at
1150–1250 ◦ C. Simultaneously with producing a
chemical homogenization of the microscopic bulk,
the homogenizing treatment leads to the growth
of crystalline grain (see Polycrystal) which deteriorates the alloy properties. After homogenization
a secondary heat treatment at lower temperatures
(850–950 ◦ C for steels) disperses the grain and
regenerates the alloy. The most important application of homogenization is the production of doped
alloys (see Alloying). Due to dendrite liquation the
ingots of these alloys possess a lowered plasticity
at high temperature, so in most cases the homogenization of such alloys is necessary prior to
forging.
HOMOJUNCTION

A contact between regions of the same material
(e.g., GaAs) with different types of conduction (n–
p junction) or different impurity concentrations
of one type (n–p and p–p junctions). Since a
p–n junction is characterized by a potential barrier for electrons (holes) whose height depends
on the applied voltage it exhibits unipolar conduction (conduction in one direction only). It can
be used for rectiﬁcation of alternating current; in
some devices it serves for the ampliﬁcation and
transmittal of electrical signals (see Transistor),
and for the transformation of optical signals into
electrical ones (photodiodes). Homojunctions of
the types n–n and p–p with increased concentrations of current carriers in n or p regions
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relative to those n or p regions, respectively,
are usually used for the fabrication of ohmic
contacts for semiconductors. They are prepared
by methods involving diffusion, fusion, ion implantation doping, laser irradiation and epitaxial
growth. Depending on the length of the intermediate region between the layers which differ in
conductivity one can distinguish sharp and smooth
homojunctions. Electrophysical properties of homojunctions are: electric ﬁeld distribution E(x),
potential barrier height Φ, length of the space
charge region ω, breakdown voltage V b , the capacitance C(V ), and the rectiﬁcation coefﬁcient
K(V ) dependence on the applied voltage V . All
these characteristics can be calculated if the laws
of the doping impurity distribution, band gap
width E g , dielectric constant of the semiconductor ε, and impact ionization coefﬁcients of electrons and holes α, β(E) are known. The quantities
E(x) and ω are found from the Poisson equation.
The potential barrier height for a p–n junction
is given by Φ = (E g − μn − μp )/e, where e is
the electron charge, μn,p are the distances from
the Fermi level to the conduction band in an ntype semiconductor, and to the valence band in a
p-type semiconductor, given by


h3 Nd,a
μn,p = k B T ln
,
2(2πmn,p k B T )3/2
and Nd,a are the concentrations of the doping impurities (donors in n-type and acceptors in p-type
semiconductor), mn,p are the effective masses of
the electrons and holes, respectively.
HOMOLOGY (fr. Gr. oμoλoγ ια , similarity)

Correspondence between elements that play
similar roles in distinct geometrical ﬁgures (or
mathematical functions). Homology may be
looked upon as a generalization of symmetry
which allows one to classify low-symmetry ﬁgures and crystals in more detail than by their group
symmetry classes (see Crystal symmetry). For example, a rectangle and a ﬁgure composed of two
identical circles tangent to each other possess the
same symmetry. However, the rectangle can be
transformed into itself by an oblique reﬂection in
one of its diagonals in the direction of the second, which differentiates the ﬁrst ﬁgure from the
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second (according to E.S. Fedorov, this is a visual
symmetry).
V.I. Mikheyev proposed to use a homology
for indexing the debyegrams (Debye–Scherrer
X-ray powder patterns) of low-symmetry crystals
(see Debye–Scherrer method). The divergence between their structure and the structure of ideal
crystals is small, as a rule. While the faces of a
cube in crystals belonging to a cubic system produce a single line in a debyegram, crystals close to
cubic produce two or three such lines. A small difference in the interplanar distances of these three
families of atomic lattices leads to the appearance
of separate groups of split lines in a debyegram.
By proceeding from the kind of splitting and the
number of lines in a group one can determine the
type of strain of the crystal.
If a ﬁgure Φ with a symmetry group G is
subjected to a homogeneous deformation σ (compression or shear), then it will go over into Φ  =
σ (Φ), and G will isomorphically reﬂect itself to
the group H of afﬁne transformations Φ  in accordance with the law: H = σ Gσ −1 . In this case,
H is called the homology group of Φ  , and the
transformations from H are called the homology
transformations of Φ  . If G is a point, or a space,
or a discrete (e.g., crystallographic) group, then
H is the same. There exist four kinds of rotation axes of homology of kth order: λk is the
oblique elliptic axis, λk is the direct elliptic axis,
λk is the oblique circular axis, and Gk is the
symmetry axis; there are four kinds of inverserotation axes of homology with the same names
and designations, and two kinds of planes of homology: p is the plane of oblique reﬂection, P is
the symmetry plane. There are two kinds of axes
of the second order: the direct and oblique ones.
The center of homology is the center of symmetry. With the help of various afﬁne deformations,
215 point crystallographic groups of homology
emerge from 32 point groups of symmetry, and
1848 space groups of homology emerge from 230
space groups. These point groups describe the external shape of crystals while the space groups
describe their structure.
HOMOPOLAR BOND
See Covalent bond.

HONEYCOMB DOMAIN STRUCTURE
Magnetic domain structure of a thin ﬁlm with a
two-dimensional hexagonal lattice. The domains,

which are located at the sites of this lattice, are
similar in shape to honeycomb cells. A honeycomb domain structure is the limiting case of a
very close packed magnetic bubble domain lattice.
HOOKE’S LAW (R. Hooke, 1660)

Expression of a linear dependence between
the stress tensor σik and the strain tensor uik :
σik = ciklm ulm , where ciklm is the elastic modulus tensor (elastic stiffness tensor) of second rank.
The inverse relation has the form uik = siklm σlm ,
where siklm is the second-rank elastic compliance
tensor. Tensors ciklm and siklm are symmetric relative to a transposition of indices in every pair, and
of pairs of indices between themselves. They obey
the relation ciklm slmpq = (δip δkq + δkp δiq )/2. In
the case of an isotropic medium (see Isotropy),
Hooke’s law has the form


u δ
σik = Kull δik + 2μ uik − ll ik ,
3
where K is the bulk modulus and μ is the shear
modulus. A reciprocal relation has the form:
uik =

σll δik
σik − σll δik /3
+
.
9K
2μ

If the applied stress is a tensile stress with only one
component σ33 then this expression becomes
σ δ
σ − σ33 δik /3
uik = 33 ik + ik
9K
2μ
with the particular values
σ
u33 = 33 (μ + 3K),
9Kμ
u11 = u22 =

σ33 (μ − 3K)
,
9Kμ
2

and uik = 0 for i = k. Young’s modulus E, which
is deﬁned as σ33 /u33 , has the value
E=

9Kμ
.
μ + 3K

The Poisson ratio ρ = −u22 /u33 is the ratio of lateral contraction strain u22 to the linear stretching
strain u33 . It is given by the expression
ρ=

1 3K − 2μ
,
2 3K + μ

HOT ELECTRON EMISSION

and hence Young’s modulus can be written E =
3K(1 − 2ρ).
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hot atoms. At any temperature hot atoms are used
in the synthesis of labeled compounds, the separation and enrichment of isotopes, etc.

HOPPING CONDUCTIVITY

A mechanism of conductivity working through
localized states. Such a mechanism operates
through activated tunneling of charge carriers
(electrons, holes, polarons) from an occupied state
with energy εi to a vacant state with energy
εj . This mechanism bypasses activation of current carriers into the band of delocalized states.
The energy deﬁcit εj − εi is compensated by the
absorption of phonons. It entails a temperature dependence for the activation of jump conduction.
At moderately low temperatures when “hops” between adjacent levels dominate, the activation energy is constant, in other words, ln ρ ∝ T −1 (ρ is
the resistivity). With decreasing temperature hops
only take place between levels that are close to
each other in energy (although spatially they may
be quite far apart). Such a regime is called the
variable range. Then ln ρ ∝ T −n , 0 < n < 1 (see
Mott law). In strong electric ﬁelds, when the energy accumulated during average hops becomes
equal to the activation energy in zero ﬁeld, an
activation-free conductivity develops with a characteristic dependence on the ﬁeld strength, with
ln ρ ∝ E −n . Hopping conductivity is observed in
disordered solids, in which the quantum states
localized at various points in the system have
different energies. In doped or compensated semiconductors the value of the hopping conductivity
displays a strong exponential dependence on the
impurity concentration. Calculating the concentration, temperature, and ﬁeld strength dependences
of hopping conductivity may in certain cases be
reduced to calculating the Miller–Abrahams resistance network (A. Miller, E. Abrahams) plotted
over random points (see Percolation theory).
HOT ATOMS
Recoil atoms in nuclear transmutations that ac-

quire an extra kinetic energy ∼10–100 eV due to
the emission of neutrons, protons, α or β particles,
or gamma rays by a radioactive nucleus. These
atoms can effectively participate in chemical reactions in solids (see Radiation chemistry). The
rate of such reactions is independent of temperature due to nonequilibrium energy distribution of

HOT ELECTRON EMISSION
Emission of very fast, hot electrons from a solid

to its surroundings. The majority of the free electrons in a solid have an energy close to the mean
energy. Hot electrons have energies much higher
than the mean; for a conductor this is an energy far
above the Fermi energy, and for a semiconductor
it is an energy far in excess of the conduction band
energy. The number of electrons whose energy ε
is signiﬁcantly higher than the mean energy at
thermodynamic equilibrium decays exponentially
with their increase in energy, i.e. in proportion to
the Boltzmann factor exp[−ε/(k B T )], where T
is the temperature of the solid (lattice). Among
these fast electrons there exist some whose energy
exceeds the work function ϕ. A portion of these
electrons (whose velocities are perpendicular to
the surface) contribute to the thermionic emission current, with a magnitude determined by the
Richardson equation I = B(T ) exp[−ϕ/(k B T )].
The dependence of the preexponential factor
B(T ) on the temperature is described by a power
law. The presence of hot electrons causes the thermal emission current to sharply increase. In the
simplest situation when (owing to the dominant
role of interelectron collisions) the electron gas
can be characterized by a certain electron temperature for the emission current, we again have the
Richardson formula, but with the electron temperature replacing the lattice temperature. In this
case the electron temperature, with its dependence
on the heating electric ﬁeld strength, can be several times or even an order of magnitude greater
than the lattice temperature, and the current of
hot electron emission will exceed by many orders
of magnitude the thermal emission value. However, in most cases the distribution of fast electrons
in a semiconductor differs from the exponential
(Maxwell) law, and depends on the magnitude of
heating ﬁeld, the scattering mechanisms, and the
band structure of the given material. Therefore, it
is not possible to write for the hot electron emission current a general formula (like the Richardson
formula) with a single parameter that would be the
work function of a given material.
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HOT ELECTRON GENERATION

Hot electrons can be obtained from semiconductor–metal insular lms on an insulator substrate, as well as from “sandwiches” of, e.g., the
metal–insulator–metal type.
The phenomenon of hot electron emission has
prospects for the production of cold cathodes.
The advantage of these in comparison with heated
cathodes is obvious. The evaporation of cathode
material does not take place at a cold lattice with
hot electrons. In addition, such a cathode is almost noninertial (no time is needed to preheat
it). Insular metal ﬁlms are, in addition, promising
for electronics from the viewpoint of the continuous trend toward the microminiaturization of
electronic devices.
HOT ELECTRON GENERATION

Almost unbounded increase of the energy of
conduction electrons in a constant electric ﬁeld.

The hot electron generation occurs when the rate
at which the energy increases exceeds the rate of
energy dissipation through interaction with the lattice. A similar result is predicted by a theory which
assumes a ﬁxed scattering mechanism whereby,
e.g., energy and momentum are dispersed through
the agency of optical phonons or ionized impurities (see Current carrier scattering). In actual
situations the increase of energy is limited by the
increasing role played by other scattering mechanisms, e.g., intervalley scattering of electrons involving transitions to valleys of higher energy, or
impact ionization. In a single-valley semiconductor
(see Many-valley semiconductors), the hot electrons may cause electron gas overheating, with the
result that the differential conductivity may take
on a negative value (and the current–voltage characteristic may become S- or N-shaped); the latter
corresponding to current instability due to overheating.
HOT ELECTRON PHOTOLUMINESCENCE, hot
photoluminescence
Radiation, which is produced at recombination of photoexcited electrons, the kinetic energy
of which far exceeds kB TL (hence the name hot
electrons), where TL is crystal lattice tempera-

ture. Thorough investigations of hot electron photoluminescence are performed using direct band
gap semiconductors of the AIII BV group (GaAs,

InP) as samples. The spectrum of hot electron
photoluminescence provides a type of time evolution of energy relaxation processes. Excitation
of electron–hole pairs by linearly polarized light
gives rise to the optical alignment of electrons and
holes with respect to velocities, which manifests
itself in the appearance of polarization in hot electron photoluminescence. The study of depolarization of hot electron photoluminescence in a magnetic ﬁeld allows one to determine characteristic
electron relaxation times (e.g., for the processes
of emission of longitudinal optical phonons, intervalley transitions). Spectra of hot electron photoluminescence provide a number of important
parameters of band structure (the width of the valence band). The ﬁnal stage of energy relaxation
involves thermalization, which takes place due to
electron–electron collisions: a Fermi–Dirac distribution of electrons of temperature Te becomes
established. At low temperatures, Te often noticeably exceeds TL even at moderate levels of
excitation. The magnitude Te − TL is determined
by the ratio between the pumping power and the
rate of transmission of energy from the electron
subsystem to the lattice.
HOT ELECTRONS
Conduction electrons in a solid with an in-

creased (owing to excitation from an external
source) mean energy. Any input of energy into the
electron subsystem (due to electric current, laser
irradiation) disturbs the thermodynamic equilibrium between the electron and lattice subsystems.
The electrons become “hot”, i.e. their mean energy exceeds the equilibrium value corresponding
to the lattice temperature. The extent of electron
heating is greater, the higher the input power and
the lower the magnitude of the electron–phonon
interaction. The heating of electrons is easily observed in semiconductors with weak electron–
phonon coupling (Ge, Si, InSb, GaAs, and so on).
The materials with p-conductivity allow the formation of hot holes.
The energy distribution of hot electrons can
differ considerably from the equilibrium one:
when heated, the electrons “populate” new parts
of the energy band (see Intervalley redistribution).
Therefore, there appears a number of new phenomena dependent on the band structure, and

HOT MAGNONS
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the prevailing scattering mechanisms (see Current carrier scattering) in semiconductors with hot
electrons. Examples of such new phenomena are:
the non-linear current dependence on the electric
ﬁeld; the deviation of the electric current direction
from the electric ﬁeld direction (Sasaki effect in
many-valley semiconductors); the current oscillation under an applied constant voltage (Gunn effect), and others. Some of these effects have found
their way into applications. Solid-state microwave
generators designed on the basis of the Gunn effect (see Gunn diode) are especially widely used.
In metals, the heating of electrons does not play a
signiﬁcant role with the exception of insular lms
or ultralow temperatures. In insulators the injection
of hot electrons can be of importance.
HOT ELECTRON TRANSISTOR

A super high frequency (SHF) transistor with
an active region layered structure into which electrons are injected which possess an energy equal
to or exceeding the equilibrium energy; these socalled hot electrons are accelerated and propelled
through this region in a ballistic fashion with
a speed higher than the average electron speed.
There are hot electron transistors based on metals
and on semiconductors. The metal-based type has
a construction which is transparent for the electron
ﬂux (see Fig.). A semiconductor-based transistor
has a planar construction in which heterojunctions
or various combinations of doped layers are used
to produce the needed energy proﬁle of the conduction band.
Hot electron transistors are used for the generation or ampliﬁcation of oscillations in the range
from hundreds of megahertz to hundreds of gigahertz, as well as being utilized in some logic
devices.
HOT LUMINESCENCE of crystals

One of the components of resonance secondary
luminescence (see Secondary luminescence) of
intrinsic or impurity electron states having a complex energy spectrum (energy bands or vibrational
sublevels). A hot luminescence appears because of
light emission prior to establishing thermal quasiequilibrium between the sublevels of an excited
electron state and the crystal lattice. A particular
case is a situation when, prior to light emission

Sketch of the structure of a transistor with a barrier
volume of thickness dB (top), and its energy diagram
(bottom), showing the Fermi level (dash-dotted curve)
between the bottom of the conduction band (upper curve)
and the top of the valence band (lower curve), where e is
the emitter, b is the base, c is the collector, ε is the electron energy, and x is the coordinate.

from an excited electronic level, quasi-equilibrium
is established which is characterized by a temperature which exceeds the lattice temperature (electron temperature). Hot luminescence has been investigated for the cases of vibrational sublevels
of the excited electron states of multiatomic impurity ions, for free electrons in semiconductors,
and for photoexcited hot electrons. Measurements
have been made of the relaxation times of picosecond states during stationary excitation. Studies of
the intensity and the polarization provide detailed
information on the processes of energy relaxation
in the excited state (see Relaxation of excitation).
When free excitons are excited by monochromatic
light, a part of the hot luminescence can be regarded as resonance light scattering through real
intermediate states with conservation of the wavevector at all intermediate stages. In this case the
spectrum has some features of a Raman scattering of light, although its intensity and time-decay
are determined by the lifetime of the intermediate
state.
HOT MAGNONS
Magnons whose energy distribution corre-

sponds to a temperature which exceeds that of the
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crystal lattice. In ferromagnetic semiconductors
(e.g., EuO) a situation could occur in which the
conduction electrons scatter strongly off magnons
(see Magnetic semiconductors) which are only
weakly coupled to phonons. In this case, the electron heating by the external electric ﬁeld leads
to a heating of the magnons due to the transfer of energy from electrons to magnons. The
phonons serve as a heat bath because the lattice
is maintained at a constant temperature. Due to
the weak coupling, the magnon temperature can
substantially exceed the phonon (lattice) temperature. Heating the magnons causes a dependence of
magnetic characteristics (e.g., magnetization) on
the electric ﬁeld. Heating both the electrons and
the magnons can be accomplished with the help
of laser irradiation (see Laser). When several coherent light beams are incident on a ferromagnetic
semiconductor, superlattices can arise both from
hot electrons and from the hot magnons (superlattices in concentration, effective temperature, and
other parameters) due to interference effects.
HOT PHOTOLUMINESCENCE
See Hot electron photoluminescence.
HUBBARD MODEL (J. Hubbard, 1963–1965)

One of the fundamental models which treats a
system of strongly interacting electrons in a crystal. The one-state Hubbard model is the simplest
model of correlated electrons. This model describes the motion of electrons on a lattice, taking
into account only the local Coulomb interactions
between the electrons at a particular lattice site.
The Hubbard Hamiltonian contains only two
parameters: the hopping amplitude matrix element t , which corresponds to jumping from one
lattice site to a neighboring one, and the Coulomb
repulsion term U at a site:


+
H = −t
Ciσ
Cj σ + U
ni↑ ni↓ . (1)
ij σ

i

+
) are Fermi annihilation (creation)
Here Ciσ (Ciσ
operators of an electron at the site i with projec+
tion σ , and niσ = Ciσ
Ciσ is the electron number
operator at the site with a given spin projection
(up ↑ or down ↓). Instead of the parameter t , it

is more convenient to use the range of the interaction region W = 2zt , where z is the number of
nearest neighbors.
For U  W the Hamiltonian (1) corresponds
to a Fermi liquid, and in the opposite “tight binding” limit (U
W ) the Hamiltonian (1) is consistent with a strongly correlated system. In the latter
case it is convenient to operate on the premise of
the atomic limit, which allows us to discard the kinetic (hopping) term t of the Hamiltonian. In this
limit every site has two electron levels, separated
by U . When the kinetic term is taken into account
these levels become smeared and turn into bands,
so at high values of U the correlation splitting of
the interaction zone into two Hubbard subbands of
one- and two-particle states is to be expected. In
the initial approach, the Green’s function splitting
(“Hubbard 1 state” approximation) leads to band
formation, which, however, in the limit of low
values of U lacks physical sense. The more sophisticated (and more realistic) “Hubbard 3 state”
approximation gave correct results: the splitting is
observed when U exceeds a certain critical value
of the order of W . Thus, in the case of half-ﬁlling
(number of electrons per site n = 1), the system
is a metal for low values of U and an insulator
for high values of U . The metal–insulator phase
transition takes place at intermediate values of the
parameter U/W , so there is no small parameter
in the theory. The region of intermediate values
of this parameter may be handled in two ways:
the nearly free electron limit (U  W ) and the
tight binding limit (U
W ). The crossover of
these modes can be studied using various methods:
analytical (variational method, mean-ﬁeld theory,
etc.) and numerical (exact diagonalization of small
clusters, quantum Monte Carlo method).
Different methods of investigating the intermediate region sometimes yield erratic results,
therefore, of prime importance are exact solutions,
which are known for a number of particular cases
of the the Hubbard model. Thus, the exact solution of one-dimensional Hubbard model (d = 1)
for all values of U was found by E. Lieb and
F.Y. Wu (1968), and investigations in the limit
of inﬁnite spatial dimensionality were begun by
W. Metzner and D. Vollhardt (1989). In the context
of many-particle systems theory, the limit d = ∞
corresponds to the mean eld approximation. It has
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been shown that in the limit of d = ∞ the statistical mechanics of the Hubbard model is equivalent
to that of a certain auxiliary problem involving
an impurity center in the Anderson model, which
has been more widely studied than the Hubbard
model. The evolution of the quasi-particle spectrum in the Hubbard model during a variation of
the parameter U is more complicated than that
predicted by an approximate approach like the
“Hubbard 3 state” approximation. Depending on
the U/W ratio, there may occur a one-band and a
two-band spectrum, as well as a spectrum with a
gap, in which there is a sharp Kondo resonance
at the Fermi surface (see Kondo effect). Within
the context of this approach it is possible to describe a whole set of interrelated phenomena: the
metal–insulator transition, the generation of localized magnetic moments, and the disturbance of the
Fermi liquid pattern by an increase of the parameter U .
The exact solution of the one-dimensional
Hubbard model, which is obtained through the
application of the Bethe ansatz, shows that the
ground state is insulating for all values of U . The
third exact result in the Hubbard model, known as
the Nagaoka theorem (Y. Nagaoka, 1966), states
that as U tends to inﬁnity, a single hole in the
half-ﬁlled system makes the ground state ferromagnetic. This allows one to expect that for a
large and ﬁnite U value the ground state will be
ferromagnetic over a wide range of electronic concentrations.
In the limit of U
W , one may change from
Hamiltonian (1) to the effective Hamiltonian of the
t –j model which replaces the Coulomb repulsion
term U by the Heisenberg term J Si Sj :

+
(1 − niσ )Ciσ
Cj σ (1 − nj σ )
H = −t
ij σ

+J



Si Sj ,

(2)

ij

where Ciσ (Cj+σ ) are operators of annihilation
(creation) of an electron on the lattice site provided that there is no other electron at that site,
S is the spin operator at the site, ni = σ niσ is
the number of electrons at the site i. The factors
1 − nj σ arise from the Pauli exclusion principle, which forbids electrons with spin projection σ

591

from occupying a site which is already occupied
by another electron of spin σ . The Hamiltonian (2)
describes the electron motion over the lattice for
the above condition, and the exchange interaction
at the neighboring sites of the antiferromagnetic
integral J = 2t 2 /U . When the band becomes halfﬁlled, the ﬁrst term in Eq. (2) vanishes, and we
arrive at the Heisenberg model (see Heisenberg
Hamiltonian) of spin S = 1/2 and an antiferromagnetic interaction. If the number of electrons
per lattice site n = 1, then the ground state of the
system is that of an antiferromagnetic insulator.
Deviations of n from unity may result in the generation of charge carriers in the system; and these
charge carriers undergo a strong interaction with
the magnetic order. The carrier (electron or hole)
becomes surrounded by a cloud of spin deviations,
and is a quasi-particle called a magnetic polaron.
The Hubbard model is used as a test model for
describing band magnetism in metals, a metal–
insulator phase transition, and various interrelationships between magnetism and the electrical
properties of materials.
The Hubbard model is often used to describe
narrow-band metals with d- and f -electrons, and
compounds based on these metals. In recent years,
the Hubbard model and its limiting case, the
t –j model (d = 2, electron concentration near
n = 1), have been used to describe cuprate hightemperature superconductors.
HUME-ROTHERY PHASES
Phases formed in alloys of Cu, Ag, Au and
some transition metals with metals of Groups IIB,

IIIB and IVB of the periodic system of elements.
The crystal structure of a Hume-Rothery phase is
determined by the electron concentration, that is
the number of valence electrons per atom of the
crystal lattice. An alpha phase (α-phase) with a
face-centered cubic lattice covers solid solutions
with the electron concentrations up to 1.4. Beta
phases (β-phases) are disordered solid solutions
with a body-centered lattice (e.g., CuZn, Cu3 Al,
Cu5 Sn, etc.) that are characterized by an electron concentration equal to 1.5. Compounds CoAl,
NiAl, and FeAl with a body-centered cubic lattice
can be referred to as β-phase under the supposition of a zero valence for the transition metals. As
the temperature decreases, alloy ordering (CuZn)
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or eutectoid alloy decomposition (see Eutectoid alloys) (Cu3 Al, Cu5 Zn) take place. Gamma phases
(γ -phases) with a complicated ordered cubic lattice with 52 atoms per unit cell (Cu5 Zn8 , Cu9 Al4 ,
Cu31 Si8 , and some others) are characterized by
an electron concentration equal to 1.62. Epsilon
phases (ε-phases) with a hexagonal close-packed
structure (CuZn3 , Au5 Al3 , Cu3 Sn, and so on) are
characterized by the electron concentration equal
to 1.75. The β-, γ -, and ε-phases are called electronic compounds. The phase boundaries between
α- and β-phases in brass were calculated from
the analysis of a difference of vibrational components of the entropy in the face-centered cubic and
body-centered cubic lattices. As the temperature
decreases the contribution of the entropy to the total free energy decreases, and the β-phase lattice
becomes unstable.
HUME-ROTHERY RULES (W. Hume-Rothery)

Semiempirical rules which determine the conditions for two elements to form solid solutions
over a wide range of concentrations (on phase diagrams). These conditions can be reduced to the
following: if the difference in atomic size (scale
factor) of the components which form an alloy
exceeds 10–15%, the solubility in the solid state
becomes limited. The formation of stable intermediate compounds would narrow the ranges of
restricted solid solutions, so solubility is greater
when the two elements have similar electronegativities (electronegative valence effect). Solubility
is highest if the elements have the same valence;
and if the valences differ then solubility in the element with smaller valence always exceeds that in
the element with larger valence (relative valence
effect). For complete solid solution solubility (over
the entire range) all these rules should be satisﬁed.
HUND RULES (F. Hund, 1927)

Empirical rules determining the relative orientations of spin and orbital angular momenta of
electrons in an atom. According to these rules a
partially full electron shell with a given principal
quantum number n and orbital quantum number l
is characterized by:
(1) a total spin quantum number S with the highest value permitted by the Pauli exclusion
principle;

(2) a total orbital quantum number L with the
highest value permitted after the choice of (1);
(3) a total quantum number J of the resultant angular momentum J = L + S with the value
(magnitude) J = |L − S| for a less than halffull shell, and J = L + S, if the shell is more
than half-ﬁlled.
In accordance with the Hund rules, the atomic
magnetic moment of an atom with a partly occu-

pied internal electronic shell (3d, 4d and 5d; 4f
and 5f ) differs from zero. This fact has a dominant role in the phenomenon of magnetism in
solids.
HUSIMI CACTUS (K. Husimi, 1950)
Graph of a special type. Each block of this

graph represents a unique ordinary cycle, and none
of its edges may belong to more than one ordinary cycle. Initially the Husimi cactus was studied
in connection with the computation of cluster interaction integrals in the condensation theory of
J.E. Mayer (1938). The Husimi cactus is used in
solid state theory as a pseudo-lattice in various
problems involving elementary excitations. All
sites of such a lattice (pseudo-lattice) are equivalent, and a transition from one site to another one
is determined by simple recurrence correlations
(see Bethe lattice). A Husimi cactus is constructed
using regular triangles, quadrangles, pentagons,
etc. with their apices in contact. These appear as
graphical representations of ordinary cycles.
HYBRIDIZATION OF ORBITALS

Formation of mixed (hybrid) orbitals at chemical bonding. Hybridization utilizes the Pauling’s
maximum overlap principle. The most common occurrence involves the mixing of s and p (px , py ,
pz ) orbitals; and when transition ions are involved
in the bonding, d orbitals also participate. For example, a better approximation to the energy of the
hydrogen molecule than the Heitler–London approximation is obtained if the two-electron wave
function is built up from 1s orbitals with a small
admixture of 2p orbitals oriented towards each
other to achieve a larger overlap. Hybrids of
2s and 2p orbitals of carbon atoms provide the
strong in-plane chemical bonds in crystals of
graphite and the tetrahedral bonding in diamond.

HYDRIDES

In the ﬁrst√case, three combinations
√
√ (unnormalized) s + 2px , s − (1/ 2)px ± 3/2py produce three orthogonal trigonal orbitals in the
xy-plane with interaxial angles 120◦ . In the second case, four orbitals of a carbon atom on the ﬁrst
sublattice s + px + py + pz , s + px − py − pz ,
s − px + py − pz , and s − px − py + pz are
oriented along the cube diagonals and maximally
overlap with the orbitals of the nearest neighbors
belonging to the second sublattice whose orbitals
differ from the above set by a sign change of all
the p-type functions. Similar hybridizations occur for the 3s and 3p orbitals in a silicon crystal,
the 4s and 4p orbitals in a germanium crystal,
and the 5s and 5p orbitals in a crystal of gray
tin (α-Sn). With increasing nuclear charge Z and
quantum number n of the outer shells, the difference between the energies of ns and np orbitals
increases, and the formation of such sp3 hybrid
states requires more energy than is gained by the
crystal formation. Therefore, there is no hybridization of orbitals of this kind in the next (after
n = 5) element lead; Pb is a metal similar to
white tin (β-Sn). Similar hybridization of orbitals
takes place in various compounds III–V, II–VI and
I–VII. However, due to the difference in the number of valence electrons, in parallel with covalent
bonding, ionic bonding acquires a signiﬁcant role
in this case (e.g., in CuCl).
HYBRID VALENCE
See Intermediate valence.
HYDRATION OF SURFACES

Attachment of water molecules to the surface
of a solid. Hydration is a particular case of solvation (attachment of any solvent). Unlike the
hydrolysis of a surface, hydration is not accompanied by the formation of hydrogen and hydroxyl
ions. The adsorbed water molecules are oriented
in a particular way and interact with ions of the
solid, thus inﬂuencing the value of the potential
jump in a double ion layer, and the electromotive
force of the electrochemical system. Concerning
the capacity to hydrate, i.e. to form a water bond,
there are distinguished hydrophilic (water attracting) and hydrophobic (water repelling) surfaces,
each characterized by an edge angle (wetting angle). Small additions of surface-active agents can
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strongly affect the wetting angle. Water losses of
solids at heating, vacuum vaporization, etc., are
called dehydration.
HYDRIDES

Compounds of chemical elements with hydrogen. There are simple and complex hydrides.
Simple hydrides are divided into ionic (salt-like),
metal-like (metallic) and volatile (covalent).
Classed among ionic hydrides are those of alkali and alkaline earth metals (e.g., NaH, CaH2 )
that are formed under compression of the crystal lattice. Metal-like hydrides are predominantly
of varying composition such as solid solutions
of hydrogen in metals (lanthanides, Ti, Fe, Pt,
etc.). Their particular features are varying composition, as well as signiﬁcant electrical conductivity
and thermal conductivity. Covalent hydrides are
formed by metalloids of Groups IV, V, VI and VII
of the periodic system, as well as by boron. Boron
hydrides have the most complicated structures; the
presence of double three-centered bonds, as shown
in the ﬁgure, is assumed to explain their electron
deﬁciency.
Complex hydrides are those with complex anions, for example, lithium and aluminum boron
hydrides LiBH4 and Al(BH4 )3 , respectively, and
lithium aluminohydride LiAlH4 . The properties
of simple and complex hydrides depend on the
position of the hydride-forming element in the
periodic table, and the extent of the electronegativity of hydrogen. Hydrides can be components
of complicated equilibrium systems, and many hydride ductility and solubility diagrams (see Phase

Sketch of a boron hydride molecule.
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diagram) are known. With the help of thermal

HYDROGEN BOND

degradation of volatile hydrides of boron, silicon,
arsenic and other elements, with prior reﬁnement
by distillation and condensation, the highest purity
semiconductor materials are obtained in bulk or
in the form of lm s. Some metallic hydrides have
been sources of highly puriﬁed elements (e.g., silicon and germanium); lithium and sodium hydrides
are used in organic synthesis as reducing agents
and catalysts. Some hydrides are favorable for use
as jet fuels, and sources for the rapid generation of
hydrogen.

A chemical bond between two atoms A and B
involving an intervening hydrogen atom. The hydrogen is more strongly bound with one of
the atoms, e.g., A, and the bond is designated as
R1 A–H. . . BR2 , where the radicals R1 , R2 involve other atoms of the system. The interaction
within the hydrogen bond arises from electrostatic
attraction and is a result of the partial redistribution of electron density to the side of atom B
during its approach to the A–H group. The hydrogen bond energy is deﬁned as the difference
of the energy of the electron subsystem of the
complex as a whole and the sum of the energies of its parts R1 A–H and BR2 . It varies (from
fractions of to tens of kcal/mole), and the hydrogen bond length (i.e. the distance A–B) varies
correspondingly from more than 0.3 to 0.26 nm.
Hydrogen bonds determine the structure of ice,
solid methane and other molecular crystals constructed from heteropolar molecules and of many
polymers (in particular, deoxyribonucleic acid and
protein). See also Chemical bond in solids.

HYDRODYNAMIC REGIME
A situation in a gas of quasi-particles arising

when a size or other speciﬁc distance in a solid
is signiﬁcantly greater than the mean free path
between the normal collisions of quasi-particles
but signiﬁcantly less than the mean free path between collisions involving momentum (or quasimomentum) loss (collisions with impurities or
Umklapp processes, see Conservation laws). Each
small element of a body in the hydrodynamic
regime has an equilibrium state characterized by
a local density (temperature) and a velocity of ordered quasi-particle motion. Kinetic phenomena in
this regime can be described in terms of a gas
ﬂowing along a crystalline sample similar to the
ﬂow of a viscous liquid. An example is the ﬂow
of a phonon gas in crystalline 4 He. Propagation
of sound waves in the gas of quasi-particles (see
Second sound) is possible in the hydrodynamic
regime.
HYDROEXTRUSION

Shape modiﬁcation of metals and alloys performed by extruding the samples through a scaling
jet out of a high-pressure cell. This technological process includes two main physical effects
of the high pressure on the deforming material:
(1) plasticizing of crystalline solids under the high
hydrostatic pressure; (2) preservation of improved
mechanical properties in the material treated under a high pressure (see Hydrostatic treatment of
materials).
The following problems are solved by the use
of hydroextrusion: (a) improved shaping of brittle metals and alloys; (b) obtaining objects with
complicated, shaped proﬁles; (c) obtaining objects
with improved complex working properties.

HYDROGEN IN METALS

Signiﬁcant quantities of hydrogen can dissolve
in some metals.
This was originally discovered for metallic palladium by T. Gram (1866). At a low external
gas pressure pH2 the equilibrium concentration of
√
hydrogen in metals is proportional to pH2 (Sievert’s law) which is evidence for the dissociation of
H2 molecules in the solution. In disordered solutions, which are called alpha phases, the hydrogen
atoms statistically occupy particular interstitial
sites of the metal lattice. By this the delocalization of electrons takes place and different types
of bonding are possible: in compounds with alkali
metals hydrogen plays the role of a halogen, and in
transitional metals metallic bonds prevail, with the
hydrogen electron occupying states of the metallic
matrix near the Fermi energy. The H atoms cause
deformation of the metallic lattice which results in
hydrogen–hydrogen attraction. Experiments have
revealed the speciﬁc condensation of a lattice gas
of hydrogen in metals and of phase transitions
“gas–liquid–solid” associated with this phenomenon. Due to the long-range character of the attraction the properties of such transitions may depend

HYGROSCOPICITY

on the shape of the sample. At relatively high
hydrogen atom contents a reconstruction of the
metallic sublattice takes place and stoichiometric
compounds called hydrides are formed.
The diffusion of atomic hydrogen in metals has
a very high rate due to its small size (sometimes
it is possible to speak about screened protons), the
lifetime of which, e.g., in vanadium is 10−12 s at
room temperature, so that the diffusion coef cients
generally correspond to liquid-state ones. Thus the
isotope effect, high diffusion coefﬁcients and deviations from Arrhenius law at low temperatures
are evidence of a quantum character of diffusion
of hydrogen in metals (see Quantum diffusion).
Applications involving phenomena associated
with hydrogen in metals are high: hydrogen embrittlement of metals, materials for retarders in
nuclear reactors, hydrogen ﬁlters, hydrogen accumulation for power systems, etc. Superconductivity occurs in the hydride compounds Th4 H15 and
PdH (Ts ≈ 10 K), but it has not been observed in
the hydrides of superconducting metals (e.g., Ta).
HYDROGEN, METALLIC
See Metallic hydrogen.
HYDROPHILIC AND HYDROPHOBIC
BEHAVIOR
See Lyophilic and lyophobic behavior.
HYDROSTATIC TREATMENT OF MATERIALS
A treatment based on plastic deformation of

a solid under high hydrostatic pressure where
the plasticity of all crystalline bodies sharply increases. In some cases, the increased plasticity
(as well as the strength) is restored after removal
of the pressure. It is also important for improved
properties to be preserved in crystalline bodies
after a thermal treatment so that construction materials will acquire enhanced working characteristics
(e.g., plastic zinc, molybdenum, beryllium, etc.).
There are technological processes which produce
plastic shape modiﬁcation under high hydrostatic
pressure resulting in an improved working quality that needs no further complicated mechanical
processing. Examples are extrusion (see Hydroextrusion), drawing, and bulk and sheet punching
performed in a medium under high pressure.
These processes solve practical problems in the
engineering industry and metallurgy.
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HYDROTHERMAL CRYSTALLIZATION
A method of growing the crystals of inor-

ganic substances from water solution at increased
temperature and pressure (up to supercritical).
To perform a hydrothermal crystallization, one
makes use of the solubility increase of a series of non-organic compounds by facilitating the
ﬂow transport reactions which provide a mass
transport of the crystallizing material and its deposition on a priming device. This crystallization
is carried out in autoclaves with a volume from
100 cm3 (for laboratory studies) to ≈12 m3 for industrial production. Working regimes vary from
0.1 to 300 MPa, and from 300 to 1100 K. The
duration of technological cycles can vary from
a few days in research laboratories to one and
a half years (for example, when growing large
scale monocrystals of optical quartz). During a
hydrothermal crystallization, a particular temperature gradient is maintained between a bottom zone
where there is a charge of optimal composition and
chemical purity, and a growing zone where precisely oriented, especially prepared primings are
positioned on crystal-holders. The crystal growing rate is controlled both by the magnitude of
the temperature gradient and by the convection
process with the help of diaphragms established
inside the autoclave and, in many cases, perforated, and jet-directing devices which govern the
hydrodynamic characteristics of the mass transport process in the liquid and ﬂuid phases. The
crystal growing rate can vary up to 1 mm per day
and more. Hydrothermal crystallization has been
applied for growing quartz single crystals (industry yield exceeds hundreds of tons a year) as well
as for obtaining synthetic monocrystals of calcite
and zincite.
HYGROSCOPICITY

A property of materials whereby they absorb
moisture from the air. Hygroscopicity is inherent in wetting materials (hydrophilic materials, see
Lyophilic and lyophobic behavior) with a capillaryporous structure where the moisture is taken up in
thin capillaries, as well as in water soluble materials, especially chemical compounds which form
hydrates with water. The amount of moisture absorbed by the substance (hygroscopic humidity)
increases with the increase of the moisture content
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HYPERCHANNELING

Fig. 2. Arrangement of continuous equipotential lines
around atomic chains A for copper, where Q indicates
the location of a potential minimum and P denotes saddle points.
Fig. 1. Trajectories (generated by computer modeling) of
5 keV copper ions travelling along a channeling axis in a
copper single crystal parallel to the [001] direction (i.e.
perpendicular to the plane of the ﬁgure). The trajectories
are projected on the (001) plane of a body centered cubic
monocrystal of copper. The point of entry is marked by
a cross.

of the air, and reaches a maximum for a relative
humidity of 100%.
HYPERCHANNELING

One of the types of channeling of charged
particles in monocrystals; a kind of axial channeling arising when the entrance angle is very
small relative to the axis. The following varieties
of trajectories are possible for axial channeling:
limited to a single channel (shown in the left upper
corner in Fig. 1), and unlimited (freely roaming
between channels during ion passage through the
crystal and shown to the right in Fig. 1). When
the channeling is limited to a single channel the
ions undergo a large number of glancing collisions, and they move in regions of low potential
which are surrounded by relatively tightly packed
rows of atoms. In this case, the critical angle for
channeling is smaller than the Lindhard angle (see
Channeling) because the magnitude of the potential barrier is determined not at the center of the
atomic chain, but by the potential at the boundary
between the channels, indicated in Fig. 2 by the
point P .
HYPERELASTIC MATERIAL

A material which exhibits zero dissipation of
strain energy. Thermodynamic properties of a hy-

perelastic material can be described by components of a strain tensor involving, in combination
with the temperature, a closed system of thermodynamic variables. All truly elastic bodies possess
a hyperelasticity (see Finite elastic strain).
HYPERFINE INTERACTION
The interaction of the magnetic moment of

the nucleus μn with the magnetic moments of
electrons (orbital angular momentum l and spin
moment S). The hyperﬁne interaction results in
the hyper ne structure of spectral lines (hence the
name). The effect of a hyperﬁne interaction upon
nuclei is described by hyperﬁne ﬁelds at the nuclei, B n . Due to the quantum nature of electron
motions in solids, B n may be written in the form


l
S
3r(rS) 8
B n = −2μB 3 − 3 +
+
πδ(r)
,
3
r
r
r3
where r is the distance from the electron to the
nucleus. The last term in the expression for B n
is called the Fermi contact ﬁeld. It exists only for
those electrons that have a charge density at the
nucleus different from zero. The average values of
the operator B n  are related to the magnetic moment of the atom M by the expression

Aαβ M β , α, β = x, y, z,
B αn  =
β

 is determined
where the symmetry of the tensor A
by the local symmetry of the atomic environment.
Meanwhile, the values of hyperﬁne coupling constants Aaβ depend on the form of the electron
wave functions, and correlate with experimental data provided by, e.g., the techniques of the

HYPERFINE STRUCTURE

nuclear magnetic resonance (NMR) or nuclear
gamma ray resonance (Mössbauer effect). The
ﬁelds B n only weakly affect the NMR frequencies
(Knight shift, chemical shift) of paramagnetic centers in which the values of M are usually low due
to thermal motions. In magnetically ordered materials with small thermal oscillation amplitudes M,
the average values of B n  may reach 10–100 T,
so the hyperﬁne interaction is the main factor controlling the behavior of nuclear spins. There result
certain features in the NMR, such as enhancement
effects, nuclear spin waves, etc. Measurements of
B n  provide information on the electric properties of solids, and the distribution of magnetic
atoms in them.
The isotropic part of the hyperﬁne interaction (contact interaction) is described by the spin
Hamiltonian, aJ · I , where I is the nuclear spin,
and J is its electronic counterpart. The isotropic
hyperﬁne interaction parameter (Fermi constant)
is a = 16πgβgn βn (|ψ↑ |2 −|ψ↓ |2 )/3 where |ψ↑ |2
is the sum of the electron densities at the atomic
(ion) shells, with spins aligned upward (↑) at the
nucleus, and analogously for |ψ↓ |2 . Note that the
nucleus is considered to be a point charge. Next
come g(gn ) and β(βn ). These are the electron
(nuclear) g-factor and the magneton, respectively.
Depending on the ﬁlling of the electron shell and
the value of the nuclear moment, the value of
an atomic moment a may vary from several kHz
to tens of GHz. It is measured using the techniques of electron paramagnetic resonance (EPR),
NMR, nuclear γ -resonance, electron–nuclear double resonance (ENDOR), selective saturation of
EPR, and spin echo. These measurements yield
information on the spins and magnetic moments
of the nuclei, on the isotropic hyperﬁne interaction of the paramagnetic center with surrounding
nuclei, and also on the spatial distribution of its
electron cloud. The isotropic hyperﬁne interaction serves as a measure of the covalence of
complexes. Different isotopes and different charge
states of ions also have differing values of a.
The isotropic hyperﬁne interaction is a factor enhancing the effect of radio frequency ﬁelds upon
the nucleus (sometimes that enhancement reaches
several thousand). Disregarding the approximation of a point nucleus results in a weak dependence of the isotropic hyperﬁne interaction on the
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distribution of magnetization and the density of
the electron wave function within the volume of
the nucleus. As a result, the isotropic hyperﬁne
interaction aI · S and a  I  · S for two isotopes
with nuclear magnetic moments μ and μ yields
an anomaly in the hyperﬁne structure characterized by the parameter Δ in the ratio a/a  =
(1 + Δ)μ/μ . The value of Δ may exceed 10−2
for heavy nuclei, with Δ < 10−5 for the light ones.
Depending on the mutual orientation of the
crystal axes, and on the total electron J and nuclear I spins, the anisotropic part of the hyperﬁne
 . It is characterized
interaction has the form J AI
 and is deterby the parameters Bpq = Apq −Tr A,
mined by averaging the dipole–dipole interaction
between the electron moment, distributed with the
probability |ψ|2 over space, and the point nuclear moment. For distances between J and I
that exceed the radius of the electron cloud, the
anisotropic hyperﬁne interaction is close to the
dipole–dipole interaction of point magnetic dipole
moments βqJ and βn q n I . The parameters Bpq
are found from the angular dependences of spectra of EPR and ENDOR.
HYPERFINE STRUCTURE

The splitting of spectral lines due to intrinsic
nuclear spin interactions with a paramagnetic ion.
The hyper ne interaction of the magnetic moment
(spin) of the nucleus I with the magnetic moment of the net electronic angular momentum J ,
as well as the Zeeman interaction of the nuclear
spin with an external magnetic ﬁeld B, and the interaction of the quadrupole moment of the nucleus
with the electric eld gradient, can all be described
by combinations of terms in the generalized spin
Hamiltonian of the form J k I l B n (here k, l, n =
0, 1, 2, . . . , k + l + n is an even number), with
their symmetry corresponding to the point symmetry of the paramagnetic center. It is a “ﬁngerprint”
of an ion, since it contains the information on its
nuclear spin and magnetic moment, its hyperﬁne
and quadrupole interactions, and the relative abundance of the given isotope (see Fig. 1).
The superhyperﬁne structure (SHFS) of an
electron paramagnetic resonance (sometimes
called “ligand hyperﬁne structure”) is the splitting
that results from the interaction of the net magnetic moment of the electronic angular momentum
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HYPER-RAMAN SCATTERING

Fig. 1. A typical spectrum of Mn2+ : (1, 2, 3) are the sextets of hyperﬁne components (M = 5/2 → 3/2, 3/2 → 1/2,
1/2 → −1/2, respectively) of allowed transitions that comply with the following selection rules for changes in the
electronic, M, and nuclear, m, spins: M = ±1, m = 0. The two higher ﬁeld sextets (M = −3/2 → −5/2 and
−1/2 → −3/2) symmetric with sextets (1) and (2) are not shown. Panels (4, 5) identify the forbidden transitions with
M = ±1, m = ±1 which appear between the stronger allowed lines of sextets (2) and (3), respectively. The terms δ1
and δ2 identify the splittings that characterize the ﬁne structure.

at a paramagnetic defect J with the spins of the
nearby nuclei I i . To study this one may use the
techniques of electron–nuclear double resonance,
electron spin echo, and selective saturation. Such
a structure is described by a sum of operators
of the generalized spin Hamiltonian of the form
J k I li B n mentioned above. Note that the symmetry of the interactions with the ith nucleus arise
from its local symmetry group. As for the simplest
groups of equivalent nuclei with isotopic hyperﬁne interactions, their SHFS consists of a set of
components with a binomial ratio of intensities
(provided one neglects the difference between the
transition probabilities for Ii  1), see Fig. 2.
The spectrum becomes more complex when
there is a strong quadrupole interaction, and also
in the case of anisotropic hyperﬁne interactions.
SHFS yields information on the type and location
of the nearby nuclei, on the distribution of electron density, and on the isotopic composition of
the crystal.
HYPER-RAMAN SCATTERING, two-photon
Raman scattering

A process of non-linear interaction of light
with matter leading to inelastic scattering. As a result, the irradiation of matter by monochromatic

Fig. 2. Superhyperﬁne structure for equivalent nuclei:
patterns (a, b, c) correspond to pairs of nuclei with Ii =
1, 3/2, 1/2, respectively, and (d, e) are hyperﬁne patterns
for six and eight equally coupled Ii = 1/2 nuclei, respectively.

rays of frequency ωl produces scattered radiation
at the frequency ωs = 2ωl ± ω0 , where ω0 is the
frequency of a quantum of elementary excitation
(vibration) of the matter. According to quantum
theory, the hyper-Raman scattering process can be
interpreted as an annihilation of two incident pho-

HYSTERESIS

tons accompanied by the generation of a scattered
photon, and the creation (Stokes process) or annihilation (anti-Stokes process) of a quantum of an
elementary excitation (phonon) of matter.
The magnitude of this scattering is proportional to the square of the intensity of the incident
light and, as a rule, is extremely small. Therefore, it is necessary to use pulse-periodic lasers for
excitation, and photon counting systems with gating for its detection. The efﬁciency of the process
becomes signiﬁcantly enhanced when the frequencies ωl and/or 2ωl approach the frequency of an
intrinsic transition in the medium where a resonance hyper-Raman scattering takes place.
Important advantages of hyper-Raman scattering result from selection rules which permit this
process to occur for excitations that are inactive in both Raman and infrared spectra (silent
lattice vibrations). In this scattering IR-active excitations are permitted; consequently, polaritons
(quanta of interaction between phonon and photon) in media of any symmetry are also permitted,
and there are favorable conditions for studying
both phonon and exciton polaritons. When the
polariton frequency is far removed from an intrinsic resonance frequency of the medium (polariton energy corresponds to “photon” portion
of dispersion curve) the hyper-Raman scattering
on polaritons is also called hyperparametric light
scattering, four-photon light scattering, or light on
light scattering in matter. See Raman scattering of
light.
HYPER-RAYLEIGH SCATTERING

A process of nonlinear interaction of a sufﬁciently intense light wave of frequency ω0 with
matter, which results in the appearance of scattering at frequencies 2ω0 , 3ω0 , and so on, with
the magnitude proportional to, respectively, I02 , I03
and so on (here I0 is the intensity of the incident
light wave). See also Rayleigh scattering of light,
Light scattering.
HYPOELASTIC MATERIAL (introduced by
C. Trusdell, 1955)

A material in which the components of stress
variation rates under a strain are homogeneous
functions of the deformation rate components.
A hypoelastic material is non-viscous and its inﬁnitesimal deformations are reversible relative to
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the initial stress. This idea is a generalization of an
intuitive concept of an elastic material for a case of
ﬁnite deformations.
HYSTERESIS

Dependence of a physical state on the history of controlling parameters, rather than just
on their values. Such a multivalued correspondence of the state with the parameter values is
observed in any process which exhibits relaxation,
whose time constant (relaxation time) determines
the time for reaching the equilibrium state under
the variation of external conditions. The ambiguity in the value of the state of the system parameter
depends on how the external condition parameter relates to the system relaxation time. In the
case of a rst-order phase transition one can observe a difference between the temperatures of
the phase transition occurring during cooling and
heating. This phenomenon is called temperature
hysteresis, and it is a consequence of the possible existence of metastable states within a certain
temperature range where the thermodynamic potentials of the system are double-valued. For a
given material this temperature range depends on
the rate of variation of the temperature. For complete thermodynamic equilibrium in the system
(which is never reached due to the lag of the nucleation processes and other causes), the temperature
range of the hysteresis must be zero, and the
phase transition should occur at the temperature
corresponding equilibrium of thermodynamic potentials. Another kind of hysteresis phenomenon
is observed in many physical systems with magnetic or electric polarizations, when a transition
from one phase to another includes a state with domains (an intermediate state), and the ambivalence
of the dependence of values does not disappear
under inﬁnitesimally slow variations of the external conditions. Examples of this are ferroelectric
hysteresis and magnetic hysteresis observable in
ferroelectric and magnetically ordered materials,
respectively, and also elastic hysteresis, i.e. a lag
in the phase of a strain relative to that of a stress
(see, e.g., Shape memory effect, Martensitic transformation). The phenomenon of elastic hysteresis
is inherent in all solids. In experiments, these
hysteresis phenomena appear as loop-like dependences (hysteresis loops) of values characterizing
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HYSTERESIS IN PHASE TRANSITIONS

the system state (polarization, magnetization, internal stress, etc.) under a cyclic variation of
corresponding values specifying the external conditions of a hysteresis loop (electric ﬁeld, magnetic
ﬁeld, applied stress). Hysteresis is also typical of
certain states of condensed media with a nonergodic behavior (spin glasses and other amorphous
magnetic substances, dipole glasses, and so on).

metastable states at rst-order phase transitions.
It is observable under sufﬁciently fast changes of
the external conditions owing to the slow response
of the system, and its persistence in a state with an
order parameter value corresponding to a relative
minimum rather than the absolute minimum of the
thermodynamic potential (see Hysteresis, Phase
transitions).

HYSTERESIS IN PHASE TRANSITIONS
A double-valued dependence of an order parameter (e.g., the magnetization at magnetic phase
transitions) on physical values specifying the ex-

HYSTERESIS LOOP
See Hysteresis, Magnetic hysteresis.

ternal conditions (temperature, pressure, external
ﬁeld, etc.) associated with a phase transition.
The hysteresis appears due to the presence of

HYSTERESIS, MAGNETIC
See Magnetic hysteresis.

Ii
of melting at 0 ◦ C is 334 J/g, and heat of sublimation is 2834 J/g. Thermal conductivity of ice near
0 ◦ C is 2.2 W·m−1 ·K−1 which is approximately
4 times more than the value for water, and it increases as the temperature is lowered. Ice has a
high electrical resistivity (ρ ∼ 108 to 109 ·m).
It exhibits plastic properties (see Plasticity), and
plastic deformations which depend on the temperature, on the character of the loading, and on
the deformation rate. The viscosity of ice varies
from 103 to 108 MPa·s. Elastic properties of ice
are displayed only under very short-term loads.
With the reduction of temperature, elasticity and
brittleness of ice grow; and with its increase, the
plasticity grows. Ultimate strength of ice under
compression is about 25·105 N/m2 , shear strength
6·105 N/m2 , rupture strength 1 to 2·105 N/m2 ,
e xure strength is 20 to 30% less due to plastic
deformations.
Subterranean ice. Ice in the Earth’s lithosphere
is present in rock of the cryolithosphere as a
mineral, piercing the rock mass in the shape of
thin layers, lenses, small scattered crystals (icecement) and also as a monomineral rock, thus
forming separate large aggregations with thicknesses between 0.3 m and 60 m. Overall subterranean ice occupies about 2% of the total volume
of ice of the cryosphere (≈0.5·106 km3 ). Subterranean ices are subdivided as to their mechanism
of their formation into vein, injection, segregation,
cave and buried types.
Ice in the atmosphere is found in the form
of cloud particles and precipitation, usually of
the ice I crystal modiﬁcation. At temperatures
above that of homogeneous liquid water freezing (above −41 ◦ C) heterogeneous ice nucleation
takes place, a process dependent on the properties
of atmospheric aerosols (see Aerosol particles).
Water vapor diffusion controls the growth of ice

ICE

Solid phase of water, most important rockforming mineral, and monomineral rock of cryolithosphere. Ten crystalline modiﬁcations of ice
are known in addition to amorphous ice. Under
natural conditions there is only one modiﬁcation (ice I), whose crystals have the hexagonal
space lattice of the trigonal system with six H2 O
molecules forming a regular hexagonal cell with
dimension b = 0.9 nm along the axis. The coordination number is four with 0.276 nm between
the closest centers of the molecules. Six cavities
or voids located around each molecule at the distance 0.347 nm, with dimensions exceeding those
of the molecules, form channels associated with
alternating hexagonal cells. The spatial lattices
of other ice modiﬁcations belong to the rhombic (ice II), tetragonal (ice III, VI, VIII and IX),
monoclinic (ice V) or cubic (ice IV) crystal class.
Each modiﬁcation has its own range of stability. Under ordinary atmospheric pressure in the
temperature range −130 to 120 ◦ C, ice IV with cubic symmetry can exist. It forms by condensation
of vapors on a substrate cooled to −125 ◦ C, and
at lower vapor condensation temperatures amorphous ice forms (see Amorphous state). With
increasing of temperature, these forms transform
to common ice I. The density of ice at 0 ◦ C and
a pressure 0.1 MPa equals 0.9167 g/cm3 , which
is 9% lower than that of water. Crystals of ice
exhibit anisotropy of mechanical properties, optical anisotropy, anisotropic electrical and other
properties. A low coefﬁcient of visible light adsorption (transparency, see Light absorption) and
very weak birefringence characterize ice which is
optically positive and uniaxial. The melting temperature of ice under pressure of 0.1 MPa is
adopted as 0 ◦ C. At reduced pressure the melting
temperature lowers by 0.075 ◦ C per 1 MPa. Heat
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ICE BOMB

crystals in the atmosphere up to the radius of
10−3 m, and is responsible for the formation of
regular shaped crystals. About 80 different shapes
of ice crystals are found in the atmosphere, the basic types being dendrites, plates, prisms, needles,
etc. Further growth and enlargement proceeds via
coagulation of crystals with crystals (snow ﬂakes),
crystals with droplets (ﬁne hail, up to 0.5·10−2 m
radius and hail, up to 10−1 m radius). The formation and fallout of precipitation in the middle and
polar latitudes is closely related to the presence of
ice in the clouds.
ICE BOMB (B.G. Lazarev, L.S. Lazareva, 1939)

A simple device used to produce high uniform
pressures (up to 0.2–1 GPa) at low temperatures
without employing any external compressor. Several materials feature higher densities in their
liquid state than in the solid one (e.g., water by
8.3%, gallium by 3%). Therefore, under chilling
and freezing in a conﬁned space, they develop
a high pressure that is sustained at low temperatures in the solid phase (up to 0.173 GPa for
water and up to 1 GPa for gallium). That pressure is transferred to the sample placed inside
the “bomb” container. A uniform pressure p is
developed during slow chilling of a beryllium
bronze bomb (features high strength, high thermal conductivity, weak magnetism). By attaining
high pressures this way without compressors the
ice bomb opened up a broad new ﬁeld in the
studies of solids, low-temperature physics at high
pressures. Ice bombs provide a quantitative experimental base for studying the thermodynamics
of type I superconductors, such as the pressure
dependences dT c /dp and dB c /dp of the critical
temperature of superconductor T c , and the thermodynamic critical magnetic eld B c . Studies have
been made of electron-topological transitions of
metals under elastic strain (see Lifshits transition).
The effect of pressure (up to 1.1 GPa) on the
magnetization of ferromagnets was studied using
gallium. Due to the small size of the bomb and its
stand-alone nature, it is convenient for high pressure studies at temperatures below 1 K (down to
about 0.05 K). The ice bomb initiated the process
of designing new devices in which the agent to
transfer high pressure is a solid (see also Highpressure cells).

IDEAL CRYSTAL

A theoretical model of a crystal with a perfect
periodic lattice consisting of immobile identical
atoms. The ideal crystal model is widely used in
the theory of solids. Real crystals always contain
a certain number of defects and thus are not ideal.
The closest to ideal crystals are monocrystals. See
also Perfect crystal.
IDEAL GAS

Model of a gas which neglects the potential energy of interaction between its particles. This gas
obeys the ideal gas law P V = nRT , where P is
the pressure, V is the volume, n is the number of
moles, R is the gas constant, and T is the absolute
temperature (in kelvins). The ideal gas model is
widely used in solid state physics to describe a
system of quasi-particles at low density. The interaction of ideal gas particles takes place only
during binary collisions. The particles are assumed
to be nondeformable with no internal degrees of
freedom. An ideal gas of quantum particles (quasiparticles) is described by Fermi–Dirac statistics for
particles with half-integral spin (e.g., conduction
electrons in a metal), by Bose–Einstein statistics
for particles with integral or zero spin, and by the
Boltzmann distribution for classical cases.
IDEAL GLASS

An idealized (simpliﬁed) model used in the
theory of solids to describe the vitreous state of
matter (by analogy with an ideal crystal). In the
case of amorphous solids with covalent bonds, a
body whose atomic structure represents a random
network without dangling bonds is considered to
be an ideal glass. Unlike an ideal crystal which
is deﬁned unambiguously by its lattice symmetry and the free energy minimum condition (as
temperature tends to zero), an ideal glass structure lacks an unambiguous deﬁnition. For metallic
glasses, an ideal glass is deﬁned in a model where
all the interatomic cavities are tetrahedral, and the
local coordination numbers Z of the atoms vary
over a rather wide range 9  Z  16.
As is well known, three-dimensional Euclidean space cannot be ﬁlled with regular tetrahedra
without gaps. For example, when packing ﬁve
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Disclination and tetrahedral packing.

tetrahedra with a common edge there arises a√deﬁciency of space angle β = 4π − 20 arcsin(1/ 3)
(Fig. (a)). Elimination of the deﬁciency is possible either with the help of elastic closure of
the slit, which is equivalent to the introduction
of a positive wedge disclination along the common edge of tetrahedra with the magnitude ω =
β/2 ∼
= 7◦ 20 (Fig. (b)), or by adding an extra regular tetrahedron into the existing slit (Fig. (c)). The
latter operation leads to the appearance of a negative disclination with ω ∼
= 2π/5 = 72◦ . Therefore,
tetrahedra with local tetrahedral packing turn out
to be distorted, and the packing geometry can be
described by the number q of tetrahedra adjoined
along the linking edge. In the examples given,
q = 5 and q = 6.
An ideal glass with tetrahedral packing is an
atomic conﬁguration in three-dimensional space,
which is transformed with the help of a relaxation process to a condition involving more or less
differing bond lengths. For an ideal glass, mean
values of q and Z, related by the expression q =
6 − 12/Z, are equal to q i = 2π/ arccos(1/3) ∼
=
5.104 and Z i ∼
= 13.397. Values close to Z i are
speciﬁc for coordination numbers of the so-called
Frank–Kasper phases (F.C. Frank, J.S. Kasper) in
complex alloys with a large number of atoms in
a unit cell (e.g., Z = 13.358 for Mg32 Zn49 ). In
the framework of the present approach, Frank–
Kasper phases can be treated as near-ideal glasses
that degenerate to crystals due to their chemical composition. One can deﬁne various defects
with respect to ideal glasses. Disclinations that are
the lines of distorted atomic coordination in local
tetrahedral packing play a principal role in glasses
with local tetrahedral packing.

IDEAL SOLID SOLUTION

A homogeneous, multicomponent (i = 1, 2,
. . . , n) solid phase of varying composition, its formation being accompanied by the same changes
of thermodynamic potentials as in mixing ideal
gases. In contrast to ideal gases, interactions between particles in an ideal solid solution do exist
but undergo no changes with variations of composition, while the partial enthalpies Hi and entropies Si (both vibrational and rotational) are
conserved. Only the conﬁguration component of
the entropy S changes. Hence, the changes of
thermodynamic potentials are H = 0, S =
−R ni=1 xi ln xi and G = −T S (R is the
gas constant, xi is the relative concentration of
the ith component, and G is the Gibbs free energy). These solutions are idealized states; close
to them are isotopic solid solutions. More common are regular solid solutions with H = 0,
S = −R ni=1 xi ln xi . Real solid solutions deviate from both ideal and regular solutions in that
the entropy increases, S > S id , with the formation
of defects (e.g., Schottky defect), and the entropy
decreases S < S id with the reduction of the particle oscillation frequencies under ordering.
IMAGE FORCES in electrostatics

Electrostatic attractive or repulsive forces affecting an electric charge near a solid surface or
near the interface between different media. Forces
of the image type arise because of the polarization
(redistribution of natural charges) in a medium
acting on a test charge e at rather long (macroscopic) distances x from the interface. These
image forces are determined from the classical potential:
W (x) =

e2
4x

ε1 − ε2
,
ε1 + ε2
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where ε1 is the relative dielectric constant of the
medium with the charge e, and ε2 is the dielectric
constant of the medium bordering it. In particular, if the charge is in a vacuum (ε1 = 1) close
to a metal surface (ε2 → ∞), then image forces
are a maximum and correspond to reﬂecting image forces with the potential W (x) = −e2 /(4x),
which arises because of the redistribution of free
conduction electron density in the metal. The divergence of W (x) at the point x = 0 is eliminated
by systematically taking into account the effects of
spatial dielectic dispersion at distances comparable to the screening radius, and also by accounting
for quantum effects. For rapidly moving charges
the image forces are attenuated due to retardation
effects arising from the inertia of natural charges
in a medium. For metals this happens at times
of ﬂight comparable to the plasma oscillation period of about 10−15 s. Under the action of image
forces surface electron states can arise, which are
localized near the interface, e.g., on the surface
of liquid helium (see Levitating electrons). Image
forces play an important role in the transverse interaction of adsorbed atoms or molecules at a solid
state surface (see Adsorption). In particular the interaction between adsorbed atoms with charge Q,
located a distance x from the metal surface and
separated from each other by the distance R > x,
has the following form for R
x as a result of
reﬂecting image forces:
W (R) = − #

Q2
R 2 + 4x 2

+

Q2
P2
,
≈
R
2R 3

where P = 2xQ is the effective dipole moment,
i.e. W (R) exhibits a dipole–dipole type repulsion
(see Dipole–dipole interaction).
Image forces in imperfect crystals are those
taking into account boundary conditions in a crystal with defects. In an inﬁnite crystal, displacement vectors u due to defects decrease, according
to the continuum theory of elasticity, as the distance from the defect grows. However, in a crystal
of ﬁnite dimensions such a solution does not obey
the surface boundary conditions (e.g., condition of
absence of stress on a free surface). To meet such
conditions image forces are introduced, which are
virtual forces acting from the sites of imaginary
external defects inducing so-called displacements
of “images”. In an inﬁnite medium, displacements

of the image converge to zero, while in a spatiallyrestricted body of arbitrary shape they depend on
this shape, and on the arrangement of real defects
relative to its boundary. Despite the comparatively small value of corresponding deformation
“images”, bound by surface image forces (and
inversely proportional to the cube of the characteristic crystal size L), they are evenly (if defects
do not concentrate near the surface layer) spread
throughout the crystal volume ∼L3 . Therefore,
image forces do make a ﬁnite contribution to the
change of some characteristics (e.g., volume) upon
the introduction of defects, which is comparable
to changes arising from the emergence of static
deformation ﬁelds that decrease at long distances
from defects.
The energy contribution to the total strain interaction of defects related to image forces is generally an “attractive” one and varies very smoothly
even at distances r between defects comparable
with L, i.e. it is almost independent of r for
a macroscopically uniform average distribution
of defects. It is particularly insensitive to ﬂuctuational redistributions of their concentration at
distances r  L.
IMAGING, EPR
See EPR imaging.
IMAGING, NMR
See Magnetic resonance imaging.
IMPACT IONIZATION, collision ionization

Ionization, which occurs when an ionizable ion
acquires energy as a result of a collision with another particle (electron, ion, atom). In the context
of solid state physics, the term impact ionization
is used in reference to ionization brought about
by applying a strong electric ﬁeld to the sample.
Conduction electrons are accelerated by the ﬁeld
and give up part of their kinetic energy at collisions with atoms of the solid. In a strong enough
ﬁeld, the energy acquired by electrons may exceed the band gap width E g , in which case an
electron can jump from the valence band to the
conduction band as a result of collisions between
conduction electrons and vibrating atoms. The approximate criterion for impact ionization is the
equality of the energy E g gained during the passage along a mean free path length l, i.e. during

IMPEDANCE, SURFACE

the average interval between two successive collisions of an electron with phonons or lattice defects
(see Defects in crystals), i.e. eE = E g /(αl), where
E is electric ﬁeld intensity, and α is a numerical
factor specifying the amount of energy lost by a
high-speed electron in a collision. The process of
impact ionization results in an avalanche-like increase of the concentration of free current carriers.
For ﬁeld intensities from 105 to 106 V/cm, this
increase is limited by the recombination of electrons and holes produced by impact ionization. At
higher ﬁelds (of the order of 107 V/cm), however,
impact ionization can bring about the electrical
breakdown of a semiconductor (see Breakdown of
solids).
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ultimate strength, see Shock hardening). As a result of a nonuniform distribution of stresses and
stress concentrations in certain regions, the plasticity of a structural member under impact load is
lower than that under static load (see Construction
material strength). The impact strength of a structural member is improved by a design plan that
allows for increasing the uniformity of stress distribution throughout the bulk of material.
IMPATT DIODE

The same as Impact ionization avalanche transit
time diode.
IMPEDANCE (fr. Lat. impedio, am hindering)

IMPACT IONIZATION AVALANCHE TRANSIT
TIME DIODE, IMPATT diode
A semiconductor diode with a dynamic negative resistance in the UHF range that forms due
to an avalanche breakdown (see Semiconductors)

precipitated by a phase shift between the voltage
and the current at the device output. This effect
arises from the ﬁnite inertia of the avalanche multiplication of carriers and the ﬁnite time, τ , that
it takes for these carriers to traverse the carrierdepleted layer (transit time). The efﬁcient transfer
of IMPATT energy input into UHF oscillations of
frequency f occurs when f · τ ≈ 0.5. IMPATT devices are used to generate, amplify, and transform
oscillations in the range from units to hundreds of
GHz. They remain the most powerful solid-state
sources of UHF oscillations in the 20–400 GHz
band.
IMPACT MALLEABILITY
See Toughness.
IMPACT STRENGTH
The strength of materials under short-time im-

pact loading, one of the forms of dynamic strength.
Impact strength determines the resistance to failure
under short-time (of the order of 10−3 s and less)
loads of high severity. The action of these loads is
characterized by wavelike propagation, and hence
by transient stress distribution over the bulk of
material under load, as well as by the high-rate
deformation of the material which, in a number of
cases, enhances its strength properties (yield limit,

A complex-valued quantity that is an analogue
of the electrical resistance for harmonic (AC)
processes. The impedance has the complex form
Z = R + iX, where the real part R is the resistive or lossy term, and the imaginary part X
is the reactive term. A distinction is drawn between the impedance of an AC circuit element
(two-terminal impedance) and the impedance of
a (planar) surface in a monochromatic electromagnetic ﬁeld (surface impedance). The concept
of impedance was introduced into electrodynamics by O. Heaviside and O. Lodge; that of surface impedance belongs to S. Schelkunoff (1938).
Impedance characteristics are used not only in
electrodynamics, but also in descriptions of transmission lines for wave disturbances of any nature
(e.g., Acoustic impedance). In AC electrical circuit theory the impedance Z of a resistance R,
inductance L and capacitor C in series has the
magnitude Z = [R 2 + (XL − XC )2 ]1/2 , where
XL = ωL and XC = 1/(ωC) are the inductive and
capacitive reactances, respectively, ω = 2πν is the
frequency, and ω0 = 1/(LC)1/2 is the resonant
frequency. The voltage V and current I are complex quantities related by Ohm’s law V = I Z, and
the phase angle φ between the current and voltage
is given by the expression tan φ = (XL − XC )/R.
The losses in the circuit arise from the resistance R.
IMPEDANCE, SURFACE
See Surface impedance.
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IMPREGNATION

IMPREGNATION (fr. Lat. im, in, and praegnans ,
pregnant)

A technological process of ﬁlling the microcavities and/or pores of solids with various liquid
compounds (except for metal melts) in order to
impart some speciﬁc properties to these solids.
The process comprises introducing liquid into material, drying the latter, and adding, if necessary,
a heat treatment. Impregnation allows one to produce some kinds of self-lubricating materials, to
render wood and fabric moisture-resistant, and so
on. See Soaking, In ltr ation.
IMPURITON

A quasi-particle formed by a light impurity in
a crystal lattice during the process of quantum tunneling (see Tunneling phenomena in solids). An
impuriton is a special case of a defecton. Examples of impuritons are atoms of H in metals at low
temperatures, or atoms of 3 He in a 4 He crystal.
IMPURITY ATOM CHARGE
See Effective impurity-atom charge.
IMPURITY ATOMS

The atoms of chemical elements contained
within a solid without being part of its chemical
composition. The impurity atom concentration is
considerably smaller than the concentration of the
basic material atoms. Despite this, they strongly
inﬂuence the physical properties of many solids.
Control of the impurity content of materials can
be very important. It includes removal of impurity atoms that enter from the raw materials or
from the elements of technological devices, and
also adding impurities by doping. Semiconductors
are especially sensitive to the presence and variety
of the impurity atoms: thorough purifying of some
of them (e.g., of silicon) permits one to detect their
effect on the electrical properties of semiconductors in concentrations 1011 to 1012 cm−3 . Doping
metals and alloys to control their strength parameters requires an impurity atom concentration that
amounts to several percent. The spatial distribution of the impurity atoms, which may be highly
nonuniform, e.g., in case of ion implantation, appreciably inﬂuences the material properties.

IMPURITY BAND

A band of permitted energies, which appears
within the band gap of a semiconductor as a result
of the overlapping of the closely-spaced local electronic levels of impurities. As the impurity atom
concentration, Ni , increases, the following limiting cases of semiconductor doping are realized. At
a low concentration Ni , the following inequalities
hold:
−1/3

Ni

−1/3

Ni

r0 ,

(1)

aw ,

(2)

where r0 is the screening radius, and aw is the
radius of the wave function of the impurity atom
electron. These are weakly doped semiconductors.
Local electric ﬁelds around the impurity atoms
and the wave functions of the electrons localized on them do not overlap, the local electronic
levels are discrete, and the activation energies of
the impurity atoms are the same. Upon increasing Ni , inequality (1) becomes violated, and due
to the interaction of the electric ﬁelds the discrete
levels are shifted with respect to each other: the
so-called classical level broadening takes place.
Upon further increases of Ni , condition (2) is also
violated and the levels broaden into an impurity
band (quantum level broadening). If the impurity band is separated from the valence band and
conduction band by regions (gaps) of forbidden
energies, then the materials are called intermediately doped semiconductors; at the merging of the
impurity band with one of the other bands they are
called highly-doped semiconductors.
IMPURITY BREAKDOWN in semiconductors
Sharp increase in semiconductor electrical conductivity in an external electric ﬁeld. The increase
results from impact ionization by collisions of ei-

ther conduction electrons or holes with impurity
atoms. At liquid helium temperatures the impurity
breakdown is observed in crystals of germanium
placed in electric ﬁelds of several volts per cm.
Due to the limited concentration of impurity atoms
their full ionization does not result in a true voltage breakdown that would entail sharp changes
in the material properties. Therefore, the impurity
“breakdown” is reversible. Provided the external
ﬁeld increases sufﬁciently, a thermal breakdown
due to Joule heating may ensue.

INCOMMENSURATE STRUCTURE

When a sample possesses trapping levels, conditions appropriate for impurity breakdown may
be produced by ﬁlling the levels with current carriers. For example, one may irradiate a sample with
photons of energy exceeding the band gap width
(so-called induced impurity breakdown).
IMPURITY CONDUCTIVITY
Low-temperature hopping conductivity involv-

ing impurities in amorphous or doped (impurity)
semiconductors. The hops (jumps) may be accompanied by the absorption or emission of phonons.
At moderately low temperatures the hop occurs
by thermal activation through a potential barrier
that separates the impurities. At low temperatures,
quantum tunneling appears to be essential. See
also Electrical conductivity, Semiconductors.
Sometimes the term impurity conductivity is
used in another sense. When the doping of a
semiconductor is sufﬁciently high and the current
carriers that determine conductivity are formed
by ionization of the impurities, these carriers can
move in an impurity band.
IMPURITY DISTRIBUTION
See Interphase impurity distribution coef cient.
IMPURITY-INDUCED FERROELECTRICITY
See Ferroelectricity induced by impurities.
IMPURITY INTERACTION
See Magnetic impurity interaction.
IMPURITY STATE, SURFACE
See Surface impurity states.
INCLINED VORTICES in superconductors, Kulik’s
vortices
A speciﬁc kind of vortex lattice formed in pla-

nar superconducting layers with a thickness of the
order of the coherence length ξ ∼ 10−5 –10−6 cm.
The layer is located in the neighborhood of the surface and retains superconducting properties under
the action of an applied ﬁeld exceeding the ﬁeld
needed to destroy bulk superconductivity. The vortex state is realized at all angles of magnetic ﬁeld
inclination, except for θ = 0 (i.e. strictly parallel to surface) in the ﬁeld interval from Bc2 (θ) to
Bc3 (θ) (see Surface superconductivity). The vortex state is a lattice that is oriented in the direction
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of the projection of the magnetic ﬁeld on the metal
surface; the lattice has the structure of triangles
elongated in this direction. Inclined vortices determine the current-carrying capacity of the surface
layer, which is due to the pinning of inclined vortices by defects of the surface structure (see Vortex
pinning).
INCLUSION, MACROSCOPIC
See Macroscopic inclusions.
INCOMMENSURATE–COMMENSURATE
PHASE TRANSITION
A phase transition in a crystal, which displays
a superlattice; the transition is accompanied by

a reduction of the incommensurability parameter to zero (see Incommensurate structures) and
the resulting restoration of translational symmetry.
An incommensurate–commensurate phase transition is, as a rule, a rst-order phase transition.
The transition may be detected through diffraction methods; changes of certain physical properties (electric resistance, magnetic susceptibility,
etc.) are also indicative of an incommensurate–
commensurate phase transition. The transition is
observed in dichalcogenides of transition metals with the formula MX2 (M=Ta, Nb; X=Se,
Te, S), over the premartensitic temperature range
of compounds based on TiNi; in ferroelectrics
K2 SeO4 , (ND4 )2 BeF4 , etc.
INCOMMENSURATE MAGNETIC STRUCTURE
See Modulated magnetic structures.
INCOMMENSURATE STRUCTURE
A superstructure in a crystal, with a period in-

commensurate with the lattice constant (may be
found in more than one crystallographic direction). It originates when atoms are displaced off
their positions in the initial structure in such a
way that it becomes impossible to ﬁnd a translation of the lattice that would superpose the crystal
with itself. An incommensurate structure fails to
fall into any of 230 crystallographic space groups.
The transition to this structure occurs as a phase
transition when the temperature is lowered. The
modulation responsible for this structure may be
produced not only by displacement waves, but also
by charge density waves or spin density waves.
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INCOMPATIBILITY TENSOR

Wave vectors of the incommensurate and the initial structures, Q and q, are related to each other
as Q = n(1 + δ)q where δ is the nonintegral incommensurability parameter, and n is an integer.
Incommensurate structures are identiﬁed either by
using diffraction techniques (e.g., by appearance
of anomalous satellites during electron (neutron)
diffraction analysis), or by tracking the changes in
certain macroscopic properties (e.g., electric resistance, etc.). Such structures have been identiﬁed
in certain laminated dichalcogenides of the MX2
type (M = Ta, Nb; X = Se, Te, S), in compounds
based on TiNi, Cr, in quasi-one-dimensional crystals, etc.
INCOMPATIBILITY TENSOR

A second-rank tensor T = Ink A is the curl of
the transposed curl of a given second rank tensor A. In coordinate notation,
Tik = eimn ekpq

∂ 2 Aqn
,
∂xm ∂xp

where eij kl is the alternating sign tensor. If A is
symmetric, then Ink A is also symmetric. Hence,
under the condition Ink A = 0, the tensor A can
be written in the form of the deformation of some
vector ui :


1 ∂ui
∂u
+ k .
Aik =
2 ∂xk
∂xi
This property of an incompatibility tensor is used
for an invariant formulation of the conditions for
the strain compatibility.
INCOMPLETE MAGNETIC DOMAIN,
non-see-through domain
One of several possible types of magnetic domains in highly anisotropic plates with a single
magnetic axis (magnetic lms with quality factor
exceeding unity), such that their easy magnetization axis remains normal to their developed sur-

faces. Characteristic of such domains is the lack
of contact of a magnetic domain wall with either
one or both surfaces of the plate. In the ﬁrst case
one speaks of subsurface incomplete domains, and
in the second case one speaks of internal volume
domains. Incomplete magnetic domains are stable only in plates that are inhomogeneous along
their thickness, and are localized in that region of

the plate where the plate magnetization M is at
its maximum, or where the surface energy density
of the domain walls σ is at its minimum. When
the distribution proﬁles of either M or σ exhibit
several respective minima or maxima through the
plate, there can be a variety of subsurface and
internal volume magnetic domain structures of
various types.
INCONGRUENT MELTING

Melting when the liquid phase (the melt) differs in chemical composition from the solid phase.
Incongruent melting is observed in solid solutions and in phases of some compounds of varying composition. This melting can complicate
the processes of growing monocrystals with a
given stoichiometric composition (see Monocrystal
growth). The composition stability of a growing
crystal is ensured by the change of melt composition calculated from the compositional phase
diagram.
INDENTER

A hard tip of a device serving for local loading
of materials in testing their hardness. The most
common indenter shapes are as follows. A hard
ball is used as the indenter in testing the Brinell
hardness, with the relation d/D ≈ 0.375 maintained (where d is the indentation diameter, D the
ball diameter). A cone with an apex angle of 120◦
and a rounded tip is used in the Rockwell hardness
test. A regular tetrahedral pyramid with an angle
of 136◦ between opposite faces is used in testing
Vickers hardness. A regular trihedral pyramid with
an angle of ∼77◦ between a face and the axis is
used for Berkovich hardness. A tetrahedral pyramid with a rhombic base is used in testing Knopp
hardness with the ratio between the long and short
diagonals of the imprint equal to seven. Bicylindrical Yegorov’s indenter and a ﬂat die type are also
known. Equivalence of the indenters of various
shapes (i.e. a possibility to obtain the same hardness values) is due to the same value of the elastic
strain and plastic deformation under the indenter. Indenter material must possess high values of
hardness and an elastic modulus exceeding those
of the material tested. Local loading with the rigid
indenter allows one to determine the hardness as
well as the fracture toughness (crack resistance),

INDIRECT EXCHANGE INTERACTION

Young’s modulus, breaking stress, cold brittleness

temperature, and other mechanical properties of a
material.
INDENTER–HARDNESS DIAGRAM

A graphic presentation of the dependence of
the loading of the indenter P and the depth of
its penetration (indentation) h during hardness
checking. The indenter–hardness diagram exhibits
the following stages: (1) active loading at a controlled rate (load increased from zero to maximum), (2) imprint hold time under pressure, and
(3) active unloading and possible repeated loading with passage through a hysteresis loop. The
appearance of the indenter–hardness diagram depends on the indenter shape, e.g., the pressing
of the prism with a ﬂat end produces a diagram
which resembles a single-axis compression. The
hardness Hh , calculated from the depth dependence P (h) of the applied load, is a measure of
the resistance to elastico-plastic deformations that
come into play, unlike the Vickers or Brinell hardness H (see Macrohardness) which to a greater
extent reﬂects the resistance to plastic deformation.
The correlation between Hh and H is an important
structure-sensitive parameter of the measurement,
depending on the interatomic bond type, on the
plasticity, and on the degree of material loosening. The information content of the indenter–
hardness diagram is especially high when testing
surface layers of coatings and powder compacts
(see Powder metallurgy). The resolution reaches
10 nm, with the loading resistance limited by elementary mechanisms of mass transport. When P
is reduced the quantities H , Hh and their nonuniformity grow due to the statistical nature of
strength. Modern theories permit a separation by
this method of the elastic and plastic deformations
of the material under the indenter, and also permit
a determination of Young’s modulus. The indenter
hardness test, its nonuniformity, the ratio H /Hh ,
and the roles of elastic (reversible) deformation
all come under the scope of “kinetic hardness” or
“microhardness”.
INDEX OF REFRACTION

See Refractive index.
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INDIRECT ELECTRON SPIN–SPIN COUPLING
The coupling of electron shells of paramagnetic centers caused by various ﬁelds of elementary excitations in crystals: phonons, plasma oscillations, conduction electrons, spin waves, and so

on. This coupling of paramagnetic ions through
a phonon ﬁeld was ﬁrst considered by K. Sugihara (1959). He made use of an electron–phonon
interaction mechanism which changes the orbital
motion of valence electrons, taking into account
spin–orbit coupling which brings about the correlation of the spin variables of paramagnetic
centers with the phonon ﬁelds. In the second order of perturbation theory the spin variables of
the paramagnetic centers are “mixed”, the system energy involves two paramagnetic centers,
and phonon ﬁeld terms appear which depend on
the spin variables of the paramagnetic centers, and
their reciprocal distances. These terms correspond
to the energy of the indirect electron spin–spin
coupling, and written in operator form they represent the effective Hamiltonian of the indirect
electron spin–spin coupling of the paramagnetic
centers. Couplings of this type are anisotropic in
the spin variables, have a long-range nature, and
are comparable in magnitude with the magnetic
dipole–dipole interaction. For S-state ions the analogous mechanism is less important. This indirect
coupling can be initiated by any elementary excitation ﬁeld which can inﬂuence the orbital electron
motion in any manner. In addition to the spin–orbit
indirect coupling mechanism described above, an
alternative mechanism is possible that involves exchange coupling caused by ﬁelds of elementary
excitations.
INDIRECT EXCHANGE INTERACTION
Exchange interaction of spin degrees of free-

dom of localized electrons (or atomic nuclei)
through the perturbation of another subsystem
such as interstitial (diamagnetic) ions located
among magnetic ions in magnetic insulators, or
conduction electrons in metals and semiconductors.
In magnetic insulators containing ions of nontransition series metals, where the direct overlap of
transition metal ion d-orbitals is small, the main
mechanism of exchange coupling is Kramers–
Anderson indirect exchange (superexchange). The
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speciﬁcity of the superexchange arises from the
nature of the localized wave functions of the magnetic electrons, represented by the superposition of
atomic d-orbitals (f -orbitals for rare-earth compounds) with the s- and p-wave functions of the
interstitial anions (F− , O2− , S2− , Se2− ligands),
and the inﬂuence of the overlap between them.
For d-orbital transition ions with octahedral or
tetrahedral coordination the parameter Iab of the
isotropic exchange coupling Iab (Sa Sb ) is determined by the superposition of the contributions of
unpaired magnetic electrons in d-states (eg or t2g )
split by the crystal ﬁeld:

Iia ,jb nia njb ,
Iab = (na nb )−1
ia ,jb

where na and nia are the numbers of unpaired
electrons on the center, and on the ith orbital
of this center. In the Anderson theory (P.W. Anderson) two basic superexchange mechanisms are
considered: (1) potential ferromagnetic exchange
(direct exchange coupling of orthogonal molecular orbitals of magnetic ions), and (2) second-order
antiferromagnetic kinetic exchange generated by
the virtual transport of unpaired electrons from
one center to another. The dependence of the magnitude and sign of the exchange parameters Ii,j
(and hence the dependence of Iab ) on the ﬁlling
of d-states, and the angle of the superexchange
metal–ligand–metal bond are explained empirically by the Goodenough–Kanamori–Anderson
rules (J.B. Goodenough, J. Kanamori, P.W. Anderson), which we summarize as follows:
1. If half ﬁlled orbitals on adjacent ions overlap
then the exchange coupling parameter Ii,j is
antiferromagnetic and relatively strong. In the
case of a 180◦ bond the eg -state coupling is
the strongest. For a 90◦ bond relatively strong
exchange coupling takes place in octahedral
coordination for the dz -state electrons of one
center, and for dxy on the other.
2. If there is no overlap between half ﬁlled orbitals then the exchange is ferromagnetic and,
as a rule, weaker.
3. For each magnetic ion the magnitude of the exchange parameters Iab and angle of the bond
increase with the replacement of one ligand by
another in the series F− , O2− , S2− , Se2− , this

increase being caused by an increase of covalent bonding.

The application of these rules provides the
following relations involving the exchange parameters Iab between ions with various numbers of
d-electrons on the centers:
180◦ exchange:
• I (d 8 −d 8 ) > I (d 5 −d 5 ) > I (d 3 −d 3 ) > 0 (antiferromagnetic bonds),
• I (d 3 − d 8 ) < I (d 3 − d 5 ) < 0 (ferromagnetic
bonds);
90◦ exchange:
• I (d 3 − d 5 ), I (d 5 − d 5 ) > 0 (antiferromagnetic
bonds),
• I (d 8 − d 8 ) < 0; I (d 3 − d 3 ) can have different
signs.
In substances with metallic conductivity the indirect exchange coupling of electronic or nuclear
spins occurs through conduction electrons (see Ruderman–Kittel–Kasuya–Yosida interaction (RKKY
interaction), Indirect nuclear spin–spin coupling).
INDIRECT EXCITATION

A many-wave effect in dynamic scattering of
X-rays by monocrystals. It occurs in cases when
three or more points of the reciprocal lattice all lie
on the Ewald sphere (see X-ray structure analysis),
e.g., points (000), (hkl), and (h k  l  ), with (hkl)
corresponding to a forbidden reﬂection. If the reﬂection (h − h , k − k  , l − l  ) is not forbidden,
a wave scattered in the direction [hkl] appears,
since in this case the reﬂection (h k  l  ) plays the
role of a new zero point, and the wave ﬁeld at ﬁrst
scatters in the direction [h k  l  ], and then in the direction [hkl]. See also Many-wave approximation,
Dynamic radiation scattering.
INDIRECT NUCLEAR SPIN–SPIN COUPLING

Coupling of nuclear spins through orbital and
spin magnetic moments of nearby electrons. Indirect nuclear spin–spin coupling takes place because of the polarization of electronic shells by
magnetic ﬁelds arising from nuclear moments.
Nuclear spins, because of their coupling with or-

INDIUM

bital and spin electron moments, affect the state of
surrounding electron shells, which changes their
effect on other nuclei, thus giving rise to an indirect nuclear coupling. In addition to the chemical
shift, indirect nuclear spin–spin coupling effects
appear in high-resolution nuclear magnetic resonance (NMR) spectra, determining line positions.
Often indirect coupling constants are comparable
to chemical shifts, which complicates the interpretation of NMR spectra, and suggests the use
of stronger magnetic ﬁelds. In metals and superconductors indirect nuclear spin–spin coupling is
caused by the coupling of nuclei with conduction electrons, and is known as Ruderman–Kittel
isotropic coupling (see Ruderman–Kittel–Kasuya–
Yosida interaction, RKKY interaction). In ferromagnets anisotropic indirect nuclear spin–spin coupling is referred to as Suhl–Nakamura coupling
(H. Suhl, T. Nakamura), and it takes place because
of the coupling of nuclei with magnons. Indirect
nuclear spin–spin coupling in diluted paramagnets is caused by dipole coupling of nuclei with
impurity electron spins, and has the same order of
magnitude as chemical shifts.
INDIRECT TRANSITIONS

Optical transitions of electrons in a crystal
when their quasi-momentum changes appreciably.
Indirect transitions determine the low-energy part
of the intrinsic light absorption edge in indirect
band gap semiconductors (e.g., Ge, Si), where
the absolute extrema of the valence band and the
conduction band occur at different values of the
quasi-momenta k. Due to the conservation law of
quasi-momentum and the low value of the photon
momentum, indirect transitions are only possible with the participation of a phonon (or some
other particle), or in the ﬁeld of a defect. Indirect
transitions can be described by second-order perturbation theory, and the corresponding values of
the absorption coef cient are 2–3 orders of magnitude lower than those for direct transitions. The
spectral dependence and temperature sensitivity of
an indirect transition absorption edge are determined by the symmetry of the bands involved in
the transition, and by whether or not the transition
is accompanied by the emission or absorption of a
phonon.
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INDIUM, In

Chemical element of Group III of the periodic
system with atomic number 49 and atomic mass
114.82. It is a mixture of isotopes 113 In (4.33%)
and 115 In (95.67%). Outer shell electronic conﬁguration is 4d 10 5s 2 5p1 . Successive ionization
energies are 5.786, 18.869, 28.03 eV. Atomic radius is 0.158 nm; radius of In3+ ion is 0.081 nm,
radius of In+ is 0.130 nm. Oxidation state is +3,
less often +1, +2. Electronegativity is 1.49.
In a free form, indium is a silvery-white soft
metal. It has body-centered tetragonal crystal
lattice with parameters a = 0.32512 nm,
c = 0.49467 nm at room temperature, space group
17 ). Density is 7.31 g/cm3 at 293 K,
I 4/mmm (D4h
T melting = 429.9 K, T boiling = 2348 K. Binding
energy is −2.6 eV/atom at 0 K. Heat of melting
3.27 kJ/mole, heat of sublimation 217.7 kJ/mole,
heat of evaporation 232 kJ/mole; speciﬁc heat
is 234.5 J·kg−1 ·K−1 (at 273 to 423 K); Debye
temperature is 121.8 K; linear thermal expansion coefﬁcient along principal crystallographic
axis is −7.5·10−6 K−1 and perpendicular to it
+50·10−6 K−1 ; coefﬁcient of thermal conductivity is 71 W·m−1 ·K−1 ; adiabatic coefﬁcient
of elastic rigidity of indium crystal: c11 = 45.4,
c12 = 40.1, c13 = 41.5, c33 = 45.2, c44 = 6.51,
c66 = 12.1 GPa at 298 K; adiabatic bulk modulus is 42.58 GPa, Young’s modulus is 15.8 GPa,
shear modulus 5.23 GPa, Poisson ratio is 0.441
(293 K); breaking strength is 0.0023 GPa. Brinell
hardness is 0.009 GPa; low-temperature electronic speciﬁc heat γ (Sommerfeld coefﬁcient)
1.69 mJ·mole−1 ·K−2 ; resistivity is 81.9 n·m
(at 273 K), thermal coefﬁcient of resistivity is
0.0049 K−1 ; Hall constant is +0.1597·10−9
m3 /C; optical reﬂection factor for 5.0 μm wavelength is 96.6%; polycrystal workfunction is
3.8 eV; superconducting transition temperature
T c = 3.40 K, critical magnetic ﬁeld is 29.3 mT (at
0 K). Indium is diamagnetic with molar magnetic
susceptibility −12.6·10−6 CGS units (at 298 K);
nuclear magnetic moment of 115 In is 5.507 nuclear magnetons.
The basic area of application of indium and
its compounds (InSb, InAs and InP) is that of
semiconductor materials. Thus, InSb is used in
the detectors of infrared radiation; InAs is used in
measuring devices for magnetic ﬁeld intensities.
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INDUCED DIPOLES

Doping of Si and Ge with microscopic quantities
of indium provides hole conduction and p–n junctions. Besides, indium is used as sealing, soldering
and corrosion-resistant materials in the electronics
industry. Indium coatings possess high reﬂectivity
and may be used for manufacturing mirrors and
reﬂectors.
INDUCED DIPOLES

Dipoles produced at locations of atoms and
molecules by an external electric ﬁeld. The physical cause for the dipole moments to appear is
the displacement of ions from their equilibrium
positions, and the shifted polarizations of atomic
electron shells. Induced dipoles are responsible for
the polarization of a dielectric material. In electric
ﬁelds of complicated conﬁgurations, e.g., in crystal elds, the induction of higher order multipoles
such as quadrupole moments (see Quadrupole) is
possible.
INDUCED LIGHT SCATTERING
Light scattering of high intensity off a solid,

with the simultaneous creation in the solid, under
the inﬂuence of the incident radiation, of coherent oscillations or wave-like excitations. The
scattered radiation contains Stokes’ components
with lower frequencies, and anti-Stokes’ components with higher frequencies than the incident
beam. From the classical point of view the Stokes’
components of the induced light scattering can be
interpreted as arising from elementary excitations
in the medium which subtract energy from the
incoming Raman wave and produce a lower frequency scattered wave. Induced light scattering is
exempliﬁed by Raman scattering of light, as well
as by Brillouin scattering of light. This scattering
is used for transformations of laser radiation, for
generating ultra-sound and other types of excitations in solids, and for investigation of the internal
structure of matter (nonlinear spectroscopy).
INDUCED OPTICAL ANISOTROPY
Optical anisotropy arises in optically isotropic

media in the presence of external ﬁelds which induce a preferred direction in these media. The
decrease of symmetry causes a difference of optical properties of the media along the preferred
direction (optical axis) and in the plane perpendicular to it. On removal of the ﬁeld, the optic

axis, as a rule, vanishes (because of relaxation
processes). The following ﬁelds may be used for
inducing an optic axis: electric ﬁeld E (see Kerr
effect), magnetic ﬁeld B (see Voigt effect, Faraday effect), ﬁeld of elastic forces, electromagnetic
ﬁeld (see Self-induced light polarization change).
In the context of phenomenological crystal optics,
induced optical anisotropy may be treated as a
relationship between the dielectric constant tensor εij (ω, k) and external ﬁelds E, B, and also
mechanical stresses σij . If the external ﬁelds are
rather weak, then the tensor εij may be expanded
in a power series in E, B, σij , and taking into
account crystal symmetry considerably decreases
the number of independent tensor components
that appear in the expansion. Starting from this
expansion the polarization of normal electromagnetic waves is determined. Molecules in solids
are anisotropic and are characterized by a polarizability tensor. When the molecules are arbitrarily
spatially oriented, then the medium as a whole
is macroscopically uniform. On the application of
an external electric ﬁeld, the molecules can orient
themselves with the axis of highest polarizability along the ﬁeld, a process responsible for the
initiation of anisotropy. Three polarizability contributions are usually singled out: an electronic
one due to displacement of electronic shells from
nuclei in the external ﬁeld; an ionic one associated with shifts of ions relative to each other;
and an orientational (dipole) one due to change of
orientation of elementary dipoles in the external
ﬁeld. Each of these polarizability components has
its characteristic time of dielectric relaxation; and
these times differ sharply. Thus, e.g., orientation
relaxation in solids is characterized by relaxation
times in the range from 10−10 s to several hours,
depending on the physical nature of the induced
optical anisotropy and the frequency of the initiating radiation. If molecules possess permanent
magnetic moments they may be oriented by a constant applied magnetic ﬁeld.
INDUCED RADIATION

Emission of electromagnetic waves by an excited quantum system under the inﬂuence of external radiation, such as the stimulated emission
of a laser. The probability of induced radiation
is proportional to the external radiation intensity.

INELASTIC NEUTRON SCATTERING

The frequency, propagation direction, phase and
polarization of the emitted and inducing radiations coincide with each other. If external photons
of frequency ν = (E2 − E1 )/ h enter a medium
where the upper energy level E2 is more populated
than the lower level E1 then the process of induced
radiation can develop into an avalanche. The phenomenon of induced radiation is used in lasers
for the generation and ampliﬁcation of electromagnetic waves (see Quantum ampli er, Quantum
radio-frequency generator).
INDUCTANCE

A physical quantity, L, that characterizes magnetic properties of an electrical circuit. The inductance is numerically equal to the ratio of magnetic
u x Φ threading a contour (e.g., loop or coil of
wire) to the strength of the current I in the contour
producing this ﬂux, L = Φ/I . The inductance depends on the size and shape of the contour, on the
magnetic permeability μ of the conductors composing it, and on the magnetic susceptibility χ of
the environment. The magnetic energy storage in
an inductive circuit is LI 2 /2. A changing current
through an inductive circuit produces the voltage
V = −L dI /dt .
Inductance coils with cores of soft magnetic
materials are used to increase the inductance. Owing to the dependence of the magnetic permeability of ferromagnets on the magnetic ﬁeld strength,
the inductance of such coils depends on I . The inductance of a solenoid situated in a medium with
relative permeability μ is L = μN 2 S/ l, where μ0
is the permeability of free space, N is the number
of turns of the coil, S and l are the coil crosssection and length, respectively. The SI unit of
inductance is a henry, H, where 1 H = 1 T·m2 /A.
INDUCTION

This term involves electric ux density D, magnetic ux density B (electromagnetic ﬁeld characteristics); and also electromagnetic induction,
electrostatic induction.
INDUCTION, NUCLEAR

See Nuclear induction.
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INELASTIC NEUTRON SCATTERING in solids

Scattering accompanied by energy and momentum exchange between the neutron and the
scattering system during the course of their interaction. Thermal neutrons are commonly used
because their energy and momentum is comparable to those of elementary (vibrational) excitations
in the condensed state of matter. The presence
of the neutron magnetic moment makes it possible to study the magnetic properties of solids.
The types of inelastic neutron scattering include
coherent and incoherent, nuclear and magnetic
(see Neutrons). Coherent inelastic neutron scattering is governed by the collective dynamics of
all the particles, corresponding to the interaction between a neutron and the collective excitations of a lattice (phonons, magnons) when both
the energy and the momentum of the interacting particles are conserved. Experiments on this
scattering by monocrystals yield complete information on phonons (nuclear neutron scattering)
and magnons (magnetic neutron scattering) in a
crystal, including phonon and magnon dispersion
curves, largely unattainable by other techniques.
During incoherent inelastic neutron scattering, the
particles interact with individual nuclei. However,
due to the strong bonds in a lattice, other nuclei
also affect the process of such scattering, and a
large group of particles takes part in it. Therefore,
incoherent scattering may also be treated as an interaction of the neutron with quanta of elementary
excitations when only the energy of the colliding
particles is conserved. Incoherent inelastic neutron scattering enables retrieval of data on phonon
spectra of crystals. Compared to other (e.g., optical) techniques, using neutron scattering allows
one to carry out experiments over a wide range
of wave vectors at very low vibration frequencies.
Besides, this technique is not limited by selection
rules since all the vibrations are active. Because of
the large element-to-element difference in the neutron scattering cross-sections, this inelastic scattering permits one to study the dynamics of atoms
of a speciﬁc type in complex compounds. With the
appearance of powerful neutron sources (such as
high ﬂux reactors, accelerators) the capabilities of
this technique are greatly expanding. For exam-
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INFILTRATION

ple, its sensitivity (energy resolution of 1 μeV ∼
0.8·10−2 cm−1 ) is comparable to that provided
by optical techniques, and its high intensity makes
it possible to conduct studies with small samples
(down to 10−2 cm3 ), including surfaces. Inelastic neutron scattering data demonstrate its unique
capabilities for studying phonons, structural phase
transitions, magnons, collective excitations in liquids, diffusion of hydrogen in metals, rotational
excitations and tunneling in molecular crystals,
crystal e ld effects in compounds of rare-earth elements, dynamics of disordered solids, etc. See also
Neutron spectroscopy.
INFILTRATION

Process of penetration or permeation. Penetration of liquids or solids through microscopic
cavities and/or pores under action of capillary
forces. The phenomenon of inﬁltration underlies
the technological processes of impregnation and
soaking.
INFORMATION RECORDING in solids

Processes based on using external effects (deformation, electromagnetic ﬁelds, chemical reactions, etc.) for storing information via residual
changes of physicochemical properties of solids.
The information recording technique and the information carrier determine, to a large extent, the
design of a computer, or of an information system in general (data input and output, storage
system, processor, etc.). At present, the following
techniques of information recording in solids are
extensively employed: electrical, magnetic, optical, and molecular.
Electrical information recording is widely used
in processors and in storage systems in the form
of semiconductor transistors and large-scale integrated circuits (LSIC). The LSICs are the main
processors in microcomputers. A representative
LSIC contains about 106 elements per cm2 and
has a response time of 1–10 ns. The operating principle of semiconductor transistors involves
switching between two states (1; 0). In recent
years metal–insulator–semiconductor structures
(or metal–oxide–semiconductor structures, MOS
structures) have found wide use for processing information, and especially images. MOS structures
in the form of multicomponent arrays are used

in devices with charge transfer. There, the action
of light on a semiconductor releases charge carriers which, after ampliﬁcation, are collected at the
metallic layer of the MOS structure. The visualization of images in MOS arrays is possible using
an electroluminophor. Devices with charge transfer are used in TV engineering, for visualization
and ampliﬁcation of IR images, etc. To process
information, the phenomenon of low-temperature
superconductivity can also be employed.
Magnetic information recording via ferrites is
most widely used in random access and read
only memories (RAM, ROM) of large computers. The principle of recording in binary is based
by reversing the magnetization direction; and to
accomplish this each magnetic memory element
is supplied with two current circuits. Early computers used ferrite storage systems in the form
of plates with holes (0.5 mm) with magnetizing
wires passing through them. In order to design
more compact storage systems, ferrite cores (dimensions 0.5 × 0.1 mm2 ) or thin lms (6 μm;
core diameter 2 mm) can be used. Periods of information retrieval 100 ns long and total memory
volumes of 1011 bits are achieved with ferrite
memories. Information recording in magnetic materials requires rather high values of magnetizing
currents (power ∼10 W). Thin magnetic lms on
an aluminum substrate are used in ROM. Good
prospects for magnetic memory systems are thermomagnetic information recording systems, and
systems using magnetic bubble domains.
Optical information recording is widely used
in devices for the reproduction of sound and video
images (see Optical storage disks, Optical recording media).
Molecular information recording is now at the
research stage. The huge information capacity
of protein molecules (organic polymers), genetic
molecules (DNA, RNA), etc., can be used for
it. When they are utilized in the form of thin
ﬁlms on a solid substrate, one can class them
as solid systems. Attempts have been made to
use various tautomeric reactions, polymerization,
reactions of enzymes with a substrate, etc., for information recording. To indicate a record, one can
use changes in electrical, optical and other properties.

INFRARED SPECTROSCOPY

INFORMATION RECORDING,
THERMOMAGNETIC
See Thermomagnetic information recording.
INFRARED RADIATION (IR radiation)

Electromagnetic radiation in the wavelength
range from λ = 0.74 μm (4.05·1014 Hz) to
1,000 μm (3·1011 Hz) conventionally divided into
near (overtones, 0.74–2.5 μm), medium range
(fundamental modes, 2.5–50 μm) and long-wave
(far) (50–1000 μm) spectral bands. This range covers most vibrational states of atoms, ions, and
molecules of solids, as well as a signiﬁcant part
of the crystal electronic excitation states. Infrared
radiation is absorbed and emitted by such elementary excitations in solids as polaritons, phonons,
excitons, plasmons, magnons, and others.
The study of solids (without sample damage)
using infrared transmission and reﬂection spectra
is the most widespread application. These spectra provide information on the energy spectrum
of elementary excitations, their oscillator strengths
and lifetimes, as well as on the interaction characteristics of similar or different quasi-particles,
e.g., plasmon–phonon and phonon–phonon interactions.
All solids with the exception of super-pure
diamond crystals absorb IR radiation in some
spectral range. All metals strongly reﬂect IR radiation, with the reﬂectivity growing monotonically
with increasing wavelength. Infrared radiation is
strongly absorbed by atmospheric water vapor,
carbon dioxide, ozone, and other air molecules. Infrared radiation was ﬁrst discovered by M. Pictet
(1790) and rediscovered by W. Herschel (1860).
INFRARED SPECTROSCOPY of solids
A branch of the optical spectroscopy of crys-

tals that employs emission, absorption and reﬂection spectra in the infrared range. For nonmetallic
solids, the spectral dependence of infrared absorption is determined by the energy spectrum
of mainly vibrational excitations, with contributions from electronic and rotational excitations.
For highly conducting metals, an almost total reﬂection is observed over the entire infrared range.
Infrared spectroscopy is especially informative
when studying the energy spectrum of vibrational excitations since most frequencies of the
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intramolecular vibrations and optical phonons correspond to the infrared range. The only vibrations
that appear in the spectra of perfect crystals are
those involving a change in the dipole moment.
The number of vibrational bands in the spectrum
of a pure substance as well as their frequency, intensity, width, shape and polarization properties
are determined by the number of atoms forming a unit cell, by the cell symmetry, and the
nature of the binding forces; they are also dependent on external parameters (temperature and
pressure). Therefore, infrared spectroscopy is used
as a structural analysis method for the identiﬁcation of material compositions. It is especially
useful for identifying the presence and the local environment of various functional groups like
amino –NH2 , hydroxyl –OH, nitro –NO2 , etc., in
organic molecular crystals. To interpret complicated spectra unambiguously, one obtains data at
several temperatures using polarized radiation.
The presence of impurity atoms and other defects in solids signiﬁcantly affects their vibrational
infrared spectra. Typical effects are the broadening
of bands, changes in their intensity and polarization properties. The appearance of some extra
defect-induced bands of local vibrations and quasilocal vibrations is also possible. Under noticeable
structural disordering, which is typical for amorphous materials, the spectrum appears as a set of
broad overlapping bands, and thus reﬂects the features of the phonon density of states.
Electronic excitations in insulators and semiconductors reveal continuous, wide-band, or discrete spectral dependences of optical constants
in the infrared range. Narrow-band spectra are
due to transitions between discrete energy levels,
e.g., for impurity centers and excitons. The current carrier excitations, where the initial or ﬁnal
state corresponds to an energy band, appear as frequency bands whose shape characterizes the band
density of states. Under excitations within a single band, there is a monotonic variation of the
spectral characteristics with the wavelength of the
infrared radiation. The analysis of infrared spectra provides data on the energy spectrum of the
excitations, the type and the concentration of impurity atoms, the concentration and the effective
mass of free current carriers, their scattering by
phonons, impurities, and other defects. The experimental research is generally performed with the
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INHOMOGENEOUS BROADENING

help of spectrophotometers, or tunable sources of
monochromatic infrared radiation such as lasers.
INHOMOGENEOUS BROADENING

Spectral line broadening resulting from the
spread of resonance frequencies from various
atoms. When resonance frequencies lie close to
each other there appears an unresolved spectrum,
with an envelope having the shape of an inhomogeneously broadened line. This shape is a
convolution of a uniformly broadened line, i.e. a
shape obtained by integrating the spectral line produced by an isolated atom or a group of atoms
with the same resonance frequency over a spectral distribution of resonance frequencies. In the
case of magnetic resonance, individual components of the line contour are called spin packets,
and a set of spins in identical local ﬁelds contributes to each such packet. The model of spin
packets is particularly useful when describing interactions of a spin system with a microwave ﬁeld,
its frequency ωp ﬁtting into the contour of an
inhomogeneous line of electron paramagnetic resonance. According to such a model, only spins
belonging to the packet of frequency ωi = ωp
are directly affected by the ﬁeld. If one scans
a strongly saturated electron paramagnetic resonance line using an additional weak microwave
frequency there appears a characteristic dip or
trough in that line, a “burned-out hole” centered at
the frequency ωp (see Hole burning). The width of
the hole depends on the extent of the overlap of the
neighboring packets, and on processes spreading
the saturation along the overall inhomogeneous
line contour. Two mechanisms for spreading saturation are cross-relaxation or spectral diffusion,
and packet-to-packet spin “jumps” due to ﬂuctuations of local ﬁelds. In the ﬁrst case, the saturation
is transferred from the “burned-out hole” ﬁrst to
packets closest in frequency, and then it spreads
further by the process of diffusion. The role of the
characteristic length in frequency space is played
by the quantity ΔD = (T1 Dω )1/2 , where T1 is the
spin–lattice relaxation time, and Dω is the spectral diffusion coef cient. The diffusion spin length
ΔD deﬁnes the frequency range over which the
spin excitation spreads within its lifetime (until
absorbed by the lattice). This value also determines the half-width of the “burned-out hole” in

the case of spectral diffusion. The second mechanism makes it equally probable for an excited
spin to enter any packet. The “burned-out hole”
does not broaden with time; but as the microwave
power grows, the whole line saturates evenly.
The spread of resonance spin frequencies that
produces inhomogeneous broadening may be related to microscopic inhomogeneities of the crystal, to the presence of defects and impurities (all
result in random changes of the internal ﬁeld), or
to a hyper ne interaction of electrons with spins
of the surrounding nuclei. Nonuniformity of the
external magnetic ﬁeld, the polycrystalline nature
of the sample, the presence of slightly disoriented
macroscopic blocks in an imperfect monocrystal (so-called mosaic structure), and the dipolar
interaction between spins with differing Larmor
frequencies (see Larmor precession) all result in
inhomogeneous line broadening. To calculate the
shape of a spectral distribution of resonance frequencies, the statistical theory of line shape is
sometimes used. See also Homogeneous broadening.
INJECTION of current carriers

Introduction of nonequilibrium (excessive) current carriers into a semiconductor (insulator) from
an external source that could be either a contact
(semiconductor or metal contact) or an incident
electron beam. The remaining semiconductor bulk
may be activated by a limited region (usually a
subsurface one) of enhanced generation of carriers by light, ﬁelds, etc.
Injection from a contact arises when an external electric ﬁeld reduces the contact potential barrier compared to its equilibrium value that is the
contact potential difference. When two solids with
different work functions Φ1 and Φ2 (Φ1 > Φ2 )
are in contact, there is an exchange of electrons.
The subsurface layers of both bodies become
charged, the solid with Φ1 being charged negatively and the solid with Φ2 positively. These
charges produce a potential barrier whose height
at thermodynamic equilibrium is (Φ1 − Φ2 )/|e|.
The equilibrium barrier ﬁeld produces drift ﬂuxes
of electrons and holes that compensate exactly
for their diffusion ﬂuxes. If the external ﬁeld is
directed against the barrier ﬁeld, it reduces the barrier height so the drift ﬂuxes become less than the

INJECTION LASER

diffusion ones, thus inducing the ﬂux of excessive
electrons directed into the solid with Φ1 , while
those of holes are directed into the solid with Φ2 .
Injection efﬁciency of the contact with a semiconductor is described by the injection factor. This is
the ratio between the current of carriers entering
the semiconductor from the contacting conductor through the near-contact potential barrier and
the total current through the contact. The injection factor of a perfect injecting contact is close
to unity.
Under monopolar injection from the contact
an excess of charge carriers in the semiconductor bulk grows with time. It produces a ﬁeld
that precludes further penetration of carriers into
the semiconductor, and it also makes the potential barrier higher and reduces the injection. The
charge stops growing when the injection ceases
completely. If there is a second contact through
which the carriers can drain from the semiconductor then stationary monopolar injection is possible. Its level is controlled by the competition
between the injection-inducing external ﬁeld due
to the voltage applied to the semiconductor, and
the anti-ﬁeld produced by the excessive carrier
charge. Hence, in a semiconductor with a high
free-carrier concentration one can obtain a highlevel injection (signiﬁcant concentration growth
in the whole semiconductor) only for strong external ﬁelds in samples with very small distances
between the contacts. If the equilibrium concentration is small due to low doping, the conditions
needed to produce stationary monopolar injection
are made easier.
This conclusion is, however, not valid for semiconductors with a high charged impurity concentration (i.e. donors and acceptors in equal numbers
compensating each other); here low free-carrier
concentration is due to weak generation of current carriers from impurity levels to allowed bands
(at low temperature and/or due to high impurity
depth). For semiconductors with low generating
rates the appearance of even small (comparable to
equilibrium) concentrations of excessive carriers
leads to the accumulation of a large charge of excess carriers at impurities due to the increase of
the trapping rate; and this charge inhibits injection. The accumulation of a large impurity charge
is very prolonged, running slower for a lower free
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carrier concentration. Therefore, in these semiconductors efﬁcient nonstationary injection is possible even for quite slow processes; such injection noticeably increases the material conductivity
compared to its stationary value. The excessive
carriers are able to penetrate into the semiconductor depth up to the length determined by current
carrier drift during trapping.
If one of the contacts supplies the semiconductor with excessive electrons and the other one
with holes, then bipolar (double) injection occurs.
In this case, the excessive minority carriers introduced into the semiconductor stimulate, by their
ﬁeld, the inﬂux of excessive majority carriers up
to almost complete neutralization of their charge.
Due to the lack of charge hindering the injection, efﬁcient stationary double injection is easily
achieved even at high semiconductor conductivity.
The excessive carriers under stationary conditions
can also penetrate into the semiconductor depth
a long distance from the contacts, their path being determined by their lifetime. The penetration
depth in weak ﬁelds is equal to the ambipolar
diffusion length; this depth in strong ﬁelds is determined by the ambipolar drift.
One should differentiate injection from a related phenomenon called accumulation. The operation of most semiconductor devices is based on
injection.
INJECTION LASER

The commonest kind of semiconductor laser
(diode laser, laser diode). Its particular feature is
current carrier injection through a nonlinear electrical contact (e.g., the semiconductor junction)
used as the pumping mechanism. The advantages
of this type of laser are the small size of its active element, simplicity of its design, economy of
operation (efﬁciency up to 50%), possibility of direct modulation of radiation over a wide frequency
range (∼1010 Hz), simplicity of frequency tuning and selection of the active medium to cover a
wide wavelength range (0.6–45 μm), durability (to
106 h), low-voltage power supply (1–2 V), compatibility with other semiconductor devices, and
possibility of its incorporation in integrated circuits. A simple version of an injection laser is
a crystal diode (Fig. 1) with two plane parallel
faces forming a plane laser resonator. So-called
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INJECTION LASER

Fig. 1. Diagram of a crystal diode (a) and crosssection (b) of a stripe active region (p-InGaAsP) in a
nucleating heterostructure based on InGaAsP/InP.

stripe-geometry injection lasers are the commonest. The active medium in these lasers forms a
stripe reaching from one mirror to another, with
an active volume 10−11 –10−10 cm3 . Power generation occurs when a direct current is passed
through the diode. The threshold current in the
lowest conductive injection lasers is 5–10 mA at
room temperature. A typical radiation power of
the stripe-geometry injection laser operating in a
single-mode regime is 1 to 10 W. In some phased
many-stripe arrays (gratings), the continuous radiation power reaches 1 W and more. In the pulse
mode, an injection laser with a wide multimode
active medium can emit radiation up to 100 W in
power. Active media for injection lasers, so-called
direct-gap semiconductors, are binary compounds
and their solid solutions of AIII BV and AIV BVI
types (Fig. 2). The commonest injection laser
called a heterojunction laser employs a design
based on a heterogeneous structure formed by a
combination of heterojunctions and p–n junctions.
Available commercial injection lasers are based on
heterosystems GaAlAs/GaAs (wavelength 0.78–
0.85 μm) and InGaAsP/InP (wavelength 1.06–
1.67 μm). Lasers operating at shorter wavelengths
are used in disk systems to read (in some cases,
to record) audio- and video-information. The injection laser radiation is focused to a sharp optical
“needle” (beam cross-section is less than 1 μm2 )

Fig. 2. Spectral ranges covered by injection lasers based
on binary compounds and solid solutions: (a) AIII BV and
(b) AIV BVI .

thus enabling the retrieval of information recorded
with high density. Injection lasers operating at
longer wavelengths, in particular at wavelengths
1.3 μm and 1.55 μm, ﬁnd wide use in ﬁber-optic
communication systems for data transmission, including telecommunication. The latter application
is possible due to the high transparency of the ﬁber
light guides at the wavelengths indicated above.
The transmission range without retransmission is
30 to 200 km depending on the laser power, the
frequency range, and the reception mode (either
direct photodetection or optical heterodyning). In
demonstration experiments at a long range greater
than 100 km, the frequency band could as wide as
1 GHz. Other injection lasers include diodes based
on AIV BVI compounds (see Semiconductor materials) such as PbSnTe and other mixed crystals.
These adjustable injection lasers serve as sources
for high resolution spectroscopy in the IR range.
They are also used to detect harmful impurities in
air, and to ﬁnd their individual concentrations by
measuring the optical absorption at characteristic
wavelengths.

INSTANTANEOUS AXES

INORGANIC POLYMERS

Simple and complex inorganic substances consisting of atoms or groups of atoms held together by a continuous system of covalent bonds
(nonpolar, or with polar component) or coordination bonds which form a three-dimensional spatial, two-dimensional laminar, or one-dimensional
chain structure. The principal structure-forming
factor is the skeleton, i.e. the system of atoms
directly linked by chemical bonds to form one-,
two-, or three-dimensional frameworks. Materials
with ionic structures are not considered polymers,
since the ionic bond is not directional as it arises
from electrostatic attraction alone. However, there
is no sharp dividing line between ionic and polymeric structures, since there is none between ionic
and covalent-polar bonds (e.g., consider the progression from the ionic structure of BaCl2 and
SrCl2 through intermediate CaCl2 and MgCl2 to
polymeric BeCl2 with extended chains of atoms).
Substances with a metallic structure are also not
polymers, but there is no distinct border between
polymeric and metallic structures (e.g., the sequence from the fourfold coordinated covalent diamond structure of C, Si, Ge to the approximately
six-coordinated white tin to the FCC structure
of metallic lead). While there is a monomer existing in its individual state that corresponds to
almost every carbon-containing organic polymer,
there are no monomer analogues for most inorganic polymers that would exist under ordinary
conditions. The polymer is more stable than the
monomer because the compound is coordinationunsaturated in its monomer state. Polymer formation is explained by the increase of its coordination
number (see Coordination sphere) to its optimum
value. For example,
⎞
⎛
I
I
⎟
⎜
2n[I–Hg–I] → ⎝
Hg
Hg ⎠ .
I

I

n

Three- and two-dimensional structures are
more common among inorganic polymers, which
distinguishes them from organic polymers in
which one-dimensional chain structures play the
dominant role. Inorganic polymers are classiﬁed as homochains, with skeletons consisting of
atoms of the same element, and heterochains,
with atoms of different elements (usually there
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are two of them) alternating in the skeleton. In
contrast to organic polymers, heterochain structures are more often found in inorganic polymers.
Many simple substances, such as plastic sulfur,
selenium, tellurium, black and red phosphorus, arsenic, graphite, diamond, carbyne, silicon, boron
and others feature homochain polymeric structures. Among them only sulfur, selenium, and the
carbyne allotropic variety of carbon form onedimensional chain structures. Most binary compounds, halides, chalcogenides, nitrides, phosphides, arsenides, carbides, silicides, borides,
many minerals, and other substances feature a heterochain polymeric structure.
The spatial arrangement of the skeletons of inorganic polymers determines their physical properties. Polymers with a chain structure (elastic
sulfur, phosphonitrylhalides, etc.) are close to organic polymers in certain properties (e.g., elasticity). Polymers with laminar or three-dimensional
structures typically exhibit pronounced hardness
and brittleness, as well as high softening, melting
and decomposition temperatures (e.g., diamond,
quartz, etc.).
Information concerning the polymeric structure of compounds can be obtained directly from
X-ray structural analysis and various spectroscopic techniques, and also from indirect data on
their physical and chemical properties, as well as
from theoretical deductions based on the nature of
their chemical bonds.
INSTABILITY OF SUPERCONDUCTORS
See Structural instability of superconductors.
INSTANTANEOUS AXES

Axes used to describe an arbitrary displacement of a rigid body. According to Chasles’ theorem the most general displacement of a rigid body
can always be carried out by a translation plus
a rotation through a certain angle about a certain axis. Continuous motion may be expressed
as a sequence of inﬁnitely small translations plus
rotations about corresponding axes called instantaneous axes. If a body rotates about a ﬁxed point
0, the totality of instantaneous axes forms a cone
with its vertex at 0. It is convenient to imagine two
reference frames: one at rest, usually aligned along
the angular momentum, and the other ﬁxed in the
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rigid body, and usually aligned along a principal
axis of the body. The totality of instantaneous axes
forms cones in both spaces; the motion of the solid
being a result of the rolling of the body cone about
the space one, the two cones being in contact along
instantaneous axes at every instant of time.
INSULAR FILMS, granular lms
Systems of non-contacting small particles on
a substrate, obtained by spraying or by dispersion within thin continuous ﬁlms as a result of

heating. Of interest are electrophysical, emission,
optical, and magnetic properties of granular or insular ﬁlms. The electrical conductivity of these
ﬁlms, which is of a tunneling nature, is sensitive
to minor changes in the distances, and the potential
barrier height between the islands or grains. This
property is employed to produce strain gauges, vapor pressure pickups for various substances, and
temperature-sensitive elements. By changing the
substrate and island materials, and the morphology
of the islands, one can obtain positive, negative or
even zero temperature coefﬁcients of resistance.
The system of islands covered by the adsorbate
can provide an N-shaped current–voltage characteristic, and thus switching and storage elements.
The ﬁlms where the island size varies monotonically along a coordinate axis exhibit conductivity
asymmetry. Small metal particles in close thermal
contact with an insulator substrate are capable of
withstanding high power ﬂux without destruction.
This property, in combination with the reduction
of the magnitude of the electron–phonon interaction as the particle size decreases, allows heating
the electron gas of small metal particles to incite hot electrons. The appearance of hot electrons
(during passage of a current or under laser irradiation) causes electron emission (see Hot electron
emission) and glow of such ﬁlms. During the transition from continuous ﬁlms to granular or insular
ones, optical constants change, the dynamic polarizability increases, and the magnetooptical effect
becomes stronger.
INSULATING MATERIALS, electrical insulating
materials
These are insulators, or dielectric materials

with very high resistance, which are used to isolate
conductors electrically, as well as capacitor elements in electrical circuits. They are employed in

high-voltage generators, transformers, cable manufacturing, etc. Examples of good electrical insulating materials are resin, wax, varnish, various
polymeric materials, ceramics, mica, and so on.
The presence of defects in a real dielectric together
with thermal excitations determine the ﬁnal value
of resistance, and hence there can exist a small current leakage through an insulating material. The
resistivity of electrical insulating materials reaches
1018 –1019 ·cm. These materials are also speciﬁed by the value of their dielectric strength, that is
the critical electric ﬁeld Eth at which breakdown
occurs. The value of Eth in solid electrical insulators is 104 to 105 V/cm. Special requirements are
imposed on the insulating materials employed in
microelectronics (sapphire, quartz, etc.) in connection with very thin insulating layers (≈10−6 cm).
INSULATOR POLARIZATION
See Polarization of insulator.
INSULATORS, dielectrics (fr. Gr. δια , through,
and ηλεκτρoν , amber)

Term introduced by M. Faraday for substances
into which an external electric ﬁeld penetrates. If
the material contains free current carriers the applied electric ﬁeld E causes them to move, and
they establish a spatial charge distribution that
compensates for the ﬁeld within the conductor.
In the absence of the free carriers only partial
compensation of the ﬁeld is possible, caused by
small displacements of the bound charges (see
Polarization of insulator). Thus the other deﬁnition of insulators as materials with low electrical
conductivity is closely connected with the ﬁrst
one. Materials with resistivity in the range 108 to
1017 ·cm (i.e. insulators) are referred to as dielectrics in the Russian literature. Many solids as
well as liquids and gases possess the properties
of insulators. In real insulators there are always
some free charge carriers, but at their low concentration their screening of the electric ﬁeld appears
to be weak. Low concentrations of free electrons
in crystals with large band gaps E g  3 eV (i.e.
k B T ) produce a low value of the conEg
ductivity. The efﬁciency of compensation of the
external ﬁeld E in insulators is determined by
the dielectric constant (also called permittivity) ε of the substance; thus in Coulomb’s law
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F = e1 e2 /(4πεr 2 ) the charges e, placed into the
dielectric medium, could be replaced by effective
√
charges e∗ = e/ ε/ε0 .
Based upon the polarization mechanisms insulators are subdivided into three classes:
(1) nonpolar insulators, where only polarization
of the electronic shells is present (crystals of
O2 , inert gases, diamond, etc.). At frequencies
far from those of resonance absorption ε does
not depend on the frequency and ε/ε0 = n2 (n
is the refractive index);
(2) ionic insulators, which consist of oppositely
charged ions capable under the effect of the
electric ﬁeld to undergo only small displacements from their equilibrium positions (alkalihalide crystals, oxides, sulfates, metal phosphates etc.). For them there is a signiﬁcant difference between the static and high-frequency
dielectric constants;
(3) polar insulators or dipole dielectrics consisting of polar molecules (having intrinsic dipole
moments). Another class of crystals has two
or more different equilibrium positions for
ions in the unit cell. This group contains water (in the solid and liquid state), solutions
of polar molecules, electrolytes; materials of
the second group with lattice defects, etc.
For these dielectrics the value of ε is associated with the dipole moment by the Onsager
relations (see Onsager theory). At low temperatures reorientation of the dipole moments
is “frozen” and the behavior of the dielectric
constant becomes similar to the behavior of ε
for ionic insulators.
Dielectrics or insulators of the types of ferroelectrics, piezoelectrics, pyroelectrics (see Pyroelectricity) possess their own speciﬁc properties.
Insulators are used in quantum electronics, in particular, in optoelectronics for the creation of the
active laser elements, in holographic devices, in
infrared techniques, in capacitors; as insulating
materials etc. (see also Dielectronics).
INTEGRATED CIRCUIT

A tiny solid-state electronic device produced
by incorporating a given arrangement of circuit
elements in a single microcrystal. An integrated
circuit (IC) is manufactured on a semiconductor
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substrate using layer-by-layer planar technology
(see surface smoothing) to form all the elements
into a single technological unit. Layers with a
given topology of circuit components (transistors,
condensers, diodes, resistors, etc.) are sequentially formed on the surface of crystals made of
materials with various electrical properties, and
are arranged under one another. Combinations of
such layers produce various circuit elements. After forming the multilayer structure the circuit
elements are interconnected with a surface conductive layer of the required conﬁguration. The
basic material for chip production is silicon single
crystals as well as gallium arsenide single crystals featuring high carrier mobility. Materials used
as insulator layers include silicon dioxide SiO2 ,
sapphire Al2 O3 , spinels AB2 O4 , iron garnets, and
others. According to the application, the IC can be
divided into digital and analogue types. Depending on the packing density (number of devices
per unit area on a crystal), the integrated circuits
can be classiﬁed into small-scale IC containing
10–12 devices on a crystal with the surface area
within a mm2 or cm2 ; mid-scale IC containing
12 to 100 devices; large-scale IC containing more
than 100 devices; very-large-scale IC that contains 10 000 and more digital devices. The ICs
are used for microminiaturization of radioelectronic many-purpose systems like microcomputers
for automatic control (in space complexes, in robotics) as well as for data transmission and data
processing. See also Microelectronics.
INTEGRATED OPTICS

A branch of optoelectronics oriented to designing solid-state devices for optical information
processing that are manufactured with the help of
planar technology (see Surface smoothing) developed for integrated circuits. The application areas
of these integrated optics are optical selectors,
retransmitters, commutators, spectral multiplexes
of optical channels in ﬁber-optic communication
lines, spectral analyzers in radio-beam systems,
optoelectronic and ﬁber-optic sensor devices, integrated optoelectronic circuits, planar optoelectronic instruments and systems.
The constructive base of integrated optics (see
Fig. 1) is the dielectric waveguide (DW) that can
be planar (a), three-dimensional (b) or stripe (c).
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Fig. 1. Dielectric waveguides (DW).

Three-dimensional dielectric waveguides provide
additional limitation of the optical radiation in the
traverse direction. This increases the integration
level and efﬁciency of integrated optics circuits
and simpliﬁes the interfacing of the dielectric
waveguides to other integrated optics components
and the ﬁber-optical cable (see Fiber optics). The
dielectric waveguide is an optical line with low
loss (1 dB/cm) at the operating radiation wavelengths (from 0.62 μm to 1.6–2 μm and more). The
waveguide modes, e.g., the fundamental modes of
integrated optics devices, are solutions to the wave
equation
∇ 2 E(r) + k02 n22 (r)E(r) = 0,

k0 = 2π/λ0 ,

in the form
E(r, t) = E(x, y) exp i(ωt − βz) ,
where β = ω/v ph is the propagation constant; ω
and v ph are the angular frequency and the phase
velocity of the electromagnetic wave; n2 is the refractive index of the dielectric waveguide carrier
layer; and λ0 = 2πc/ω is the wavelength in free
space. A waveguide mode with the ﬁeld varying
harmonically inside the dielectric waveguide and
decaying exponentially in a transverse direction
outside of the waveguide satisﬁes the condition
n2 < n1 , n3 (see Fig. 1). The absence of the radiation in the substrate (as a rule, n3  n1 ) for a
given mode conﬁguration is controlled by the following inequality:
n = n2 − n3 >

(2m − 1)2 λ0
32n2 n21

,

whereby we have n ≈ 10−2 –10−3 for the basic modes and λ0 = 1 μm. The bending of a
dielectric waveguide introduces some extra loss

(0.1–0.08 dB/rad for glasses), which restricts
the permissible relative bending radii R/λ that
are the greater, the smaller n/n2 . Level frequency and phase characteristics of a dielectric
waveguide are easiest to achieve when using a
single waveguide type of transmission. Singleand few-mode regimes limit the transverse dimensions of a dielectric waveguide (its format)
to the order of the of transmitted radiation wavelength (0.3–3 μm in height, 1–5 μm in width),
and they should be maintained within the error of
a few hundredths of μm. A particular waveguide
mode is ensured by preset refractive index proﬁles.
There are dielectric waveguides with stepwise and
continuous (graded) refractive index variations.
In a gradual microwaveguide it is easier to provide single-mode operation that results in much
less loss. At a given frequency the number of
waveguide modes is limited by the relation
m  1/a + ah/λ0 2n3 (n2 − n1 )

1/2

,

where a = 2 and 4 for the stepwise and gradient
dielectric waveguides, respectively.
For passive applications there are dielectric
waveguides on glass substrates where a given proﬁle n2 (x, y) is produced with the help of the
ion exchange method, ion implantation, hydrolysis, or the deposition of thin lms (including
chalcogenide and polymeric ones). To control the
light beam, the waveguide material must have
certain electrooptic, acousto-optic, and other active properties determining the dependence of its
refractive index on the controlling action. Active substrates in dielectric waveguides are exempliﬁed by a crystal of lithium niobate with
the required refractive index proﬁle in the crystal produced by the diffusion of Ti (transmission range is λ  3 μm, with SiO2 antireﬂection
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Fig. 2. Two dielectric waveguides DW1 and DW2 a distance d apart.

coating at end faces). There are semiconductors
(mainly AIII BV ) where the waveguide layer is
formed by the space charge region (heterostructures AlGaAs/GaAs, InP/InGaAsP and others;
transmission range λ  10 μm, Si3 N4 antireﬂection coating). Radiation escape from the waveguide sets the lower bound for its cross-section:
the radiation propagates along the waveguide surface so that its self-contained nature and isolation are disturbed. The same effect allows one
to produce a distributed communication in the
waveguide that results from the interference of
symmetric (or asymmetric) waves propagating
along dielectric waveguides situated at a distance d one from another (where d is of the same
order of magnitude as the ﬁeld screening length
1/γ outside the waveguide, see Fig. 2). Owing to
the distributed communication, the pumping of the
radiation power from one waveguide to another
(with identical waveguide characteristics) takes
place over a ﬁnite length lc . Values of lc (from
0.5 to 10 mm) depend on the device type, the ratio
between the supplied and consumed power, topological features, and the technological spread of
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parameters of the distributed communication elements. Integrated optics is used in modulators,
selectors, and couplers. Components for radiation
input to the waveguide are prisms, tapering ﬁlms
(wedges), and diffraction gratings. The two latter are used also to establish a coupling between
the integrated optics circuits and the ﬁber-optic
cable. The formation of a given phase front of
the optical beam, Fourier transformation and other
operations in integrated optics are performed by
planar focusing elements that form an integral
whole with the dielectric waveguide. If the wave
elements of integrated optics are applied to connect the optoelectronic elements (such as light
sources and photodetectors), they form integratedoptical circuits that are the analogues of functional
SHF circuits. In the latter the signal generation,
transmission, detection, modulation, ﬁltration, and
transformation are carried out on the basis of various types of interaction of radiation with matter.
Of special importance for integrated optical
circuits (both monolithic and hybrid) is the physical integration in addition to the technological one.
Integrated optical circuits are developed mainly on
a AIII BV semiconductor base.
INTERATOMIC INTERACTION POTENTIALS
The approximate representation of the adiabatic potential of an atomic system (equal to the

electron energy for random but ﬁxed values of the
coordinates of their nuclei) in the form of a sum of
pairwise terms depending on the distances R between the atomic nuclei.
Historically these terms initially appeared during the description of two interacting atoms considered within the formalism of the classical mechanics two-body problem involving the motion
of two oppositely charged masses m1 and m2 attracted to each other by the Coulomb interaction.
In this formalism the two particle problem dependence R(x) is reduced to the problem of the
one-dimensional motion of a single particle with
the reduced mass μ = m1 m2 /(m1 + m2 ) in the
ﬁeld with the effective potential energy
Φ(R) = Φ0 (R) +

L2
.
2μR 2

Here Φ0 (R) is the pairwise potential of the interacting particles separated by the distance R, L
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the canonical form
Φ(R) = 4ε

 12  6 
σ
σ
,
−
R
R

where ε = B 2 /(4A), and σ = (A/B)1/6 . The parameter ε gives the depth of the potential well, and
the parameter σ , which is found from the condition Φ(σ ) = 0, is called the repulsion diameter.
For ionic crystals, where the repulsion is mainly
caused by the exchange interaction, M. Born and
J. Mayer (1932) proposed the following formula:


R
Φrep (R) = A exp −
,
aBM
Coulomb interaction potential.

is the angular momentum, and L2 /(2μR 2 ) is the
centrifugal energy.
For the Coulomb interaction of two point
charges q1 , q2 of opposite signs we have
Φ(R) =

L2
|q q |
− 1 2 .
R
2μR 2

At R0 = L2 /(μ|q1 q2 |), Φ(R) has a minimum
equal to Φmin = −[μ/(2L2 )](q1 q2 )2 (see Fig.).
By generalizing the expression of the second equation, G. Mie (1903) suggested that the pairwise
interatomic potential of a solid be written in the
form
Φ(R) =

A
B
−
,
Rn Rm

where A, B > 0, and n > m > 0.
With the development of quantum mechanics
the Mie potential obtained a partial explanation.
For instance, for the van der Waals interaction
(involving polarization) it appeared possible to
calculate B and to show that m = 6. Crystals constructed from atoms of inert gases, whose closed
electron shells have almost no overlap, are the simplest solids. Here the interaction remains the van
der Waals type, so m = 6; and from subsequent
work it was empirically found that n can have values from 9 to 14. For convenience of calculations
it is accepted that n = 12, and the 6–12 potential,
which is called the Lennard-Jones potential, has

where A and aBM are constants, the latter being called the screening constant. If instead of
the constant A we assume a Coulomb potential and slightly alter the screening constant, then
the Yukawa potential or Bohr potential (screened
Coulomb potential) is obtained:


Z Z
R
,
Φrep = 1 2 exp −
R
aB
where Z1 , Z2 are the charge numbers, and aB is
the Bohr screening constant. This potential is
widely used in radiation physics of solids. The detailed description of the interaction of ions in ionic
crystals gives the Catlow–Diller–Norgett potential.
Combining the repulsive term in the Born–Mayer
form with the van der Waals attraction gives the
Buckingham potential, in terms of which the pairwise interaction in molecular crystals is described.
In the case of covalent crystals the classical
Morse potential is used (P.M. Morse, 1929):


Φ(R) = Φ0 exp −2α(R − R0 )


− 2 exp −α(R − R0 ) .
At present for many metals the oscillating pairwise potentials that are used are found by the
pseudopotential method. For body-centered cubic
transition metals, in the past a number of different empirical potentials have been proposed, and
among the best known is the potential suggested
by R.A. Johnson (1964) for α-iron:

3
Φ(R) = a1 (a2 − R) − a3 R + a4 , R < Rm ,
0,
R > Rm .
Here ai are constants found with the aid of elastic
moduli, and Rm is a cut-off radius.

INTERCALATED STRUCTURES

For covalent and molecular crystals interatomic
potentials are also obtained on the basis of pseudopotential theory. However now it is necessary to
introduce additional assumptions (e.g., the model
of charges on bonds) in order to take into account the directionality of the interatomic bonds
in these crystals. From an empirical approach, in
addition to the pairwise potentials three-particle
terms are introduced, depending on the angles between the bonds. By combining different angular
functions with the previously considered pairwise
potentials it is possible to obtain (usually in the
harmonic approximation) the potential energy of
a crystal lattice: Keating potential, Vukcevich potential (M.A. Vukcevich). This facilitates the calculation of properties of crystals that depend on
small displacements of atoms from their equilibrium positions (elastic constants, phonon spectra).
The many-parameter potential functions for describing the transition to the liquid state can be
found by the same empirical approach.
INTERBAND TUNNELING, band-to-band
tunneling, Zener tunneling (C. Zener, 1934)
Tunneling of electrons from the valence band
to the conduction band of a semiconductor, which

takes place in a strong electric ﬁeld. The energy
diagram of a semiconductor, shown in Fig. (a),
changes in an electric ﬁeld: the electron energy
is augmented with the electrostatic energy of the
applied ﬁeld E . As a result, the plot of the electron energy E versus the coordinate x becomes
inclined as shown in Fig. (b), and electron tunneling (see Tunneling phenomena in solids) between
states of equal energy in nearby occupied and

Interband tunneling.
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empty bands becomes possible. The probability
3/2
of tunneling is proportional to exp[−πm1/2 Eg /
(2eE )], where m is the reduced effective mass of
the electron and hole, Eg is the width of the band
gap, and e is the electron charge. In parallel with
tunneling, electron oscillations also occur inside
the band, caused by reﬂection of electrons from
band boundaries (see Quantizing electric eld).
In strong ﬁelds, interband tunneling may cause
breakdown (Zener breakdown). Band-to-band tunneling provides the basis for tunnel diodes, where
an electric ﬁeld is induced in the region of the
semiconductor junction.
INTERCALATED STRUCTURES
Crystals of a laminated type with intercalants,

i.e. extra atoms, atomic groups, or molecules,
introduced between the layers. The most commonly studied intercalated structures are compounds based on laminated dichalcogenides, transition metals compounds, and graphite-based compounds. Typical examples of the ﬁrst type are the
metals K0.4 MoS2 , Fe0.05 TaS2 , Cax (NH3 )y MoS2 ,
and TaS2 (Py)1/2 where Py is the pyridine
(C5 H5 N) molecule. The source crystals are semiconducting MoS2 and metallic TaS2 or NbSe2 .
Graphite is also easily intercalated by metals and
molecules. Intercalated compounds possess physical properties that often differ greatly from those
of source crystals and intercalants due to electron transfer from the intercalated atoms to the
layers. For example, MoS2 is a semiconductor,
but upon intercalation with alkali metals it becomes a metal, and superconductivity has been
observed below 6 K (see Superconductivity). In
a similar way, neither graphite nor alkali metals exhibit superconductivity, but the intercalated
compounds superconduct below 5.5 K, due to the
appearance of new electron states occupied by
electrons that had left the alkalis. At the same
time, transition metal dichalcogenides intercalated
by molecules exhibit very little change in their
properties if these properties arise from electron
motion inside the layers. However, as a rule, intercalated compounds differ from source crystals
by a stronger anisotropy of the electronic and mechanical properties. For example, in TaS2 (Py)1/2
the electrical conductivity across the layers at 20 K
drops by 5 orders of magnitude compared to the
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source crystal TaS2 , while this conductivity along
the layers is only two times lower due to reduction of the carrier concentration at the layer
spacing. Therefore, intercalated compounds provide so-called quasi-two-dimensional systems (see
Quasi-two-dimensional crystals) where the electron motion is close to being two-dimensional.
The intercalated structures are also interesting
from the physical viewpoint since they provide the
potentiality to obtain new superconductors with a
possible hypothetical exciton mechanism of superconductivity. These structures admit the existence
of combinations of layers with different electronic
properties in the same crystal, e.g., metallic layers
associated with semiconducting ones, or superconducting layers with magnetic ones (Fe0.05 TaS2
is such a system). In this sense these structures are
similar to metallic superlattices.
INTERCALATION

Introduction of extra atoms, or atomic groups,
or molecules (intercalants) into the space between crystal layers. Usually intercalation is found
in crystals with laminated structures and weak
chemical or van der Waals binding of layers
(see Van der Waals forces). Easily intercalated
structures are exempliﬁed by dichalcogenides of
transition metals of the TaS2 type with mainly
van der Waals interactions between the layers,
as well as by graphite. The intercalation process
could be carried out by immersion of the source
crystal into the gas or liquid phase of intercalants. During the intercalation procedure, the
layers of the original crystal move apart to accommodate the intercalants, and the expansion
can be appreciable. For example, in the compound TaS2 (octadecylamine)1/3 the TaS2 layers
are 0.3 nm thick, are spaced 0.3 nm apart, and
separate to a distance of 5 nm to accommodate
two layers of decylamine linear molecules 2.5 nm
long. The intercalation process is energetically favorable because the bond between the intercalants
and the layers proves to be stronger than that of
the layers between each other. Ordinarily this is
due to partial or complete transfer of electrons
from the intercalants to the layer. The intercalants
form regular structures between the layers, with
the structures depending on the extent of the intercalation. For example, many structures are known

for graphite, corresponding to different stages of
intercalation.
INTERCRYSTALLINE CORROSION
Selective corrosion of boundary layers of grains
(crystallites) of metallic materials, which spreads

inside the metal along intercrystalline boundaries; a kind of local corrosion. The tendency toward intercrystalline corrosion often results from
heating which causes microstructural transformations along grain boundaries. Extra phases (often
chromium-based carbides) are generated, enriched
with certain alloy components, and next to them
bands of solid solution are formed, which are depleted of the above-mentioned components (often
Cr). The most typical intercrystalline corrosion
occurs near welding seams (so-called knife-line
corrosion). Depending on the properties of the
hostile medium and the chemical composition of
structural components along the grain boundaries,
intercrystalline corrosion may develop in the form
of selective corrosion of either depleted bands, excessive phases, or both. The mechanical properties
of a metal that shows a tendency toward intercrystalline corrosion, or has been exposed to it,
become degraded.
INTERCRYSTALLINE FAILURE

Nucleation and propagation of the main crack
(Grifﬁth crack, see Grif th theory) along boundaries of adjacent crystallites. Grain boundaries or
cell boundaries (see Cellular structure), and those
of twins (see Twinning of crystals) and martensitic crystals, could serve as interfaces between
crystallites. The best studied is the failure along
grain boundaries in polycrystalline alloys. In limiting cases, intercrystalline breakdown may occur
in either a brittle manner (see Brittle failure), i.e.
without formation of a strain relief on the surface,
or in a tough or viscous manner (see Tough failure) according to the mechanism of nucleation and
merging of pits over a sufﬁciently wide range of
temperatures and strain rates. The physical cause
of intercrystalline breakdown is the decrease of
metal–vacuum surface energy γ0 during crack formation at an interface in a polycrystal by the value
γb of the energy of existing boundaries. In the
presence of surface-active impurities (see Surfaceactive agents) or doping agents (see Doping) that
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cause weakening of the binding forces at boundaries, the quantity γ0 changes to γc . Here, γc is
the surface energy of the crack that has crossed the
interface which existed in the crystal, and where
segregations of dissolved atoms have signiﬁcantly
changed γ0 and, accordingly, the surface energy
b = γ − γ /2.
of the intercrystalline failure γeff
c
b
The impurity doping atoms nitrogen and oxygen in
body-centered cubic transition metals noticeably
reduce the value γ0 . In a similar way, phosphorus and sulfur affect iron, sulfur affects nickel
and copper, etc. In deformed metals the intercrystalline breakdown along cell boundaries (see
Cellular structure) can result from the increase
of γb due to the increased density of unrelaxed
b dedislocations at the subboundary. The value γeff
creases sharply in this case. The strength σcr under
intercrystalline breakdown is described by the deb /d, where β is a constant;
pendence σcr  βεγeff
ε is the strain related to the amount of mobile dislocations; and d is the structural element size.
The relationship between the cold brittleness
temperatures under transcrystalline failure and
intercrystalline failure can be illustrated by a diagram (see Fig.). Alloying the solid solution causes
a monotonic increase of the cold brittleness temperature Tc.g. of the host grain. At small contents
of surface-active agents (especially interstitial impurities of body-centered transition metals), the
sharp increase of the cold brittleness temperature
Tc.b. occurs near boundary regions due to the appearance of segregation (Fig. from 1 to A). The
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increase of the interstitial impurity content (or
change of limit of possible oversaturation at heat
treatment or thermomechanical treatment) causes
the formation of disperse structures. The latter
hinder the nucleation of intercrystalline cracks
which results in a decrease of Tc.g. (from A
to 2). Along line segment 2 to 3 brittle failure either reverts to transcrystalline (dashed curve
with crossover in Fig.) or remains intercrystalline
(upper solid line curve with no intersection),
but the cold brittleness temperature unambiguously decreases. A pronounced rise in temperature
takes place at concentrations above point 3 when
structure-free layers of excessive brittle phase
(interstitial phase, intermetallic compounds, etc.)
appear at the grain boundaries, these layers having very high cold brittleness temperatures. The
formation of continuous interlaying of the second
phase along grain boundaries embrittles the alloy in a deleterious manner. At the decline of γc
b → 0), failure occurs below the yield limit
(γeff
of the alloy. This phenomenon is called intercrystalline brittleness (such as oxygen-induced
brittleness of polycrystalline molybdenum alloys,
steel temper brittleness, antimony-induced brittleness of copper, etc.). Doping and heat treatment
can stimulate impurity redistribution between the
grain bulk and the grain boundary, thus changing both the effective surface energy of formation
of an intercrystallite crack, and the conditions for
crack relaxation. This, in turn, causes a change in
the cold brittleness temperature at the boundaries
and in the bulk of the grains.
INTERDIFFUSION

Sketch of variation of temperatures of intercrystalline
(Tc.b. ) and transcrystalline (Tc.g. ) embrittlement under
doping with carbon.

Mutual penetration of atoms and molecules
across an interface of contact between two materials (solid, liquid, gas) of different compositions,
caused by thermal motion of the atoms or molecules.
Interdiffusion is established with respect to
the displacement of the front of constant concentration. Because of counter-diffusion ﬂow the
mechanical equilibrium in the system is disturbed,
but then it is immediately restored by the mechanical shift of layers, and this reestablishes the front
of constant concentration (see Kirkendall effect).
The theory of interdiffusion for two-component
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solid metallic systems takes into account the Kirkendall effect and the vacancy mechanism of diffusion. The two resulting atomic ﬂuxes are equal
in magnitude, opposite in direction, and proportional to the atomic concentration gradient. The
proportionality ratio is called the interdiffusion
coefﬁcient D. This coefﬁcient depends on the
temperature, pressure and composition. The dependence of D on the temperature follows approximately, but not precisely, the Arrhenius law:
D = D0 exp[−Q/(kB T )], where D0 is a constant,
and Q is the activation energy of interdiffusion.
The dependence of D on the composition is different for different systems, and has been especially
investigated under isothermal conditions. It is often possible to determine the distribution of one of
the components (so-called concentration curve) in
the diffusion zone, and to ﬁnd the functional dependence on the concentration with the aid of a
special calculational method (Matano–Boltzmann
method). The theory gives the relationship between D and the partial diffusion coefﬁcients D1
and D2 (see Heterodiffusion) of the two components: D = C1 D2 + C2 D1 , where C1 , C2 are
atomic concentrations of the components. This
same relation is also valid for liquids and gases.
The shape of the concentration curve depends of
the phase diagram of the two-component system.
If at the given temperature the whole diffusion region corresponds to a continuous series of solid solutions then the curve is continuous, while if there
are different phases then the curve is piecewise
continuous, with each region corresponding to a
separate phase. In the latter case during the course
of interdiffusion the layers of different phases appear and grow, and two-phase areas are absent. For
polycomponent systems the investigation of diffusion becomes considerably more complicated,
and there exist only approximate ways for calculating D in three-component systems.

Transmittance of Ge plate without antireﬂection coating (1), and with three-layer antireﬂection coating of
Si + CeO2 + MgF2 ﬁlms (2). All layers are λ/4 thick
for λ = 3.5 μm.

INTERFERENCE COATINGS

used as antireﬂection coatings, for producing dielectric mirrors with high reﬂection coefﬁcients,
interference ﬁlters, radiation polarizers, and beam
splitting systems. Of widest use are multilayer
systems with alternating layers of transparent materials with low and high refractive indices; the
optical thickness of such layers equals or is a
multiple of λ/4. Computer aided design allows
developing interference coatings having layers of
unequal thickness with more efﬁcient parameters.
Application of antireﬂection coatings is especially
needed in multicomponent objective lenses where
the reﬂection loss can reach 70%, and also in semiconductor receivers and sources of radiation made
of high-refraction materials (see the ﬁgure).
Multilayer dielectric mirrors (unlike metallic
ones) reﬂect almost all the incident radiation over
a broad spectral range without absorption loss.
Such mirrors are indispensable for manufacturing
Fabry–Perot type resonators in laser engineering,
because metal mirrors degrade easily at high radiation intensity. Two dielectric mirrors with a
layer of a high-refractive index material (with optical thickness a multiple of λ/2) between them
compose an interference light ﬁlter. Light beam
splitters are formed from the same dielectric mirrors with a reﬂection coefﬁcient close to 50%, and
variable over a broad range in special cases. The
splitters are used to divide a light beam into two
beams with intensities equal to each other, or in a
certain ratio.

Single- or multilayer thin-ﬁlm systems applied
to the surface of solids to decrease or increase the
re e ctance through interference effects. They are

INTERFERENCE, QUANTUM
See Quantum interference phenomena.

INTERFACE
See Condensed matter interface, Metal–insulator interface, Phase interface.

INTERMEDIATE STATE

INTERFEROMETER

An instrument operating on the basis of the interference of light. The incident light beam in an
optical interferometer is divided in two (or more)
beams that propagate along different optical paths,
and then are reunited in the plane where the interference occurs. A crystal or other substance is
placed in the path of one beam, while a comparison standard is in the other beam. By measuring the path difference Δ between the interfering
beams, one can obtain data on surface defects of
the crystals under study, their optical homogeneity, their dielectric constant ε or refractive index
√
n = ε. Interferometers of various designs are
used to measure geometrical dimensions, such as
the diameter of balls, the surface roughness of optical components, semiconductor washers, etc.
INTERFEROMETER, FABRY–PEROT
See Fabry–Perot interferometer.
INTERFEROMETRY, X-RAY
See X-ray interferometry.
INTERMEDIATE ORDER

Ordering or presence of symmetry elements at
sites of atoms separated by distances much longer
than the average interatomic distance in amorphous bodies (see Amorphous state). One may
assume the presence of intermediate order from
the behavior of an atomic radial distribution function, g(r). If we deﬁne the correlation length of
an atomic structure rc as such a value of r that
the difference (g(r) − 1) becomes very small for
r > rc while the variations of that difference remain within the measurement accuracy for r < rc ,
then one may state that a single-phase intermediate
order exists in the body for rc a, where a is the
average interatomic distance. The characteristic
dimension of ordered regions is rc . The intermediate order may be nonuniform, with the correlation
radius in the atomic arrangement varying from one
part of an amorphous body to another.
Direct observations with the help of highresolution instruments (such as scanning tunneling
microscopes, autoionic microscopes, etc.) reveal
the presence of regions of ordering, with a size
∼2.5 nm in certain amorphous alloys. Indirect experimental data are also available that suggest the
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presence of intermediate order in certain glasses
(see Vitreous state of matter) and amorphous semiconductors (see Long-range and short-range order).
INTERMEDIATE STATE of a solid

A spatially inhomogeneous state of a solid
formed in thermodynamic equilibrium during a
rst-order phase transition, and induced by an external magnetic ﬁeld (electric ﬁeld) B (E) (see
Phase transitions in an external eld). The formation of an intermediate state is a common property
of such phase transitions. Usually the intermediate
state consists of alternating macroscopic homogeneous regions of competing phases, i.e. domains
that are separated from each other by inhomogeneous transition regions (domain walls). The domain size signiﬁcantly exceeds the thickness of the
domain walls, and remains much smaller than the
size of the specimen. The principal factor stabilizing the inhomogeneous state is the demagnetizing
(depolarizing) ﬁeld (see Demagnetization elds)
produced by the surface magnetostatic (electrostatic) charges. These charges form due to a jump in
the normal component of the magnetization vector (electric polarization), M (P ) at the specimen
surface. When the external ﬁeld changes the domains change their size to equalize the internal
ﬁeld with the equilibrium ﬁeld of the competing
phases (B n ). The principal equation describing
the evolution of the initial state during the change
of external ﬁeld has the form

B = Bn + N

n


ξν M ν (B n ),

ν=1

 is the demagnetization factor tensor, ξν
where N
is the volume fraction of the νth phase, and n is
the number of phases remaining in equilibrium in
the ﬁeld B.
The term “intermediate phase” was ﬁrst introduced by R. Peierls (1936) in studying the
thermodynamics of superconductors in the region
where they undergo a ﬁrst order phase transition
back into their normal state, induced by an external ﬁeld. Peierls demonstrated that a specimen
of ﬁnite dimensions developed a certain transition
(buffer) region within a certain range of magnetic
ﬁeld strengths, and he called that range the intermediate state. The intermediate state structure
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in a superconductor was clariﬁed by L.D. Landau
(1937), who demonstrated that it represents a thermodynamically stable domain structure consisting
of alternating patches of metal in the normal and
the superconducting states.
The intermediate state has been found and
studied in the region of ﬁrst order phase transitions
in antiferromagnets, as well as in ferrite spinels
and orthoferrites, where it develops during various
magnetic phase transitions.
INTERMEDIATE STATE OF
SUPERCONDUCTORS

Thermodynamically stable state of a type I
superconductor of ﬁnite dimensions in a certain
range of external magnetic ﬁelds. Such ﬁelds have
values close to those that bring about ﬁeld induced
phase transitions back to the normal state. It is a
structure consisting of alternating macroscopic domains of the normal and superconducting phases
in the shape of plates parallel to the external ﬁeld,
with a characteristic transverse size much smaller
than the specimen size. Such a structure forms due
to the positive free surface energy.
When affected by the magnetic ﬁeld produced
by current ﬂowing through the specimen, a dynamic intermediate state develops in which the
domains are normal to the direction of the current
ﬂow, and move continuously through the specimen. They are generated at one of its surfaces and
end at the opposite one.
When a superconducting sample is placed in
an external homogeneous ﬁeld B 0 , that ﬁeld is
pushed out of the sample due to the Meissner effect. The ﬁeld force lines then concentrate at the
surface meaning that the ﬁeld in that range exceeds
B 0 and may reach the value of the thermodynamic critical magnetic eld, B c , where B0 < Bc .
In such a case the superconducting state should
start to disintegrate in the neighborhood of the
maximum concentration of ﬂux lines, with the
concomitant penetration of the magnetic ﬁeld into
the specimen. However, the normal phase appears to remain in the range of magnetic ﬁeld
strengths that are lower than the critical ﬁeld,
so there is an apparent contradiction. To overcome it R. Peierls (1936) and F. London (1936)
both independently suggested that the intermediate state is one in which the Meissner effect takes

place only partially throughout the material. Then,
as the external ﬁeld B 0 gradually increases, the
value of magnetic induction, B, inside the sample
linearly grows from zero at B0 = Bc∗ (at the transition from the superconducting to the intermediate
state) to B c when B0 = Bc (at the transition
from the intermediate to the normal state). Meanwhile, accounting for demagnetization eld, we
have Bc∗ < B0 < Bc for the whole intermediate
state range, with the Maxwell ﬁeld inside the specimen H = Bc /μ0 . The value of Bc∗ depends on the
value of Bc and the shape of the material.
For an arbitrary sample shape the normal and
the superconducting phases may coexist because
of the inhomogeneity of the demagnetizing ﬁelds.
However, they are always separated from each
other by an intermediate state region. In the case
of an ellipsoid placed in a uniform external ﬁeld,
the induction and the ﬁeld inside it are always uniform. Therefore, the entire ellipsoidal specimen
transforms into the intermediate state as a whole,
with a single value of H = Bc∗ /μ0 throughout it. When the direction of B 0 coincides with
the ith principal axis of the ellipsoid, the directions of B and H also coincide with it, so that
Bc∗ = Bc (1 − Ni ), where Ni are the dimensionless
demagnetizing factors (i = 1, 2, 3) (see Demagnetization factor tensor). Considering the extreme
cases of the ﬁeld parallel to the axis of a long
cylinder (N = 0) we ﬁnd the intermediate state
virtually absent, while in the case of the ﬁeld normal to a ﬂat plate (N = 1) the intermediate state
develops starting from a close to zero value of B0 .
The above description explains the basic experimental results, but says nothing about the intermediate state structure, and it fails to clarify the
physical content of H and B inside the specimen.
The Landau (1937) theory of the intermediate
state represented the macroscopic ﬁeld H inside
the specimen as the result of averaging microscopic ﬁelds over the normal phase domains, while
the induction, B, was arrived at by similar averaging over the entire specimen. The fraction of
the normal phase in the intermediate state equals
(B0 − Bc∗ )/(Bc − Bc∗ ). The spatial period d of the
domain structure is determined by minimizing the
free energy of the magnetic ﬁeld forced outside the
specimen by the Meissner effect, plus the surface
energy of the domain walls, so there is a competition between the bulk term [Bc2 /(2μ0 )] Vn

INTERMEDIATE VALENCE

and the surface free energy at the interface between the normal and the superconducting phases.
Here Vn is the additional volume generated by
the expansion of normal domains lying close to
the surface. For a type I superconductor its surface
free energy is positive and equals [Bc2 /(2μ0 )]ξ S,
where ξ is the coherence length, S is the overall domain boundary surface, and d ∝ (ξ L)1/2
(ξ  d  L), where L is the size of the specimen along the ﬁeld. For type II superconductors
the negative surface free energy dominates, equaling −[Bc2 /(2μ0 )]λS (where λ is the penetration
depth of magnetic eld). The domain structure is
absent, and instead of the intermediate state there
is a partial Meissner effect in the mixed state.
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Fig. 1. Energy level scheme for (a) 4f n conﬁguration
with whole valence, (b) 4f n−1 + d state with whole
valence, and (c) intermediate valence phase. Different
valence states of an R ion correspond to (a) and (b), e.g.,
R 2+ and R 3+ .

INTERMEDIATE VALENCE, hybrid valence

A special state of matter characterized by a
resonance between the energy states of the lo-

calized (bound) and the collective or delocalized
(band) electrons. States of intermediate valence
are typical for certain rare-earth elements (cerium,
samarium) and several of their chalcogenides (see
Chalcogenide materials) as well as doped compounds of rare-earth elements and alloys (see Alloying). In these materials the states in which their
f -electrons are localized at the rare-earth ion (4f n
conﬁguration) appear to be close in energy to
those of a type 4f n−1 + d electron in the conduction band. Therefore, the f -electrons acquire a
partially band nature, and the average number of
electrons on the center (“valence”) appear to be
fractional (hence the term interconﬁguration ﬂuctuation states).
A qualitative scheme of energy levels illustrating the development of intermediate valence
(see Fig. 1) demonstrates how an external action (e.g., pressure) changes the position of the
f -level, E0 , with respect to the d-band parabola
(EF is the Fermi level). As the external conditions
change (e.g., temperature, pressure, composition),
phase transitions develop, related to ﬁlling of electron levels in compounds with intermediate valence. Such transitions are accompanied by certain
anomalies in lattice elasticity, by jumps in the magnetic moment, speci c heat and crystal volume,
and by sharp changes in conductivity. As a result
of the mutual interaction of rare-earth ions via the
phonon ﬁeld, a spatial ordering of ions of differing valence becomes possible, so that the so-called

Fig. 2. Mixed valence two-ion cluster levels for singleelectron (spin S1 = 1/2) and two-electron (S2 = 1) ions.
From left to right: (a) noninteracting ions; (b) splitting
taking into account the Heisenberg exchange parameter
J (S is the total cluster spin); (c) additional level splitting
by double exchange (p is the double exchange parameter, “+” and “−” signs indicate parity).

valence density waves or charge density waves
form. It is suggested that one might employ phase
transitions in intermediate valence compounds to
record and store data. Intermediate valence states
of certain substances are closely connected with
their catalytic properties. Molecular crystals with
intermediate valence contain clusters consisting
of a few ions (2, 3, or 4) in various degrees of
oxidation as their structural elements. The migration of an “extra” electron (double exchange)
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equalizes the valences. The magnetic properties
are deﬁned by the relation between the Heisenberg exchange interaction (that results in either
ferromagnetism or antiferromagnetism) and double
exchange. For strong double exchange the cluster
has a maximum spin, as shown in Fig. 2 for a twoion cluster with total spin S = S 1 + S 2 obtained
by vector addition. The interaction among clusters may stabilize the charge-ordered phase, and
two phase transitions become possible under certain conditions, the ordered state forming within a
ﬁnite temperature range T > 0.

other special materials. They are involved in compositions of the most important alloys such as
structural, refractory, hard, high-temperature, and
corrosion-resistant alloys. See also Superconducting intermetallic compounds.

INTERMETALLIC COMPOUNDS, intermetallides
Chemical compounds of metals involving other

INTERNAL FRICTION

metals or semimetal compounds. The intermetallic
compounds exist in the solid state and have mostly
metallic type chemical bonds. About 14,000 intermetallic compounds are known; and some types
comprise more than 20 compounds (there are
27 compounds in the Nd–Ni–Ga system). The
most completely investigated intermetallic compounds are the borides (about 750 compounds),
aluminides (1100), and silicides (1300). In view
of their speciﬁc properties, the intermetallic compounds of the rare-earth elements (4500 compounds) are intensively studied. The synthesis of
these compounds is carried out by fusion, sintering, and electrolysis. Their composition, structure,
and properties depend on the nature of the components, electronic structure of the atoms, their
dimensions and electronegativity. The compositions are quite diverse; and in most cases these
compounds fail to conform to the valence rules.
Many of them have wide regions of homogeneity
(daltonides and berthollides (nonstoichiometric)).
The heterodesmic (with more than one type of
chemical bonding) intermetallic compounds (see
Heterodesmic structures) containing semimetal elements include framework, laminated, chain, and
insular compounds. Their crystal structures fall
into almost 1,000 structural types grouped into
17 classes according to their coordination characteristics; the classes differ in coordination polyhedra down to the size of atoms. Intermetallic
compounds possess a close packed structure, and
are characterized by complete or partial ordering. These compounds ﬁnd their use as catalysts,
semiconductors, superconductors, as well as magnetic hydrogen-absorbing, thermal emission, and

INTERMETALLIC SUPERCONDUCTOR
See Superconducting intermetallic compounds.

INTERNAL ENERGY
See Thermodynamic potentials.

The property of solids to irreversibly transform
applied elastic oscillation energy into heat energy,
and the various mechanisms involved in this transformation. W. Thomson, Lord Kelvin, observed
this in 1865.
The increased interest in internal friction is
caused, mainly, by two reasons. The ﬁrst is associated with the need to account for the dissipated
energy in construction material during the calculation of oscillations of mechanical systems operating in the resonance mode. The second reason is
connected with the creation of a precision analytical method of investigating physical and chemical
phenomena in crystals, which is based on internal friction. The high structural sensitivity and
its non-destructive character are the advantages
of this internal friction method. Internal friction
can be demonstrated with the help of a diagram
of stress σ (see Stress tensor) versus strain ε. In
the ideally elastic (see Elasticity) region the plot
of σ (ε) is a straight line. In the presence of internal friction the plot becomes a hysteresis loop (see
Fig.) with an area equal to the loss of energy per
unit volume during one cycle of oscillations W .
Internal friction can be measured in different
ways: through the increase in temperature (for
very high values of the internal friction), using the
tangent of the shear angle between σ and ε (tan θ ),
from the amplitudes of free and forced oscillations (Δ), and through measuring the absorption
of elastic waves in the material (α) (see Sound
absorption). For small values of the internal friction (0.1) measurements of it are connected with
each other in the following way: Q−1 = tan θ =
W/(2πW ) = Δ/π = αλ/π , where W is the

INTERNAL STRESSES

Internal friction.

total oscillation energy, Δ is the logarithmic decrement of the oscillations (natural logarithm of the
ratio of two sequential amplitudes), α is the attenuation constant, and λ is the wavelength of the
elastic wave. Methods of measuring internal friction are divided into three basic groups: (1) the
torsional pendulum method with the range of measurement frequency (ω = 0.1 to 5·102 Hz); (2) the
method of the resonance rod (transverse oscillations of ω = 5·102 –104 Hz, longitudinal ones of
ω = 104 –106 Hz); and (3) the method of ultrasonic pulses (ω = 106 –1011 Hz). The hysteresis
curve (see Fig.) can be conditioned by the dependence of σ and ε on time (or ω) when there
is no residual deformation; this is so-called dynamic hysteresis. In this case the internal friction
does not depend on ε. This type of loss is usually
called relaxational internal friction. A hysteresis
loop may also appear (including the case of very
small rates of deformation) due to microplastic
deformation. This type of loss does not depend
on ω; the losses grow with increasing ε, and this is
called hysteresis internal friction (see Amplitudedependent internal friction). The mechanisms of
relaxation losses are various and combine a large
group of the phenomena. For the most part internal
friction involves a complex of different attenuation
mechanisms. Each mechanism is most prominent
over a speciﬁc frequency range, which causes the
presence of a maximum in the curve Q−1 (ω). By
varying the oscillation frequency from infrasound
to hypersound under stable external conditions
it is possible to separate contributions of different mechanisms in the internal friction. In perfect
crystals the thermoelastic (see Thermoelasticity)
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losses (infrasound range of frequencies) and the
interactions of elastic waves with the electron (low
temperatures) and phonon waves (MHz–GHz) in
the crystal are the main source of the internal friction. In real crystals the mechanisms of losses
are conditioned by point, linear, surface and volume structural defects. Radiation in the infrasonic
and sonic frequency ranges is often used in investigations of internal friction by studying the
effects of regulation and reconstruction of the
atomic structure, connected with the diffusion of
vacancies, of impurity atoms, of pairs of point
defects, etc. Internal friction involving the presence of dislocations in a crystal is studied the
most. It appears over a wide range of frequencies, including infrasound and ultrasound. The
concrete mechanism of adsorption is deﬁned by
the elastic and inertial properties of the dislocations, by operation of the point defect–dislocation
interaction (Snoek–Köster peak, see Snoek–Köster
relaxation, Hasiguti peaks), by potential barriers
of the lattice itself [Bordoni peaks (P.G. Bordoni,
1949)], etc. Stress relaxation along grain boundaries and surfaces of phase separation is one of
the important sources of internal friction. Other
disturbances (fractures, pores, shrink holes) also
contribute to the internal friction. It is necessary
to take into account relaxation internal friction
caused by micro-vortex currents, and by the magnetic ﬁeld regulation in the ferromagnets.
INTERNAL STRESSES

Stresses existing in solids in the absence of
external stresses, i.e. stresses caused by internal
sources.
These internal stresses appear when the different parts of the body are interconnected in such a
way that each part causes others to change their
dimensions or shape. For instance, in crystals defects of the crystalline structure are sources of
internal stresses; these defects can be of the point,
linear, planar and volume types (and their ensembles). These stresses also exist in the presence of
thermal gradients in solids. Stresses created by
internal sources are calculated, as a rule, in the
model of a continuous, elastic, isotropic medium
(or an elastically anisotropic one). They are additive and can be described by the overall internal
stress tensor σj k (x1 , x2 , x3 ) (i, j, k = 1, 2, 3) (see
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Stress tensor). At the free surface of a solid the

internal stresses satisfy the boundary conditions
σj k nk = 0 (i, k = 1, 2, 3), where nk is the projection of the external normal to the surface on
the coordinate axis xk . If within the volume of
the solid there are stresses caused by static external forces, they add to the internal stresses.
They can appear in solids under the action of
mechanical and thermal effects due to the nonuniformity of plastic deformations, and due to the
possible occurrence of phase transitions. Internal
stresses which appear after such processes are frequently called residual stresses. These stresses
can have different degrees of localization, i.e. they
can be counterbalanced within different regions
of a solid. In polycrystals the following types of
internal stresses are distinguished: (1) ﬁrst-order
residual stresses which are balanced within the
overall volume of a solid, and produce a shift of
an X-ray diffraction line, (2) second-order residual stresses (microstresses) which are balanced
within a volume about the size of a crystallite or
a mosaic block and broaden an X-ray diffraction
line, and (3) third-order residual stresses which are
balanced within a volume the size of a crystalline
lattice unit cell and weaken X-ray diffraction lines.
X-ray diffraction methods (see X-radiography,
Nondestructive testing techniques), and also (for
ﬁrst-order stresses) various mechanical methods
based on the measurement of deformations, with
subsequent recalculations that convert them into
stresses with the aid of Hooke’s law, are used
for the determination of residual stresses. These
(especially the ﬁrst-order ones) can strongly inﬂuence the strength of solids.
INTERNATIONAL TABLES FOR
CRYSTALLOGRAPHY
Reference guides for crystallography and struc-

ture analysis. “International Tables for Determination of Crystal Structures” were ﬁrst published in
1935 (Berlin). The second generation comprises
four volumes published between 1952 and 1974.
Since 1983, the third generation “International Tables for Crystallography” has appeared as volumes
A, B and C (Space Group Symmetry; Reciprocal
Space; Mathematical, Physical and Chemical Tables, respectively) which provide comprehensive
coverage of the status of modern crystallography.

Particularly useful is Vol. A edited by T. Hahn
which tabulates atom positions for the 230 space
groups, and in addition has a great deal of background material on crystallography.
INTERPHASE IMPURITY DISTRIBUTION
COEFFICIENT
The ratio of the concentration of a substance

dissolved in a solid phase to that in a liquid phase.
The equilibrium interphase impurity distribution
coefﬁcient is deﬁned using a phase diagram as
the ratio of abscissae of the solidus and liquidus
points for a given impurity concentration. If this is
smaller than 1, then the solid phase that forms as a
result of crystallization contains fewer impurities,
and vice versa. In actual crystallization schemes,
the ratio of impurity content in the crystal to that in
the melt is determined by the interphase impurity
distribution coefﬁcient that depends on the ratio of
the rate of the crystallization front motion to the
rate of equalization of impurity concentration in
the melt. The latter process occurs by the diffuse
transition of impurities in a thin stationary layer
of melt that adjoins the crystallization front, and
by forced or natural convective agitation of the remaining melt. Allowing for the above factors, the
distribution coefﬁcient can be calculated for actual
crystallization schemes.
INTERSTITIAL ALLOYS
Alloys, one component of which consists of
interstitial atoms. These alloys form for the ra-

tio r x /r m  0.59 of atomic radii of interstitial
element r x to metal r m . Interstitial phases are divided to two classes: interstitial solid solutions
of metals, and interstitial compounds or hybrids:
carbides, nitrides, and some borides, oxides and
silicides.
INTERSTITIAL ATOM
An atom that is localized in a crystal between
crystal lattice sites. It is common for an interstitial

atom to be situated at an interstice, i.e. in a cavity
bounded by neighboring atoms at regular crystal
lattice sites. However, in a number of cases more
complicated conﬁgurations of an “extra” atom in
a crystal can occur, such as when the atom intrudes into an atomic chain so that there are n + 1
atoms for n sites. These are dumb-bell interstitial

INTERVALLEY REDISTRIBUTION

defect (n = 1) and crowdion (n ≈ 5–10) conﬁgura-

tions. Intrinsic interstitial atoms appear in crystals
as non-stoichiometric components (see Stoichiometric composition). This may happen, e.g., when
a crystal is in thermodynamic equilibrium with
the high-pressure vapor (see High pressures) of
one of its components, or through the generation
of equilibrium or nonequilibrium (during nuclear
radiations, elastic strain) Frenkel defects. Impurity
atoms of certain chemical elements can be localized in the interstices of various crystals. The
following processes can take place: transitions of
interstitial atoms between different types of interstices (e.g., between hexagonal and tetrahedral
ones in a diamond-type lattice); trapping of an interstitial atom by a vacancy; dislodgment of an
impurity atom from a site by an intrinsic atom;
coagulation of intrinsic interstitial atoms with the
formation of dislocation loops; and other reactions that involve intrinsic and impurity interstitial
atoms, as well as defects. The activation energy of
intrinsic interstitial atom diffusion is usually much
lower than that of vacancies. The non-activation
nature of the motion of interstitial Si atoms generated via nuclear radiation on a silicon crystal
has been experimentally conﬁrmed at low temperatures; the same is true of interstitial Ge atoms
in germanium crystals. The presence of interstitial
atoms can have a signiﬁcant effect on the properties of crystals.
INTERVALLEY NOISE
Fluctuations of current ﬂowing through a manyvalley semiconductor, or of voltage across the

latter. These result from population ﬂuctuations
of individual valleys. In the general case, the mobilities of current carriers in inequivalent valleys
along the external electric ﬁeld direction differ
from each other. Therefore, random transitions of
carriers from one valley to another cause corresponding changes of current (or of voltage), i.e.
the appearance of intervalley noise. If the external
ﬁeld does not warm up the carriers, the spectral density of such noise is proportional to the
square of the current ﬂowing through the crystal.
Its frequency characteristic is of the same form as
generation–recombination noise, i.e. proportional
to (1 + ω2 τ 2 )−2 , where τ is the lifetime of an
electron in a valley in intervalley scattering. Mobilities of carriers in isolated valleys are usually
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anisotropic. The partial currents of these groups
may then be nonparallel, and intervalley noise in
such crystals arises in the direction transverse to
the direct current. The dependence of intervalley
noise on the orientation of the electric ﬁeld relative to the crystallographic axes allows varying
the magnitude of intervalley noise, and facilitates
its identiﬁcation in experimental studies.
INTERVALLEY PHONONS
Phonons involved in interaction electron transitions from one valley to another (see Many-valley
semiconductors). By virtue of quasi-momentum
conservation (see Conservation laws) within an
accuracy of a reciprocal lattice vector, a phonon

quasi-wave vector which participates in an elementary transition between valleys is equal to
k phonon = ±(k 1 − k 2 ), where, k 1 and k 2 are the
quasi-wave vectors of the initial and ﬁnal electron
states, the “+” sign refers to emission of a phonon,
and the “−” sign refers to absorption of a phonon.
Since valleys are often situated near the Brillouin zone boundary (e.g., in germanium, silicon),
the values of |k 1 | and |k 2 | and, accordingly, of
|k phonon | are close to the maximum value of a
quasi-wave vector in the Brillouin zone. Such a
value of |k phonon| corresponds to the energy of
intervalley phonons, which is close to the peak
phonon energy in the crystal. See Intervalley redistribution, Intervalley scattering.
INTERVALLEY REDISTRIBUTION

Population change or readjustment of equivalent (or inequivalent) valleys of a many-valley
semiconductor energy band. Typically, it occurs
when electrons of different equivalent valleys obtain unequal energies from the electric ﬁeld by
virtue of the difference in their effective masses
along the ﬁeld direction due to intervalley scattering. Since the intervalley transition is related to the
change of the electron quasi-wave vector (of the
order of a reciprocal lattice constant), satisfying
the conservation law of quasi-momentum requires
participation of a phonon or an impurity in the
intervalley scattering process. Intervalley redistribution has a signiﬁcant effect on semiconductor
properties: a high anisotropy of the conductivity arises from the misalignment of the directions
of the current ﬂow and the electric ﬁeld strength
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(Sasaki effect); when the intervalley distribution
depends strongly on the electric ﬁeld, then negative diffusive conduction can be observed. The
Hall effect and magnetoresistance (see Galvanomagnetic effects) exhibit some characteristic features in their dependences on the electric and
magnetic ﬁeld intensities; absorption of light by
free carriers decreases, and birefringence arises.
Intervalley redistribution may also occur as a
result of a spontaneous symmetry breaking, which
leads to a multivalued electron distribution (see
Sasaki effect). This redistribution can also take
place via the Gunn effect between valleys of different energy bands.
INTERVALLEY SCATTERING

Quantum transitions of electrons or holes between valleys of an energy band (see Many-valley
semiconductors). The term is used mostly for describing scattering processes in semiconductors
and semimetals. Intervalley scattering may take
place in the interaction of carriers with phonons,
impurities, or crystal surfaces. Since the distance
between valleys in momentum space is comparable to the Brillouin zone size, this scattering
involves transfer of a large quasi-momentum at
each individual event. The probability of intervalley scattering is usually considerably lower than
that of intravalley scattering, in which both initial and ﬁnal states of the carrier are in the same
valley. Yet, intervalley scattering plays an important role, since it controls relaxation processes of
level populations of different valleys, and determines steady-state populations and the magnitude
of the energy that current carriers absorb under the
action of external ﬁelds (see Intervalley redistribution). Intervalley scattering is described by the
probability of an intervalley transition, which (for
an electron–phonon interaction) is


1 1
δ(εk 1 − εk 2 ∓ ω12 )
Wk± →k = C N + ±
1
2
2 2
where quasi-momenta k 1 and k 2 determine the
initial and ﬁnal states of electrons in valleys 1
and 2, respectively; εk1 and εk2 are the energies
of these states; ω12 is the frequency of a phonon
with a wave vector that is close to the distance between maxima 1 and 2 to within a reciprocal lattice
vector; and N is the number of phonons with frequency ω12 . The upper sign refers to a transition

with phonon emission, the lower refers to one with
phonon absorption. The quantity C is deﬁned with
the help of the explicit form of the Bloch wave
functions |k 1,2  (see Bloch theorem).
The transition probabilities in scattering by impurities may be obtained from the above formula
by setting ω12 = 0, N + 1/2 ± 1/2 = 1 in it. Then
the quantity C is deﬁned by the short-range part
of the electron–impurity interaction potential. The
change in electron momentum, required for an intervalley transition, may occur at its collision with
the crystal surface. The possibility of such a transition is determined by geometric considerations,
and depends on the orientation of the k 2 − k 1 vector relative to the surface. In this case the laws of
the conservation of energy and of the projection of
quasi-momentum on the surface (see Conservation
laws) must be taken into account. See also Current
carrier scattering.
INTRAMOLECULAR VIBRATIONS

Oscillations associated with relative displacements of atoms within a molecule or a molecular
ion in a molecular crystal. The frequency range of
the vibrations is 400–3000 cm−1 . For an impurity molecule in a crystal lattice the intramolecular
vibrations are often local vibrations, signiﬁcantly
higher in frequency than the maximum frequency
−
2−
of the matrix crystal (e.g., NO−
2 , NO3 , SO4 , etc.
in an alkali-halide crystal lattice).
INTRINSIC CONDUCTIVITY

Electrical conductivity of a semiconductor due
to the excitation of electrons from the valence
band to the conduction band, and the generation
of holes in the valence band, with the concentrations of electrons and holes equal to each other.
Intrinsic conductivity predominates in intrinsic
semiconductors. For more details, see Electrical
conductivity.
INTRINSIC DEFECTS in crystals
Crystal lattice defects that are deviations from

the regular arrangement of the atoms A, B, . . . of
a formula unit Am Bn . . . at preassigned sites. The
simplest intrinsic defects are point vacancies V
and interstitial atoms I of crystal components. One
of the mechanisms for the production of both
V and I is the thermal motion of the atoms.

INVARIANCE

If the presence of V or I is related to the excess or deﬁcit of a certain component of a crystal
compound, then the intrinsic defects are referred
to as nonstoichiometric defects. Frenkel defects,
Schottky defects, antistructural defects and antiSchottky defects are called stoichiometric intrinsic
defects, since the generation of these defects does
not require particle exchange between a crystal
and its environment, and does not upset the stoichiometric concentration ratios of the chemical
constituents. More complex intrinsic defects are
various aggregations of vacancies, intrinsic interstitial atoms, and substitutional atoms.
INTRINSIC LIGHT ABSORPTION EDGE
The increase of optical density in semiconductors and insulators due to photoexcitation that
raises electrons from the valence band to unﬁlled
states of the conduction band. The energy position

of the intrinsic light absorption edge is directly
related to the width of the band gap, Eg , while
its spectral dependence is deﬁned by the features
of the band structure of the crystal. Direct transitions play a decisive role for those extrema in
the conductivity. When the position (k-value) of
the minimum of the conduction band corresponds
to the maximum of the valence band, k c = k v ,
then direct transitions take place and the initial
and the ﬁnal quasi-momenta of the electron practically coincide. The respective light absorption
coef cients reach about 105 cm−1 . If k c = k v
then indirect transitions of electrons become possible, and the quasi-momentum conservation law
is satisﬁed either through the absorption or emission of a phonon, or via an interaction with defects
of the crystal structure. During indirect transitions
the light absorption coefﬁcient does not exceed
103 cm−1 . Optical interband transitions may be
studied by the methods of nonlinear optics, using
multiphoton excitation.
The position of an intrinsic light absorption
edge depends on the temperature, pressure, density of free charge carriers, presence of impurities, and external electric and magnetic ﬁelds (see
Burstein–Moss effect, Franz–Keldysh effect). The
sensitivity to these factors may be utilized to analyze the structure of the crystal energy bands, and
to develop regulating optical lters and modulators.
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INVARIANCE in solid state physics

The invariability of the state of a solid under
certain transformations that characterize its physical parameters. The basic properties of invariance
arise from the invariability of the state as a result
of changes of position and orientation in space and
time. Invariance of other types is also possible (see
Gauge invariance).
Invariance is described on the basis of group
theory. The rules for a transition to other characteristics of an object related to its positions and orientations in a four dimensional space–time coordinate system contain only the parameters of these
changes. The latter are considered as space–time
transformations g, constituting the corresponding
group G (in the nonrelativistic case the Galilean
group or a subgroup of it). Physical quantities,
among them state functions Ψ , realize unitary representations of the group G according to the law
Tg Tg  = Tgg  , and satisfy the conservation of distance in representation space. Invariance requires
the operators of physical quantities for the states
Ψ and Tg Ψ to have the same form. Average values of the operators must have a tensor form.
The invariance principle usually serves as a
control tool, but can also be used in a constructive
way. Let G = H = {h} be the rotation-reﬂection
group O(3) in ordinary space (see Continuous
symmetry transformation groups) with xi = hik xk
(where xi and xi are respectively the coordinates of a point of an object before and after a rotation h). The latter transforms Ψ (x)
to Th Ψ (x) = Ψ (h−1 x), a vector ﬁeld Ai (x)
to Ai (x) = hik Ak (h−1 x), and the mean value
Li = (Ψ, Li Ψ ) of an axial vector operator to
Li = hik Lk (under a proper rotation). The equality (Th Ψ, Li Th Ψ ) = hik (Ψ, Lk Ψ ) implies that
Li Th = hik Th Lk . It follows from the latter equality, combined with the condition of maximum
simplicity of Li , that Li is proportional to a derivative with respect to the angle of rotation about
the xi axis. A more formal approach to this relation is associated with writing it in a matrix form
in the basis of any irreducible representation T (h)
of the group H (it is important that all of them be
known). Substituting T (h) for Th , we obtain the
equation for determining the matrix forms (Li )αβ
(α, β = 1, 2, . . . , j , where j is the dimensionality
of T (h)). In particular, if j = 2 and T (h) = u(h)
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in the spinor representation, we obtain to within
a similarity transformation that Li = σi , the Pauli
matrices. Invariance (or symmetry) with respect to
time inversion means that together with a state Ψ
of an object, which is not in a magnetic ﬁeld, a
state ΘΨ is possible that is characterized by opposite directions of spins, and motions comparable
to those in the state Ψ . Applying the Pauli principle, one can establish the antiunitarity property
of Θ, its analytic forms, and the matrix forms of
operators of the group G + ΘG (the so-called corepresentations).
The crystal e ld is regarded as external with
respect to the quasi-particles in a crystal, hence
there arises an invariance of the potential energy
U (x) = Tg U (x), where x is the set of coordinates, g is an element from Ga = G + a0 G,
G is the space group or Shubnikov group (magnetic space group), and a0 is a certain antiunitary operator. Physical quantities, depending on
their nature, implement representations or corepresentations of the group Ga (see also Space
groups). Most often, the term invariance is used
with respect to the group H or the Euclidean group
Ge = {g + (α/ h)}, where α is a translation vector,
and Ψ (x) is a scalar invariant if Tg Ψ (x) = Ψ (x);
the space {Ψi (x)} is invariant if hik Ak (g −1 x) =
Ai (x); and S(x) is a scalar invariant operator if
Tg S(x) = S(x)Tg . Application of Tg to an expression containing xi means substituting hik xk −
hki αk for xi .
INVARIANCE, SCALING THEORY
See Scaling invariance hypothesis.
INVARIANT, ELASTIC
See Elasticity theory invariants.
INVARIANTS in the theory of solids

Quantities conserved under operations of a
symmetry group and composed of variables describing the state of a solid, e.g., spin operators,
components of magnetization or strain tensors,
etc., as well as the potentials of external ﬁelds. The
special role of invariants arises from the fact that
the Hamiltonian, the thermodynamic potential, the
dissipation function, etc., can be represented as a
sum of invariants. One can also obtain expressions

to describe the dynamics of elementary excitations: the energy of a band state and its natural
frequencies of vibrations, with invariants including quantities that determine the dynamics of a
quasi-particle (spin, quasi-momentum).
With the help of group theory methods one can
write down the invariants for a physical system.
This permits the analysis of material characteristics: electrical conductivity, dielectric constant, and
magnetic susceptibility, including those with spatial dielectric dispersion taken into account. For
example, the conductivity tensor σij enters the
formula for Joule heat Q = σij Ei Ej ; therefore
one can analyze the tensor σij from the properties of the quantity Q represented as a sum of
invariants. All variables and their combinations,
including spin operators, can be classiﬁed in terms
of their irreducible representations of a group,
and depending on the required approximation one
can consider not only the ﬁrst but higher powers of parameters (e.g., Ei , Ej2 , etc.) as well.
If the sets of functions fiα and ϕiα simultaneously transform by the same (αth) representation,
the invariant is constructed as Iα = i (fiα )∗ ϕiα .
This invariant enters the Hamiltonian, the thermodynamic potential, etc., with a certain phenomenological parameter determined for particular
systems from comparison between theory and experiment, or using calculations based on basic
principles. This scheme has been very successful for the construction of spin Hamiltonians, in
providing a phenomenological description of magnetically ordered substances, and in band theory
for the case of complicated forbidden gaps (e.g.,
Luttinger Hamiltonian).
INVERSE PHOTOELECTRON EMISSION
Emission of optical radiation by solids under

bombardment of their surface by electrons. The
principal mechanisms of inverse photoelectron
emission are the radiative capture of the incident
radiation at unoccupied states of the solid, and
the radiative relaxation of collective (plasma) and
single-particle excitations of the electron subsystem in the solid whose nonequilibrium concentration is maintained by the incoming electrons. The
spectrum of inverse photoelectron emission is continuous, however, a single individual component
is also present. The structure of the spectrum is

INVERSION-INEQUIVALENT POSITIONS

determined by the nature of the material. In addition to the above-mentioned mechanisms, radiative
quantum transitions stimulated by incident electrons can also occur with the particles adsorbed at
the surface.
The principal physical characteristics of inverse photoelectron emission are the following:
the intensity of the radiation (photon yield Y ), its
spectrum, polarization, and direction. The value
of Y , which is deﬁned as the ratio of the number
of photons emitted in a certain wavelength range
to the number of incident electrons, depends both
on the nature and the structure of the material,
the condition of its surface, and the kinetic energy E and angle of incidence of the electrons.
In metals the photon yield is small (Y  10−4
photon/electron at E = 103 eV in the wavelength
range 200–600 nm). The study of these physical
characteristics provides information about properties of the surface (see Electron–photon spectroscopy). Inverse photoelectron emission of metals can serve as a secondary standard source
of optical radiation. The luminescence produced
by luminophors is widely used in practice (see
Cathodoluminescence).
INVERSION ASYMMETRY

Lowering of symmetry of a crystal structure by
removal of a center of symmetry with respect to a
related centro-symmetric structure (e.g., transition
from the diamond to the sphalerite structure). The
term inversion asymmetry is used to characterize
features arising in the electron energy spectra, e.g.,
term splitting due to the inversion asymmetry (see
Inversion splitting) at a lattice site. Of particular
importance is the lifting of the spin degeneracy
of spin states at points of the Brillouin zone: in a
crystal structure without an inversion center, only
those states with oppositely directed wave vectors k and spins σ are found to be degenerate
(owing to time inversion): E(k, σ ) = E(−k, −σ ).
There are features of electron energy spectra in
semiconductors lacking inversion symmetry that
produce physical effects that cannot be observed
in crystals with an inversion center. Examples of
these are: one type of combined resonance, the
precession mechanism of electron spin relaxation,
circular photogalvanic effects (see Photoelectric
phenomena), and the linear Zeeman effect caused
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by the magnetic-ﬁeld-induced shift of the valleys of a semiconductor close to a high symmetry point of the Brillouin zone (see Many-valley
semiconductors). Phenomena caused by inversion
asymmetry are observable in AIII BV type semiconductors, mercury selenide, and tellurium.
INVERSION AXIS

An element of symmetry, which includes rotation about a rotation symmetry axis (n, Cn )
through a certain angle (2π/n) with a simultaneous reﬂection (m) in a perpendicular plane at
the center of symmetry situated on this axis. In
crystals, there can be inversion axes of the same
orders as the ordinary rotation axes: of the ﬁrst
(1, Ci = S2 ), second (2 = m, C1h = Cs ), third (3,
C3i = S6 ), fourth (4, S4 ), and sixth (6, C3h ) orders, where each inversion axis is listed in both
the Hermann–Mauguin and the Schönﬂies notation. Only axes 3, 4 and 6 have an independent
signiﬁcance, since axis 1 is equivalent to a center
of symmetry, and axis 2 corresponds to reﬂection
(m) in a symmetry plane.
INVERSION-INEQUIVALENT POSITIONS

Two locations of an atom (an ion) that differ
one from another by the inversion of the coordinates of all atoms of a crystal relative to a particular lattice site (see the ﬁgure). The inversioninequivalent positions exist, for example, in tungsten, corundum, and Si. The coordinate systems
for the inversion-inequivalent positions that are
related to the crystal environment in the same

Two inversion-inequivalent positions (1 and 2) in
cube centers of a diamond-type lattice: • inversioninequivalent positions (sites or interstitial sites), ◦ lattice
atoms (only ﬁrst coordination sphere is shown). The
crystal ﬁeld environment of position 1 will be the same
as for its inequivalent counterpart 2, if the crystal is inverted in the coordinate system with origin centered at
position 1.
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way are mutually inverted. The crystal characteristics (in particular, the tensors corresponding to
external ﬁelds) in these inversion-different coordinate systems are the same, whereas the external
ﬁelds are inverted in the systems. The magnetic
ﬁeld B is, by virtue of its pseudovector nature,
invariant under space inversion, while the electric ﬁeld strength E changes its sign at the inversion operation. The inversion nonequivalence
has no effect in many experiments. For example,
the electron paramagnetic resonance spectra of
inversion-inequivalent paramagnetic centers coincide. One can distinguish between these centers
only upon application of the electric ﬁeld along
with the magnetic one (see Electric eld effects).
A similar situation exists in optics.
INVERSION LAYER

A charged subsurface region formed by minority current carriers in semiconductors. The
inversion layer is a part of an electric double
layer (see Fig.), which appears near the surface of
the p-type (n-type) semiconductor where a positive (negative) charge is localized. This charge
is due to the trapping of majority carriers at the
Tamm states (see Tamm levels), i.e. levels of
surface defects and adsorbed atoms. There is a
widely used method for producing an inversion
layer in a metal–insulator–semiconductor structure
(or metal–oxide–semiconductor structure, MOS),
where an electrical voltage of the same polarity as

the free carrier bulk charge is applied to a metal
electrode (gate or ﬁeld electrode). The inversion
layer can also arise near a semiconductor–metal
interface. However, if the surface charge sign is
opposite to the majority charge carrier sign, the
enriched layer appears in the subsurface layer.
The potential distribution in an electrical double layer is determined by the Poisson equation
(characteristic scale of its change is the screening radius). For a low density of surface charge
the inversion layer does not appear. These charges
are neutralized by a subsurface depletion layer
in which the majority carrier concentration is reduced, and an uncompensated layer of acceptor
(donor) impurities arises. As the surface charge
(or the voltage across the MOS-structure gate)
grows, this depletion layer shifts into the bulk
semiconductor, and an inversion layer appears
near the surface. Such charge redistribution leads
to the change of the MOS-capacitor capacitance
as a function of the electrical voltage Vg across
the gate. This capacitance–voltage characteristic
method allows one to study the charge distribution over the interface of a semiconductor and an
insulator.
The inversion layer is separated from the semiconductor bulk by a nonconductive depletion
layer, so the MOS-capacitor can transform into a
transistor structure by establishing the source and
sink contacts on the surface close to the ﬁeld electrode. In this case, the conduction would not be

Energy diagrams of the subsurface region of p-type (left), and n-type (right) semiconductors.

ION BEAM CHANNELING

shunted by the bulk. The resistance of the sourcesink channel is modulated by the voltage Vg ( e ld
effect) due to the change of carrier concentration, and in the inversion layer the carrier mobility
varies, e.g., with changing thickness (size effect).
Studies of galvanomagnetic effects in the inversion
layers not only yield information on the electronic
properties of a semiconductor–insulator interface,
but also enable optimization of the eld-effect transistor parameters on the Si–SiO2 structure that is
a basic element of modern electronics.
Charge carriers in an inversion layer are localized in a potential well formed by a barrier on
the semiconductor surface on one side, and by
the bulk electrostatic charge on the other side. For
strong inversion this potential well is rather narrow
(comparable to the quasi-particle de Broglie wavelength), and the electron (hole) motion is quantized in the direction normal to the surface. However, in the direction along the inversion layer, the
motion remains free, corresponding to a quasitwo-dimensional electron gas. For dimensionally
quantized states to appear the scattering needs to
be weak (attained at a high-quality interface at low
temperatures when the thermal vibrations are ineffective). In the latter case the spacing of levels
should exceed their impact broadening. It is also
necessary to ﬁll the lower subbands to provide low
carrier concentrations in the inversion layer. Direct observation of the of two-dimensional nature
of the energy spectrum is possible using the oscillations of the magnetic conduction of the inversion
layer of Si–SiO2 by the variation of Vg (due to
the Shubnikov–de Haas effect), with the period of
the oscillations depending on the magnetic ﬁeld
component normal to the surface. In strong magnetic ﬁelds the motion of two-dimensional carriers
in the inversion layer is quantized (see Quantizing magnetic eld), and their spectrum becomes
discrete. In this case, the character of galvanomagnetic phenomena changes qualitatively and the
quantum Hall effect appears. Using this effect, one
can measure the value of the ﬁne structure constant
on a silicon ﬁeld transistor, and design a resistance standard with an accuracy noticeably higher
than that achieved with other methods. There are
other speciﬁc electronic features of the inversion
layer: the appearance of an oriented superlattice
in the case of a surface parallel to a plane with a
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high crystallographic index; the method of controlling the doping of the interface Si–SiO2 with Na+
ions; and studying the two-dimensional plasma
electron vibrations in the inversion layer.
INVERSION OF POPULATION
See Level population.
INVERSION SPLITTING, tunnel splitting
(I.B. Bersuker, 1960)

Splitting of energy levels in a multiatomic
system in the presence of electron degeneracy
or pseudodegeneracy where the Jahn–Teller effect produces two or more equivalent, quite deep
minima of an adiabatic potential with tunneling
between them (see Tunnel effect). This results in
a lowering of the symmetry and a raising of some,
or all, of the degeneracy. The value of the inversion
splitting depends strongly on the ratio between the
stabilization energy of the Jahn–Teller effect and
the vibration quantum in a minimum energy state;
it varies over a wide range from fractions to hundreds of cm−1 .
ION

An electrically charged atomic particle, or an
atom that accepted (negative ion, called an anion) or gave up (positive ion, called a cation)
one or several electrons (singly charged ion or
multiply charged ion, respectively); also a negatively or positively charged molecule (molecular ion). The charge of an isolated ion such
as Na+ and F− is a multiple of the electron
charge e. In crystals with ionic bonds the electron density redistribution between the positively
and negatively charged ions leads to fractional,
i.e. non-integral values of the charge e, called effective ionic charges, which are related to their
ionic radii (see Atomic radii). For instance, in an
NaCl crystal, the number of electrons is approximately 10.2 (11 in the atom) in Na+ and 17.8
(17 in the atom) in Cl− , for an effective ionic
charge of 0.8e. In a LiF crystal the charge of Li+
is 2.1e (3 in atom) and of F− is 9.9e (9 in atom)
so the effective ionic charge is 0.9e.
ION BEAM CHANNELING
See Channeling of ion beams.
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ION BOMBARDMENT of solids

Bombardment, or irradiation of solid targets
by a beam of accelerated ions. This results in
backscattering of ions, which is nearly total for
the ion energy range 102 –103 eV (for normal incidence). At higher energies the ions penetrate into
the bulk, decelerate due to collisions with target
atoms, and stop, thus accumulating in the material (Ion implantation, see also Ion-mixing, Ionic
synthesis). Sputtering of target atoms, appearance
of radiation-induced defects, and phase transitions
take place in the irradiated matter at the ion bombardment. This is widely used in technology for
treating solid surfaces of various types (see Ionstimulated surface modi cation, Ionic modi cation
of lms, Ion-plasma treatment, Ion lithography),
and for analysis of the substance composition
(see Secondary ion mass spectrometry). The incidence of collimated ion beams at small angles
to low-index directions in monocrystals results in
channeling of the beams.
ION–ELECTRON EMISSION

Emission of electrons by a solid surface into
a vacuum under ion bombardment. The ion–
electron emission coefﬁcient γ = ne /ni is the
ratio of the number of emitted electrons ne to
that of ions ni incident on the surface. Ordinarily there is no energy threshold. For low-energy
ions γ is almost independent of their energy and
mass, but depends on their charge (γ ∼ 0.2–0.3
for single-charged ions, and may exceed unity for
multicharge ones).
Depending on the mechanism of energy transfer to an electron, potential ion–electron emission
and kinetic ion–electron emission are known. The
potential type takes place at the approach of a lowenergy ion to the surface when an electron from
the solid can transfer to the ion and neutralize it.
The energy released at such a transition can be
taken up by other electrons in the solid, which
are then emitted into the vacuum. The kinetic type
emission occurs under high-energy ion bombardment due to intensive electron exchange with the
excitation of valence and inner level shells of the
target atoms, and involves electrons with a wide
energy range as well as Auger electrons.
The ion–electron emission depends on the ionization and excitation energies, as well as on the

work function of the target material. The energy
spectrum of the emitted electrons has a maximum
at the energy 1–3 eV, and the Auger emission spectrum can exhibit ﬁne structure. The principles of
ion–electron emission underlie methods of analysis of the composition and electronic structure of
matter, viz. ion-neutralization spectroscopy and
Auger ion spectroscopy.
ION EMISSION

Emission of negative and positive ions, especially by solids or liquids to a vacuum or gaseous
matter, but ionized gases (plasma) can also serve
as ion emitters. Thermal-equilibrium ion emission arises at the thermal excitation of particles.
This is the surface ionization of vaporizing atoms
of the solid itself, of the atoms of impurity elements diffusing from the bulk, or of particles
adsorbed from the gaseous medium, as well as
the reaction products of the latter at the surface.
Thermally nonequilibrium ion emission is stimulated by radiation of various kinds, these are
ions (ion–ion emission), electrons (ion–electron
emission), neutral particles (in ground or excited
states), the photons of various energy ranges (ion–
photon emission). Ion emission is used to study the
composition and properties of solids.
ION EMISSION, SECONDARY
See Secondary ion emission.
ION ETCHING

A removal of material from a solid surface under action of ion bombardment. Ion etching results
in cleaning the surface, exposing its structure, and
forming the relief. The bombarding low-energy
ions originate from various ion sources, glow discharge or radio-frequency plasma formed in a
closed cavity containing the object with the surface to be etched (see Ion-plasma treatment). The
main process involved in etching is cathode sputtering as well as ion-stimulated chemical reactions
which produce volatile substances at the surface,
as well as chemically active plasma components.
The etching rate is determined by the ion ﬂux density incident on the surface (up to a few mA/cm2 ),
and by the material properties. The bombardment
of crystals reveals grain boundaries, dislocation
outcrops, and so-called etch ﬁgures on the target
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surface. This allows one, in particular, to detect
the regions with different states of stress (selective
etching). Ion etching is used to cleanse oxidized
or soiled details and blanks during the technological procedures of manufacturing integrated circuits
in microelectronics, for revealing microstructure
of metallography samples, for preparing objects
for electron microscopy studies, and for obtaining
atomically clean surfaces in ultrahigh vacuum.
ION EXCHANGER
See Ionite.
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proposed to consider a deviation from this mean
value as a measure of the contribution of the ionic
component of the bond. According to Pauling the
dependence of the parameter β on the difference
between the electronegativities of atoms A and B,
XA − XB , has the form
β = 1 − e−0.25 (XA − XB )2 .
Even for typical alkali-halides β fails to reach
unity; for example, for LiF β ∼ 0.92, for KCl
β ∼ 0.82, and for NaCl β ∼ 0.75.
IONIC CONDUCTIVITY

IONIC BOND, electrovalent bond
An interatomic chemical bond with an asym-

metric charge distribution between the adjacent
atoms. The ionic bond exhibits a molecular electric dipole moment; and its value can be regarded
as a measure of the chemical bond ionicity. An
ionic bond arises between atoms with a large difference in electronegativity.
The concept of ionic bond was introduced by
W. Kossel (1916) who noted that it is energetically favorable to transfer an electron from a
metal (M) to a halide (X) with the formation
of a molecule M+ X− consisting of ions with
the electron shell conﬁgurations corresponding to
those of noble gases. The resulting ionic bond is
caused by the Coulomb attraction between oppositely charged ions. Typical compounds having
ionic bonds are alkali-halide crystals. However, a
perfect ionic bond is an idealization. The wave
function is actually a superposition of those of
covalent and ionic bonds, ψ co and ψ ion , respectively:
ψ = C1 ψ co + C2 ψ ion .
In this case the bond ionicity (β) is given by the
expression
β=

|C2 |2
.
|C1 |2 + |C2 |2

There are several methods for empirically estimating the value β. L. Pauling established that in the
case of a predominantly covalent bond (C1 C2 )
in a molecule A–B, one can calculate the bond
energy as an arithmetic (or geometric) mean of
the experimentally measured (covalent) bond energies of the molecules A–A and B–B. Pauling

Electrical conductivity by ions as the charge
carriers. Unlike electron conductivity, it involves
the transfer of mass to electrodes. The substance
deposition is described by the Faraday law: at
the transfer of the electrical charge of 96,500 C,
one gram-equivalent of ion components is carried to the electrodes. The substance decomposition under the action of electric current is called
electrolysis, so ionic conductivity is frequently referred to as electrolytic conductivity. This is the
prevailing type of conduction in many dielectrics,
in particular, in ionic crystals, e.g., in alkali-halide
crystals. Interstitial (intrinsic or impurity) ions
can be current carriers such as Ag+ in crystals
AgCl, H+ and OH− in ice crystals, or charged
vacancies (e.g., anion vacancies in alkali halide
crystals). At low temperatures the ionic conductivity values are determined by the concentration of
impurity or nonstoichiometric current carriers, and
can differ from one sample to another made of the
same material. The temperature dependence of the
conductivity σ has an Arrhenius character, σ =
σ0 exp[−U g /(k B T )], where U g is the activation
energy of the current carrier jump process. At high
temperatures, the ionic conductivity is determined
by the concentration of stoichiometric current carriers that are the components of Frenkel defects
or Schottky defects, and it is the same for every
sample of a given substance. The activation energy
of ionic conduction at high temperature is determined in this case by a sum U = U0 + U g where
U0 is the energy of thermally-stimulated nucleation of a stoichiometric defect. The maximum
conduction attained at a temperature close to that
of melting is 10−3 –10−4 ·cm. Solid electrolytes
exhibit abnormally high ionic conductivity.
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IONIC CONDUCTIVITY COMPENSATION

IONIC CONDUCTIVITY COMPENSATION
Sublinear dependence of the ionic conductivity on the composition of multicomponent materials in the condensed state of matter for an

equimolar interchange of any two of their components. Ionic conductivity compensation is called
the polyalkaline effect when it involves relative replacement of alkali atoms in oxide-coated glasses.
This compensation is an analogue of the sublinear dependence of the electric conductivity on
the composition in some alloys for equimolar replacements of the components in them, and in
semiconductors for the equimolar replacement of
donor impurities by acceptor types. All these cases
can be explained by a general model for the simultaneous transport of any two types of current
carriers which makes use of a matrix deﬁning their
possible states with different migration abilities.
There is a so-called bound case in which the mobility is very small or equal to zero, and the free
case in which the mobility is large enough for electromigration observation.
IONIC-COVALENT BOND
A type of a chemical bond intermediate between the purely ionic bond and purely covalent bond. Crystals built of atoms with different degrees of electronegativity possess more or

less differing average atomic charges when forming valence bonds. Therefore, in addition to a
purely covalent bond, there appears also an admixture of ionic bond due to the attraction between
charges of opposite sign. An example is the compounds AIII BV and AII BVI where the elements of
Groups V and VI acquire a small (∼0.2–0.3) electron charge taken from the elements of Groups III
and II, respectively. On the other hand, many crystals considered as ionic crystals have a partially
covalent bond due to overlapping of the nearest neighbor wave functions. For such univalent
crystals as alkali-halide crystals (and also silverand thallium-halide ionic crystals) the charges fail
to reach the limiting values ±1, and amount to
±0.96. This effect is even more noticeable for oxides, sulﬁdes, and selenides (e.g., MgO, SiO2 , PbS
and CdSe), since the ion O2− (to say nothing of
the ions S2− and Se2− ) is unstable in the isolated state. Intermediate cases are possible when
it is difﬁcult to unambiguously establish average

atomic charges that deviate greatly from those ascribed to their valence.
IONIC CRYSTALS
Crystals where the ionic type of chemical
bond prevails. Ionic crystals consist of positively
(cations) and negatively (anions) charged ions that

can be monatomic or multiatomic. For example,
ionic crystals of the ﬁrst type are alkali halides,
alkaline-earth metal halides and oxides where the
cations are metal ions, and the anions are halogen
or oxygen ions (NaCl, CaF2 , Al2 O3 , etc.). The
ionic crystals of the second type are nitrates, sulfates, phosphates and other salts of metals where
the anions are oxygen radical groups consisting of
2−
3−
a few atoms (NO−
3 , SO4 , PO4 , etc.). A certain
(small) ionicity is inherent in the chemical bonds
of covalent crystals.
The lattice energy of ionic crystals consists
mainly of an electrostatic part (Madelung energy)
and a positive energy of interaction of the ion electron shells (Pauli energy), and it amounts to 6–10,
20–30, and 30–150 eV per pair of ions for alkali
halides, alkaline-earth halides, and oxide crystals,
respectively. As to the electrical properties, most
ionic crystals at normal conditions are insulators,
and some of them are superionic conductors (see
Solid electrolytes). In view of a wide band gap
(up to 13.6 eV in the case of LiF), ionic crystals are transparent to electromagnetic radiation
in the visible and ultraviolet spectral ranges. The
high-energy (up to 0.2 eV) optical phonons are
well suited for determining the spectrum of atomic
vibrations of ionic crystals. Physical properties
of ionic crystals are strongly dependent on their
defect content (anion and cation vacancies and
interstitial atoms and ions, dislocations, impurity
atoms). The latter result, e.g., in the appearance
of selective absorption bands in the transparency
range of pure crystals (see Color centers). Typical
for many ionic crystals, e.g., halides, is the electron excitation decay (mostly excitons) with the
formation of lattice defects.
IONICITY

Semi-quantitative characteristic of a chemical
bond, which is intermediate between an ionic bond
(with ionicity = 1) and a covalent bond (with

IONIC SYNTHESIS

zero ionicity). There is no uniﬁed and universally recognized deﬁnition of ionicity. The most
commonly used deﬁnitions are those proposed by
L. Pauling, C.A. Coulson, and J.C. Phillips. The
ﬁrst of these is based on the chemical bond energy, the second proceeds from a consideration of
the coefﬁcients of the expansion of single particle orbitals in terms of atomic states, and the third
is based on the static dielectric constant. The parameters of the ground state of crystals correlate
with ionicity, which allows its use for rough interpolations (see Ionic bond, Ionic crystals). More
generally, the term ionicity can refer to the ionic
properties of a solid.
IONIC MODIFICATION OF FILMS

An alteration of the structure and properties of
lm s through ion bombardment. Irradiation is most

often performed by ions of noble gases, hydrogen,
and atoms involved in the ﬁlm composition with
the energy of about 102 –103 eV. Subjected to the
irradiation are either the substrate before the ﬁlm
deposition, or the entire system during the ﬁlm
synthesis. The ionic modiﬁcation of carbon ﬁlms
has been investigated in detail, with irradiation by
low-energy ions (1000 eV), the most efﬁcient for
carbon ﬁlm synthesis. The term “i-carbon” is used
to denote the carbon ﬁlm formed during the irradiation. It is distinct from the graphite-like carbon
of ﬁlms condensed without the irradiation. The
“i-carbon” exhibits diamond-like properties: enhanced hardness, density and transparency, high
electric resistivity, chemical resistance, the band
gap width speciﬁc for diamond (see Diamond-like
carbon lm s). Varying the ion energy one can obtain carbonic ﬁlms with a wide spectrum of properties: density d = 1.9–4 g/cm3 ; Mohs hardness
1–10; electric resistivity ρ = 103 –1012 ·cm;
band gap width 0.5–2 eV. The action of the ions
causes the selective suppression of the graphitelike phase stable under normal conditions, and
stimulates the formation of metastable phases, the
foremost being diamond. In addition, formerly
unknown crystal modiﬁcations of carbon were obtained: a face-centered cubic phase with lattice
constant a = 0.357 nm (γ -phase) and a bodycentered cubic phase with a = 0.428 nm (phase
C8 ). The ion-stimulation effect is caused by both
elastic and inelastic processes. The important role
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of inelastic processes is apparent from the oscillating dependence of the ionic effect on the ion
energy in the low energy range (<200 eV), which
reﬂects the character of the energy dependence
of the cross-section of ion resonance recharge at
small graphite clusters.
In irradiation of already formed carbon ﬁlms
by high and medium energy ions, the graphitization process dominates, as is the case for heat
treatment. Here, the ﬁlm conductivity increases up
to values more than 103 (·cm)−1 .
IONIC RADIUS

A size characteristic of ions in ionic compounds. The ionic radius is deﬁned so that the
distance between the nearest neighboring ions in
a crystal lattice of NaCl type would equal the sum
of the radii of the corresponding ions. Historically
there have been several internally consistent systems of ionic radii. For example, the radius of
the ion O2− is 0.132 nm in the Goldschmidt system; 0.136 in the Belov and Bokij system; 0.140
in the Pauling system; 0.146 in the Zachariasen
system. Nowadays researchers use standard, accepted values tabulated in handbooks, and for O2−
this is 0.132 nm. When using ionic radii to determine the interionic distances in crystals with
structures different from that of NaCl, one may
have to introduce corrections close to 0.01 in order of magnitude (see also Atomic radius).
IONIC SYNTHESIS

A formation of new phases consisting of the
atoms of a target and atoms introduced during ion
implantation in the solid. As a rule, the energy
of the implanted ions is between tens and hundreds of keV, the dose is more than 1017 ion/cm2 ,
the ion ﬂux density is 1013 –1016 ion·cm−2 ·s−1 ;
the target during the irradiation can be either at
an elevated temperature (to ∼1000 ◦ C) or room
temperature (or lower). The phases under synthesis are formed in a thin surface layer (1 μm)
in either an amorphous (see Amorphization) or
a crystalline state directly during the implantation process. To stimulate the crystallization and to
improve the synthesized compound structure, subsequent thermal, light pulse, electronic and other
kinds of annealing are often used.
Phase transformations (see Phase transitions)
that take place during the synthesis process under
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ION IMPLANTATION

the ion implantation have some particular features:
(i) Because of essentially nonequilibrium conditions due to high-rate (t ∼ 10−10 –10−11 s)
nonthermal excitation of the lattice and the
electron subsystem in local regions along
the ion tracks, where very high pressures
and temperatures arise, both equilibrium and
metastable phases are synthesized (see Metastable state), as well as some compounds
unobtainable by ordinary methods.
(ii) The phases under synthesis are formed by
way of nucleation of elementary molecular
complexes at the crystal nuclei (most often,
various radiation-induced defects and defect
clusters); such phases are usually ﬁnely dispersed.
(iii) The inﬂuence of the base material structure
and orientation on the crystallization and type
of synthesized compounds is predominant
due to adaptation of the newly formed structural elements to details of the source phase.
(iv) The course of solid state chemical reactions
during ionic synthesis is greatly affected by
the high concentration of radiation-induced
defects, structural disordering, and high local
pressure.
(v) Important parameters of the ionic synthesis
that inﬂuence the phase composition and the
crystal structure of forming lm s are the ion
ﬂux density and the sample temperature during the irradiation. The ion energy determines
only the embedding depth and the effective
thickness of the synthesized layer.
The ionic synthesis method for thin lms possesses some essential advantages compared to
other traditional methods: purity of the process;
opportunity to obtain a homogeneous gas mixture of strictly controlled composition; high reproducibility of results; opportunity to obtain deeply
lying layers and multilayer systems, i.e. to govern the chemical and mechanical properties of
the subsurface layers; opportunity to carry out
the synthesis at low temperatures; opportunity to
form metastable phases; high adhesion of the synthesized layers to the substrate; opportunity to
synthesize the phases on local regions of the substrate.

The ionic synthesis method has prospects for
solving problems of microelectronics (such as
producing silicides, insulator and semiconductor
layers), of metal science by modiﬁying surface
properties (improvement of wear resistance, hardness, corrosion resistance, thermal resistance, etc.
via thin ﬁlms of carbides, borides, silicides, and
other compounds on the surface), and of many
other areas of science and engineering.
ION IMPLANTATION

Introduction of atoms into the surface layer
of a solid by bombarding its surface with ions
of energy from a few kiloelectronvolts to a few
megaelectronvolts (see Ion bombardment). The
penetration of the impurity atoms into the solid
at implantation is due to the ion kinetic energy
far exceeding the binding energy of the atoms
in the crystal. The process does not need high
temperatures as is the case with diffusion doping
or alloying. Ion implantation is a nonequilibrium
process so there are no thermodynamic restrictions
on the concentration of implanted impurities, and
this concentration can far exceed values limited by
equilibrium solubility. This method allows one to
introduce any element into any material at room
temperature, and in a quantity strictly controlled
by the ion current density and the exposure time.
The penetration depth of ions of a given chemical type into the selected material is determined
by their initial energy, and by the stopping ability
of a target (see Charged particle paths). One can
freely change the concentration proﬁle by varying the ion doses and their energies in a controlled
manner, and produce latent (“buried”) doped layers by implanting ions of sufﬁciently high energy
(hundreds of electronvolts). The use of electrical
or mechanical scanning of the ion beam across
the surface can assure high homogeneity doping.
The ion implantation method allows one to carry
out local doping by using a sharply focused ion
beam or protective masks. Since the ions experience numerous collisions with the lattice atoms, a
great number of radiation-induced defects appears
in the implanted region. As a rule, the number of
these defects is more than 100–1000 times that
of the implanted ions. In semiconductor materials, the radiation-induced defects can mask the
effect of chemical doping; so annealing is called

ION IMPLANTATION DOPING

for. Pulsed annealing of semiconductors is efﬁcient after ion implantation (in particular, laser
annealing). The dose range for ion implantation
doping of semiconductors varies within the limits 1012 to 1015 ions/cm2 . Ion implantation into
metals and alloys requires doses as large as 1015 –
1018 ions/cm2 . This method allows one to control
the solid surface properties over a broad range
independently of the bulk properties, thus providing unique possibilities in the ﬁelds of solid-state
electronics and metallurgy. Initially the ion implantation method was applied to semiconductors
as a means for introducing electrically active impurities for producing semiconductor junctions.
Owing to the universality of the method, its
complete compatibility with planar-epitaxial technology, and also its consistency with diffusion, ion
implantation is used in the production processes
of most semiconductor devices and integrated circuits. The guiding principles behind the development of solid-state electronics, viz., the increase
of component packing density and speed and the
improvement of quality, are well implemented by
combining ion implantation with ion lithography.
Ion implantation is also employed for introducing
radiation-induced defects into the solid surface to
modify its mechanical, electrical, electrophysical
and optical properties. For example, the implantation of the ions H+ and N+ in gallium arsenide
provides the disordered layers that are the basis of
switching devices. The introduction of implantation disturbances into devices based on magnetic
bubble domains allows one to control their static
and dynamic characteristics. The ion implantation method is applied for governing the surface
properties of metals and alloys. By appropriate
selection of ions, it is possible to improve wear
resistance, corrosion resistance, radiation resistance, fatigue failure resistance, and resistance to
the surface oxidation of various materials, as well
as to reduce their friction coefﬁcients. The microscopic aspects of metallurgy (e.g., to ﬁnd impurity
diffusion rates in metals, phase diagrams, enthalpy and entropy of reactions, trapping of atoms
of dissolved matter), as well as the mechanisms
of corrosion and surface strengthening, can be understood better with the help of ion implantation
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data. In parallel with these applications, ion implantation is used to investigate metastable phases
and obtain metallic amorphous alloys on the surface of metals and alloys. It also ﬁnds wider use
for controlling the properties of insulators: ceramics, glasses (see Vitreous state of matter), and
polymers. In particular, ion implantation into polymers allows transforming various polymers into
conductors through increasing their electrical conductivity by many orders of magnitude.
ION IMPLANTATION DOPING of semiconductors

Method for the formation of controlled distributions of electrically active impurities in semiconductors. The method is based on ion implantation
of atoms of chemical elements, which are capable
of serving as donors or acceptors in the treated
semiconductor, e.g., atoms of Groups V and III in
silicon and germanium, respectively. Selection of
the ion bombardment energy serves to control the
doped layer depth (see Charged particle paths),
while lithography helps to establish the layer distribution relief over the irradiated surface. However,
many of the implanted atoms fail to occupy electrically active states during the implantation. For example, the atoms of Groups V and III in Si and Ge
can be at interstitial positions or enter compounds
with radiation-induced defects that appear at implantation, i.e. be in electrically inactive states, or
in states with deep levels. This reduces the mobility
of current carriers. At high doses the amorphization of semiconductors is also possible. Therefore,
the technology of ion doping includes annealing.
Thermal annealing can cause the diffusion spreading of the impurity distribution proﬁle established
at implantation. More efﬁcient is laser annealing
that does not lead to thermally active diffusion.
Semiconductor ion doping imparts diamond layers with semiconductor properties and produces
semiconductor junctions there, and doping gallium
arsenide crystals and other semiconductor compounds provides them with donors and acceptors,
etc. Due to the possibility of producing sharprelief microproﬁles of electric resistance in various
materials, ion semiconductor doping is highly efﬁcient in integrated circuit manufacture.
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IONITE

IONITE, ion exchanger

A substance enclosing ions which can be exchanged with ions in a surrounding electrolyte
solution, in a melt, or in a liquid passing through
it. Typically, ion exchangers or ionites are insoluble solids consisting of a polymeric space
framework with ﬁxed ions and counter-ions. The
latter compensate the framework charge, and are
capable of exchanging for equivalent quantities of
ions of the same sign from the solution or the
melt. According to their sign, the counter-ions are
cationites (−), anionites (+) and ampholytes (±).
According to the nature of the framework, there
are inorganic, organic and mineral-organic ionites.
A special group comprises oxidation–reduction
ionites (redoxites) whose counter-ions are capable
of reversible oxidation–reduction transformations.
The ionites are substances of both natural (zeolites, clay, peat, cellulose, etc.) and synthetic (silica
gel, synthetic zeolites, zirconylphosphates, ionexchange resins) origin.
The important characteristics of ionites are the
nature and the concentration of their functional
groups. The types of functional groups containing
ﬁxed ions determine the selectivity of the ionites,
i.e. their ability to interact selectively with various
ions. The concentration of the functional groups
inﬂuences the counter-ion concentration, i.e. the
ionite exchange capability (calculated per unit of
dry or swollen ionite).
Ionites are used in the form of grains, powders,
ﬁbers, tissues or membranes. Areas of application are: ion exchangers for the puriﬁcation of
substances from electrolyte admixtures, separation of mixtures, isolating and concentrating of
substances (in water treatment, hydrometallurgy,
recycling industry), catalysts (zeolites in petroleum chemistry), gas absorbers, and ion emitters
in mass spectrometry.
IONIZATION, FIELD

See Field ionization.
IONIZATION, IMPACT

See Impact ionization.

IONIZATION SPECTROSCOPY
A variety of characteristic energy loss spectroscopy. Ionization spectroscopy deals with
groups of electrons comprising the secondary
electron emission energy spectrum, which expend

some energy exciting electrons from inner K,
L and M shells of atoms of a solid, or raising
electrons from the valence band to upper (unoccupied) levels. These expended energies are
directly related to ionization energies. There are
transmission and reﬂection versions of ionization spectroscopy. In the former electrons that
lose energy E and are scattered at a small angle are detected. In the latter case the electrons
are detected after a two-stage process: initial energy loss E due to scattering at a small angle,
and then elastic scattering at a wide angle. The
scattering cross-sections decrease with growing
primary electron energy E P ; to observe the ionization spectral lines, E P is preferably selected
close to the electron binding energy E B for a
given level (E P /E B = 1–1.4). Sometimes ionization lines and Auger lines (see Auger effect) fall
into the same energy range. The ionizing lines
can be differentiated by the dependence of the
line position on E P since the ionization line exhibits such a dependence, while the position of
the Auger line is independent of E P . Using ionization spectroscopy, one can obtain data similar
to that from X-ray photoelectron spectroscopy.
However, the binding energies detected in X-ray
photoelectron spectroscopy are referenced to the
Fermi level, whereas ionization spectroscopy determines the energy loss (see also Electron spectroscopy): E = E B ± ξ , where ξ is associated
with the maximum of the density of unoccupied
states (see Density of states) relative to the Fermi
level. The values E pertain to the ﬁnal relaxed
and screened state of a hole at the ground level
of the solid, and are also dependent on the chemical environment. One can estimate ξ by comparing
E B found from X-ray photoelectron spectroscopy
to E obtained from ionization spectroscopy.
The ﬁne structure of the ionization spectrum
contour should reﬂect the structure of the ground
level and the distribution of the density of free
electron states. The ground levels are broadened
by the ﬁnite lifetime of the excited state with a hole
(natural linewidth), Koster–Kronig transitions, exchange interaction, Jahn–Teller effect, shake-up,
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shake-off, and other many-particle effects. In a

number of cases, e.g., for the L23 -level of silicon, phosphorus, the K-level of carbon, etc., the
ground state level broadening does not exceed
1 eV, and the ionization line ﬁne structure does
reﬂect the distribution of the density of unoccupied electron states. The ionization spectroscopy
of outer shells reﬂects the loss for transitions from
the valence band to higher levels, and is sensitive
to the condition of the solid surface. If independent photoelectron spectroscopy data on the valence band structure are available, then ionization
spectroscopy provides information on unoccupied
electron states.
Ionization spectroscopy is used for qualitative
and quantitative analysis of the composition and
the electronic structure of the crystal subsurface,
and the adsorbed layers of solids. An advantage is
its insensitivity with respect to the surface charging, its ease of implementation, the possibility of
obtaining information on the density of free states,
and convenient control of the probe depth by varying the primary electron energy E P . This provides
for the nondestructive elucidation of the composition and electronic structure of subsurface layers
in the depth of a solid.
IONIZATION, SURFACE
See Surface ionization.
ION–LATTICE INTERACTION, ion–photon
interaction
A dynamic characteristic of noncentral ions

which arises from the dependence of the potential
energy of these ions on lattice atom displacements
from their equilibrium positions. The ion–lattice
interaction is responsible for both the inﬂuence of
the elastic stress in a crystal on the spectrum of
tunneling states of noncentral ions, and the ion–
lattice relaxation. Ion–lattice interaction data are
obtained from experiments on paraelectric resonance in the presence of an applied axial pressure.
ION–LATTICE RELAXATION

A process of restoration of thermodynamic
equilibrium in a system of noncentral ions after
the action of some external disturbance (e.g., pulse
saturation of the paraelectric resonance spectrum). By analogy with paramagnetic relaxation,
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two relaxation times describe the ion–lattice relaxation, namely: the longitudinal relaxation time
(τ1 ) and transverse relaxation time (τ2 ). The time
τ1 is measured by electrocalorimetric means using
pulse or continuous saturation, or it is estimated
from the temperature broadening of the paraelectric resonance lines. The time τ2 can be estimated
from the uniform temperature-independent part of
these lines. Both relaxation times depend on the
concentration of the noncentral ions; and τ1 also
depends on the temperature (e.g., for Li+ in KCl,
τ1−1 ∼ T at T < 4 K, with the value τ1 ≈ 10−8 –
10−9 s at T = 1.4 K). See also Relaxation time.

ION LITHOGRAPHY

A method of formation of microstructures in
the technology of large and very large integrated
circuits. It includes ion beam irradiation (exposure) of a polymer resist (radiation sensitive coating) deposited on a substrate; obtaining a protective resist mask by a development process; etching
the material through the mask, then removal of
the mask (see Lithography). When using polymer
resists, ion doses of 1011 to 1014 cm−2 are employed. The negative resists become polymerized,
the molecular mass of the polymer increases and
it becomes insoluble during development. The irradiation of positive resists results in the polymer
degradation, which becomes soluble. The resist
exposure is performed by a spatially modulated or
computer-controlled sharply-focused ion beam.
Ion lithography is superior to other methods
of microlithography (photolithography, electron
and X-ray lithography) in submicron resolution
for short exposure times, and is insensitive to
proximity effects. This is due to the small lateral
path of secondary electrons (∼10 nm) during the
exposure and to the efﬁcient absorption of the radiation (∼1 keV/nm) in the resist material. More
descriptively, ion lithography is a method of direct microstructure formation in the technological
and topological layers of integrated circuits. Layer
formation results from the ion, chemical or ionstimulated chemical etching of insulator, metal, or
semiconductor layers by a controlled ion beam.
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ION METALLURGY

ION METALLURGY, implantation metallurgy
Production of solid solutions by the ion implantation method. A particular feature of the method

is the possibility of creating materials that cannot
be obtained under equilibrium conditions. Such
metastable “alloys” can persist up to rather high
temperatures. An example is the AgCu substitutional solid solution obtained by implantation
of silver in copper (this decays at T  310 ◦ C),
the metastable substitutional solutions W–Cu or
Ta–Cu appearing at the implantation of tungsten
or tantalum, respectively, in copper, etc. See also
Ionic synthesis.
ION-MIXING during irradiation

Redistribution of atoms in a solid during irradiation by an ion beam, caused by the appearance
of recoil atoms and collision cascades (recoil atom
implantation). This can involve distortion of the
impurity concentration proﬁles at high-dose ion
implantation. The most interesting processes for
studies and practical applications are:
(1) Ion-mixing with cross-penetration of dissimilar atoms at the interface of the two-layer
structure “thin ﬁlm–substrate” aimed to produce thin (∼10 nm) boundary layers with special properties (ﬁlm thickness d ∼ 30–50 nm,
ion energy such that the maximum of energy
loss is at the interface). At elevated irradiation
temperatures (mostly >300 K), an increase of
the atom penetration depth is observed due to
radiation-induced diffusion.
(2) Ion-mixing via irradiation of multilayer structures formed of very thin (d ∼ 3–5 nm) alternating layers aimed to produce phases (including metastable ones) or compounds with
a certain structure and stoichiometry.
Ion-mixing is often studied via Rutherford
backscattering, Auger microanalysis, and X-ray

methods. Used for this purpose are universal ion
sources of inert gases (less often P+ , N+ , etc.) of
energy E ∼ 50–600 keV with radiation doses Φ =
1015 –1016 ions/cm2 . Using such sources is an advantage compared to direct ion implantation where
a special ion source is needed for each implanted
element, and high implantation doses are required
(e.g., for metals Φ = 1017 –1018 ions/cm2 ). Dynamic ion-mixing occurs at the irradiation of the

interface “ﬁlm–substrate” during the ﬁlm condensation (renewal), and this allows one to reduce
sharply the ion energy (E ∼ 10 keV). These methods of ion mixing are used to produce very thin
coatings and surface layers with some special
properties such as improved wear and corrosion
resistance, hardness, high adhesion, surface electrical conductivity, etc.
ION-MOLECULAR CRYSTALS
Crystals formed by complex ions, and belonging to heterodesmic structures, i.e. those with

more than one type of chemical bonding. One can
group ion-molecular crystals into three types:
(i) those with a monatomic cation (positive ion)
and a complex anion (negative ion; salts of
oxyacids): perhalogenates, halogenates, nitrates, phosphates, sulfates, carbonates, niobates, tungstates and similar compounds of
alkali and alkaline-earth metals;
(ii) those with a monatomic anion and a complex
cation such as ammonium halides;
(iii) those with a complex cation and anion, e.g.,
NH4 NO3 , NH4 ClO4 , NO2 ClO4 , etc.
Ion-molecular crystals are generally low in
symmetry and polymorphous. For example, ﬁve
lattice modiﬁcations for NH4 NO3 are known. The
presence of low-symmetry complex ions can involve the orientational ordering or disordering of
ion-molecular crystals, which is related to the
possibility or impossibility of a free rotation of
the complex ions at their lattice sites. It is for
this reason that order–disorder phase transitions
are common for ion-molecular crystals, as well
as anisotropy of the crystal properties in most
cases. In view of the purely ionic bond between
the anion and the cation they have similarities
with ionic crystals like alkali-halide crystals, while
their status of being covalently bonded complex
ions provides them with properties similar to those
of molecular crystals. These features are graphically revealed in optical spectra where, along with
the optical phonon bands of ion-molecular crystals, there are infrared bands typical of internal
vibrations in complex ions (intramolecular vibrations). The ultraviolet spectra of ion-molecular
crystals are complicated by intramolecular transitions of electrons from occupied orbitals to free

ION–PHOTON SPECTROSCOPY

ones. Therefore, a double-band model involving
a valence band and a conduction band is not applicable to ion-molecular crystals, although there
are intrinsic allowed electron energy levels (or
quasi-bands) between these bands.
IONOLUMINESCENCE
Luminescence appearing during high-energy

(0.001–10 MeV) ion bombardment of solids. Its
salient features are a high density of excitation energy and the surface nature of the excitation owing
to the small ion penetration depth in solids (from
several to hundreds of angstroms depending on
the beam energy). Hence, the ionoluminescence
method yields information that pertains mostly
to the subsurface layer; it underpins ion–photon
spectroscopy. The ionoluminescence spectrum is
determined by the composition of the target material and by the radiation-induced defects appearing
under the ion bombardment. In addition, the intensity depends on the ion energy and density, and on
the crystal orientation relative to the beam direction.
ION–PHOTON EMISSION

Emission of optical radiation by a solid, or by
excited particles leaving its surface under bombardment by accelerated ions (or atomic particles). The radiation emitted by the surface itself
is typical of insulators and semiconductors, and
is widely investigated (see Ionoluminescence).
There is another component of ion–photon emission which is speciﬁc for each substance, and related to photon emission by excited particles (sputtered and scattered atoms, molecules, clusters and
their ions) noninteracting with the surface. The
spectra of this component contain, in a general
case, atomic and ionic lines as well as molecular
bands, and in some cases continuous radiation is
observable. The principal mechanisms of the excitation of sputtered atoms and ions are, ﬁrst, the
detachment mechanism when the electronic states
of the particles are formed only during the process
of their escape from the surface, and second,
the kinetic mechanism when the particle excitation is caused by atomic collisions. Important in
both cases are electron exchange processes in the
solid, particle-emitting system. Quantitatively, the
excited particle emission is characterized by the
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photon emission factor (photon yield) Y , which is
the ratio between the number of electrons emitted
in a given frequency range, and the number of ions
incident at the surface. The value Y depends on
the nature of the material, the condition of its surface, and the parameters of the bombarding ions
(energy, angle of incidence, and ion type). In the
case of metals, Y  10−4 photon/ion at the resonance transition frequency under bombardment
of the target by ions of intermediate mass and
energy. This parameter may increase noticeably
(10–100 times) when the surface is coated with
atoms of chemically active gases. The principles
of ion–photon emission underly the ion–photon
spectroscopy method of elemental and layer-bylayer analysis of the surface.
ION–PHOTON SPECTROSCOPY

A physical method based on the ion–photon
emission phenomenon for the study of a solid
surface. Ion–photon spectroscopy employs measurements of the intensity and frequency range of
optical emission from particles sputtered from the
surface, the dependence of these characteristics on
the incident ion position, the sputtered layer depth,
the nature, and the surface condition of the target. This spectroscopy allows one to determine
the elemental composition of the surface, and the
distribution of elements over the depth and the
surface. One can also study spectra of atoms and
molecules, processes of oxidation, diffusion, surface particle adsorption, and mechanisms of the
interaction of atomic particles with solids.
Quantitative elemental analysis is based on
the correspondence between photon yield, Y , at
the frequency of selected transitions of impurity
atoms with concentration, c, and the atomization
factor, s M of the host atoms: c = Y/(Aτ ns M )
(A is the probability of the transition; n and τ
are respectively the probability of excitation and
the atom lifetime in this state). The determination of c is facilitated if parameters n and s M are
known or can be calculated, and we note that the
relation between c and Y is linear. In other cases
one should use standards. The layer-by-layer analysis is performed by continuously measuring the
dependence of the intensity of a spectral line of
any impurity atom on the duration of the surface
etching. The potentiality for quantitative analysis using ion–photon spectroscopy is almost the
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same as that of the related method of secondary
ion mass spectrometry. Advantages of ion–photon
spectroscopy are high sensitivity and accuracy of
elemental identiﬁcation, remote mode of data acquisition, and no need to apply an electric ﬁeld to
a target.
The ion–photon spectroscopy method uses ions
(typically, Ar+ ) with tens of keV in energy to
probe the surface under conditions of high vacuum. The emitted particle radiation is analyzed by
optical spectroscopy methods.
ION-PLASMA TREATMENT

Treatment of materials that consists in modifying the material surface and subsurface layers by
gas plasma components, i.e. by high-speed electrons and ions. To this end, the material is placed
in the immediate vicinity of or inside the region
where a gas discharge occurs with its strong electric (constant or high frequency) and magnetic
ﬁelds. A pressure of 10−2 –102 Pa is usually employed with a particle density of 1012 –1016 cm−3 ,
and a particle energy of 10–104 eV. Collisions of
electrons and atoms with atoms of the irradiated
material lead to the following effects: (i) surface
sputtering (knocked out atoms and ions become
plasma components and participate in the treatment); (ii) ion penetration into the material (ion
implantation); (iii) deposition of particles from
the plasma on to the substrate; (iv) activation of
various heterogeneous chemical reactions at the
treated surface. Using this ion-plasma treatment
one can control material parameters over a wide
range by changing the plasma chemical composition, the electric discharge parameters (energy
of excited particles, ratios of excited and ionized
plasma particles, multiplicity of ionization), and
the magnitudes and directions of electric and magnetic ﬁelds. Sometimes the ion plasma component
only is isolated for irradiation (see Ion bombardment, Ion-stimulated surface modi cation). Widely
used ion-plasma treatments are:
(1) plasma-chemical etching and ion-chemical
etching, including the chemical reactions of
high-energy (“hot”) plasma particles with the
material;
(2) ion-plasma deposition and ion-beam deposition for producing ﬁlms on various substrates.
The atoms to be deposited are introduced into

the gas phase by sputtering. Protective coatings obtained by this treatment have high adhesion; the process of their formation does not
need high temperatures; application of several
sputtering targets of various chemical composition allows one to govern the composition of
the forming ﬁlms;
(3) ion-plasma cleaning, polishing, producing the
relief of surface roughness.
These treatments are efﬁcient in combination with
ion bombardment (so-called reactive ion etching,
reactive ion-plasma deposition of materials). In
these cases, an additional ion beam is used to accelerate the processes of forming volatile products
of chemical reactions by incoming plasma particles on the irradiated surface, and the removal of
the reaction products.
ION PROJECTOR, eld-ion microscope

A lensless vacuum ion-optical apparatus for
obtaining an image of a conducting material surface with a magniﬁcation of several million. A tip
of a thin needle cooled by liqueﬁed gas acts as a
positive electrode, with its surface imaged on a luminescent screen. The noble gas atoms that ﬁll the
inner volume of the ion projector are ionized in
the strong electric ﬁeld (∼5·108 V/cm) at a distance 0.5 to 1 nm from the needle tip that accepts
their electrons. Under the action of the electric
ﬁeld, positive ions of the imaging gas are accelerated and bombard the screen which has a negative
potential. The luminescence distribution of each
screen element is proportional to the density of
the incoming ionic ﬂow, and thus reproduces the
ion density distribution near the needle tip on an
expanded scale. The magniﬁcation equals the ratio between the screen radius and the tip curvature
radius. The contrast image of the needle tip appearing at the screen is determined by the presence
of the local microscopic relief, and the imaging
gas pressure that usually does not exceed 0.01 Pa.
An ion projector is used in e ld ion microscopy.
ION-STIMULATED SURFACE MODIFICATION

Alteration of the structure and properties of
the surface and subsurface layers of solids by
ion bombardment. The bombardment of solids by
ions with energy E ∼ 1–10 keV leads mainly
to sputtering and cleaning the solid surface, to
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modiﬁcation of the crystal morphology, i.e. the formation of “cones”, “craters”, etc.; or, conversely,
to ion polishing of the surface for special conditions. At high radiation doses Φ with inert gas
ions (Φ ∼ 1017 –1020 cm−2 ), gas blisters may
form at the surface (see Blistering), and surface
swelling and scabbing occurs, which imitates the
processes connected with problems at the ﬁrst
wall of a thermonuclear reactor. The high-energy
ions implant themselves into the irradiated material (see Ion implantation). Initial studies involved
the ion implantation doping of semiconductors for
the modiﬁcation of their electrophysical characteristics, for the formation of p–n junctions, and
for the design of devices. Implantation metallurgy
(see Ion metallurgy) involves the modiﬁcation of
surface properties of metals and alloys to increase
microhardness, wear resistance, ultimate fatigue
strength, corrosion resistance and cavitation resistance, as well as modiﬁcation of optical and
other properties by high-dose implantation of various elements using beams of ions with energies
of hundreds of keV, and Φ ∼ 1016 –1018 cm−2 .
Mechanisms for the improvement of properties are
diverse and not always clear. Depending on the
ion–target combination and the regimes and conditions of the irradiation which take place simultaneously with the impurity implantation to the depth
of a few thousand angstroms, there is observed
the formation of equilibrium or metastable surface
alloys, phase and/or structural transformations in
thin subsurface layers (up to amorphization), the
introduction of mechanical stresses, etc. When
carried out in a technical vacuum, ion-induced oxidation and carbonization of the surface are also
possible. A particular case is ion-nitriding, which
improves some mechanical properties of the surface of these materials. See also Ion-mixing, Ionic
synthesis, Ionic modi cation of lms.
ION TREATMENT of surfaces
An action upon a solid surface by a ﬂux of

accelerated ions to change its proﬁle, chemical
composition, physicochemical and electrophysical
properties, as well as to produce pits or to deposite foreign substances. The ion treatment of
a surface is carried out with the aid of ion etching, ionic milling, ion implantation, ionic surface
passivation, ion lithography, and ion-stimulated deposition. The main processes resulting from ion
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bombardment are cathode sputtering and ion implantation. This treatment is applied to metals,
semiconductors, and insulators, and is one of the
basic technological processes in the manufacture
of semiconductor devices and integrated circuits.
The ion treatment of a surface typically requires
an ion source, ionic optics, a mass separator, and a
source of accelerating voltage up to 200 kV.
IRIDIUM, Ir

Chemical element of Group VIII of the periodic system with atomic number 77 and atomic
mass 192.22. Natural iridium is a mixture of two
stable isotopes 191 Ir (38.5%) and 193 Ir (61.5%).
Outer shell electron conﬁguration is 4f 14 5d 7 6s 2 .
Successive ionization energies are 9.1, 17.0, ≈27,
≈39, ≈57 eV. Atomic radius is 0.136 nm; radius
of Ir3+ ion is 0.073 nm, of Ir+4 ion is 0.068 nm.
Electron afﬁnity is 1.97 eV. It is chemically inert;
oxidation state is +3, +4, +6, less often, +1, +2.
Electronegativity is 1.55.
Iridium in a free form is a silvery-white metal.
It has face-centered cubic lattice, space group
F m3m (Oh5 ); a = 0.3839 nm at 299 K. Density
is 22.65 g/cm3 at 299 K (one of highest values for a simple substance); T melting = 2716 K;
T boiling ∼
= 4740 K. Bonding energy is −6.93 eV
at 0 K. Latent heat of melting is 26.38 kJ/mole,
latent heat of evaporation is 629 kJ/mole, speciﬁc heat is 131 J·kg−1 ·K−1 (at 298 K). Debye temperature is 420 K; the linear thermal
expansion coefﬁcient is 6.63·10−6 K−1 (293 to
373 K); coefﬁcient of thermal conductivity is
148 W·m−1 ·K−1 (273 to 373 K); adiabatic coefﬁcients of elastic rigidity of iridium are the
highest of all cubic group crystals (except diamond): c11 = 600, c12 = 260, c44 = 270 (GPa)
at room temperature. Isothermal bulk modulus of
iridium is 355.3 GPa (at 298 K); Young’s modulus
is ∼
=514 GPa; Poisson ratio is 0.26; tensile strength
is 0.23 GPa, relative elongation at the moment of
rupture is 2%. Brinell hardness is 1.64 GPa, Vickers hardness is ∼
=220 in HV units for annealed
iridium (at room temperature). Thermal neutron
trapping cross-section is 440 barn; ion-plasma
frequency is 16.02 THz. Linear low-temperature
electronic speciﬁc heat term (Sommerfeld coefﬁcient) is 3.2 mJ·mole−1 ·K−2 . Electric resistivity
is 51 n·m (at 295 K); temperature coefﬁcient

654

IRON

of electrical resistivity is 0.003925 K−1 (273 to
373 K); Hall constant is +3.18·10−11 m3 /C; superconducting critical temperature T c is 0.125 K;
superconducting critical magnetic ﬁeld is 1.9 mT
(at 0 K). Iridium is a paramagnetic substance with
molar magnetic susceptibility +255.6·10−6 CGS
units (at 298 K); nuclear magnetic momentum
of193 Ir is 0.17 nuclear magnetons.
Iridium is used to manufacture electrodes and
thermocouples (Ir–Rd alloy also used for thermocouples); special crucibles with high corrosion
resistance; to apply protective coatings. Alloys of
Ir with Pt and Pd are used to manufacture strain
gages, resistors, and current brushes. Standards of
length are made of Ir–Os alloy. The Mössbauer effect was discovered (1957) on the isotope 193 Ir.
IRON (Lat. Ferrum), Fe

A chemical element of Group VIII of the periodic table with atomic number 26 and atomic
mass 58.847. Natural iron consists of four stable isotopes 54 Fe (5.84%), 56 Fe (91.68%), 57 Fe
(2.17%), 58 Fe (0.31%). Five radioactive isotopes
are known: 52 Fe, 53 Fe, 55 Fe, 59 Fe, 60 Fe. Outer
electronic shell conﬁguration is 3d 6 4s 2 . Successive ionization energies are 7.893, 16.18, 30.6 eV.
Electronegativity is 1.64. Atomic radius is
0.126 nm, radius of Fe2+ ion is 0.076 nm, of Fe3+
ion is 0.067 nm. Oxidation state is +2, +3, and
less often, +1, +4, +6, +8.
Pure iron is a shiny silvery-white metal. Iron
crystallizes in four polymorphous modiﬁcations:
α-Fe, β-Fe, γ -Fe, δ-Fe. α-Fe has a body-centered
cubic lattice, space group I m3m (Oh9 ); a =
0.286653 nm at 298 K. β-Fe has the same structural type with a = 0.2895 nm (at 1173 K).
γ -Fe has face-centered cubic lattice, space group
F m3m (Oh5 ) with parameter a = 0.36468 at the
temperature 1189 K. δ-Fe has body-centered cubic
lattice, space group I m3m (Oh9 ) with parameter a = 0.29322 nm at the temperature 1667 K.
Below 1042 K, α-Fe is stable; above the Curie
point 1042 K it preserves its crystalline structure
but looses its ferromagnetic properties and transforms into paramagnetic β-Fe which is stable up
to 1184 K. Between 1184 K and 1665 K, γ -Fe
is stable. Above 1665 K, δ-Fe forms, which is
stable up to the melting temperature T melting =
1809 K. Modiﬁcations of γ -Fe and δ-Fe are paramagnetic. There are indications that γ -Fe tends

to be an antiferromagnet. The structure of lowtemperature β-Fe is similar to that of the hightemperature modiﬁcation of β-Fe, and is not usually regarded as an independent allotropic form.
Physical properties of pure iron (technical purity,
additions ≈10−3 %; high purity, additions 10−4
to 10−7 %) are as follows: density of α-Fe is
7.874 g/cm3 (at 293 K), of γ -Fe is 7.60 g/cm3 (at
1203 K); bonding energy is 4.29 eV/atom at 0 K
and 4.13 eV/atom at room temperature. Latent
heat of β ↔ γ transformation is 1.047 kJ/mole
and of γ ↔ β transformation is 1.40 kJ/mole;
melting latent heat is 15.40 kJ/mole; sublimation
latent heat 403.9 kJ/mole; boiling temperature
T boiling = 3153 K. Speciﬁc heat of iron depends
on its structure and is an involved function of
temperature; at 298 K and a constant pressure it
is 450 J·kg−1 ·K−1 (298 K); Debye temperature
is 467 K; linear thermal expansion coefﬁcient of
α-Fe is 11.7·10−6 K−1 (at 293 K), for γ -Fe it is
21.5·10−6 K−1 ; coefﬁcient of thermal conductivity at 298 K is 74.04 W·m−1 ·K−1 ; temperature
of martensitic transformation is 843 K (technical
purity iron), 1173 K (high purity iron). Rigidity is ≈85 GPa (at 298 K); Young’s modulus is
≈219 GPa (at 298 K); Poisson ratio is ≈0.286
(at 298 K). Adiabatic coefﬁcients of elastic rigidity are c11 = 232.2, c12 = 135.6, c44 = 117.0
for α-Fe crystal at 298 K; c11 ≈ 154, c12 ≈ 122,
c44 ≈ 77 GPa for γ -Fe at 1428 K. Temporary
rupture strength is 300 MPa for high purity,
50 MPa for technical purity iron (at 298 K).
Relative elongation is 50 to 22%, relative contraction is 93%. Brinell hardness is 530 MPa,
microhardness is 600 MPa for iron of high purity (at 298 K), 1100 MPa for technical purity.
Yield limit is 20.5 MPa for iron of high purity,
140 to 180 MPa for technical purity (at 293 K).
Maximum impact strength is ≈345 MPa; temperature of transition to brittle state at impact
tests is 188 K for iron of high purity and 285 K
for iron of technical purity. Tensile strength of
thread-like crystal (1.6 μm diameter) is 134 GPa.
Self-diffusion coefﬁcient is 1.04·10−16 m2 /s for
α-Fe (at 1043 K), 2.78·10−15 m2 /s for β-Fe
(at 1154 K) and 2.19·10−15 m2 /s for γ -Fe (at
1425 K). Neutron ﬁssion relaxation length at energies >3 MeV is 6.5 cm; relaxation length for
1 MeV γ -quanta is 2.14 cm. Linear term in
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low-temperature molecular speciﬁc heat is
4.77 mJ·mole−1 · K−2 . Electrical resistivity is
98 n·m (at 298 K); temperature coefﬁcient of
electrical resistance is 0.00651 K−1 (273 to
373 K). Hall constant is +1.26·10−9 m/C;
thermal electromotive force coefﬁcient is
+17.0 μV/K; infrared reﬂectivity for a wave
length of 5.0 μm is 90.8%. Work function of polycrystal is 4.31 V; Curie point is T C = 1042 K. Initial magnetic susceptibility of α-Fe is about 1100;
coercive force (for coarse crystalline structure) is
(25–70)·10−7 T (high purity) and 80·10−7 T
(technical purity). Maximum relative permeability
(for coarse crystalline structure) 108,000–230,000
(high purity), 82,000 (technical purity). Magnetostriction is 4.0·10−4 , atomic magnetic moment
is 2.22 of Bohr magnetons.
Iron is the most important metal of modern engineering. About 95% of all the metal production
involves iron alloys.
IRON ALLOYS
Alloys based on iron. Carbon and nitrogen form
with iron interstitial solid solutions of limited sol-

ubility, while all other alloying elements form
substitutional solid solutions.
Iron alloys are the most common metal material of the modern period. They are conveniently
distinguished as steels, cast irons, precision alloys, and ferroalloys. Iron alloys are classiﬁed
according to the method of manufacture, level and
quality of alloying, crystal structure, basic physical
mechanical properties, and their purpose.
Depending on the concentration of the alloying
elements, there are iron alloys of ferrite, pearlite,
martensite, austenite, and intermediate classes.
Iron alloys of the ferrite and austenite classes are
single-phase. For the carbon content 2%, they are
considered as cast irons. Steels and cast irons
are classiﬁed: according to their structure as ferrite, ferrite-pearlite, ledeburite; according to their
purpose as durable, nonmagnetic, forgeable; and
according to the type of metal fracture, the latter determined by the extent of graphitization (e.g.,
white and gray cast irons). Iron alloys can be used
as precision materials (magnetically soft, magnetically hard, welding) and so on. Iron alloys
with a high content of alloying elements that are
used to manufacture alloyed steels are classed
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as ferroalloys (e.g., ferrochrome, ferromanganese,
ferronickel, ferrocerium, etc.). The properties of
iron alloys are determined by their structure and
phase composition which can vary depending on
the treatment type: deformation, heat treatment,
etc.
IRON, ARMCO
See ARMCO iron.
IRON, CAST
See Cast iron.
IRON GARNETS

Oxide monocrystals (ferrites) of composition
R3 Fe5 O12 (i.e. 3R2 O3 ·5Fe2 O3 , where R is a
rare-earth element or yttrium), isomorphous to the
garnet mineral grossular or Ca3 Al2 (SiO4 )3 . They
belong to the cubic system, space group I a 3̄d
(Oh10 ). The lattice constant of iron garnets varies
within the range 1.228 (Lu3 Fe5 O12 ) to 1.252 nm
(Sm3 Fe5 O12 ); density is 5.169 (Y3 Fe5 O12 ) to
7.128 g/cm3 (Lu3 Fe5 O12 ). Fe3+ ions are located
in the interstices of the oxygen matrix in tetrahedral (d) and octahedral [a] coordinations, thus
forming the corresponding tetrahedral and octahedral magnetic sublattices, and the R3+ ions
have dodecahedral coordination, thus forming a
dodecahedral {c} magnetic sublattice (if R3+ is
magnetic). The magnetic moments of the [a]- and
(d)-sublattices are antiparallel, oriented towards
each other, and they create resulting uncompensated moments, with the magnetization vector of
the rare-earth sublattice oriented antiparallel to
them. The magnetic moment per formula unit at
T = 0 K varies from zero (Yb3 Fe5 O12 ) to 18.2μB
(Tb3 Fe5 O12 ), where μB is the Bohr magneton;
the Néel point is from 539 K (Lu3 Fe5 O12 ) to
578 K (Sm3 Fe5 O12 ); the magnetic compensation point is in the range from 0 (Yb3 Fe5 O12 ) to
286 K (Gd3 Fe5 O12 ). The iron garnets of yttrium,
samarium, europium, thulium and lutetium have
no compensation point.
IRRADIATION ANNEALING
The annealing of defects in a crystal stimulated
by nuclear radiations. Both impurity atoms and
other defects formed prior to irradiation, as well as

radiation-induced defects, take part in the process
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of irradiation annealing (see Radiation physics of
solids). When radiation doses are large, annealing lowers the rate of accumulation of the defects,
particularly if the intensities themselves are high
enough. Irradiation annealing mechanisms are related to the processes of radiation-induced diffusion
of defects, to atomic restructuring triggered by
collisions of external particles with crystal atoms,
and also to the small-dose effect.
IRRADIATION EMBRITTLEMENT
Depletion or total loss of plasticity of materials

resulting from their irradiation with high-energy
neutrons, ions, electrons, γ -quanta and other types
of emissions. Processes of low-temperature irradiation embrittlement and high-temperature irradiation embrittlement can thereby develop.
Low-temperature irradiation embrittlement
consists in raising the temperature of the brittle–
viscous transition and lowering the relative elongation, transverse compression, and impact
strength of irradiated metals and alloys within the
temperature range of tests, that is below approximately 0.5Tmelting , where Tmelting is the melting
temperature. Low-temperature irradiation embrittlement is mainly caused by the same processes
that are responsible for irradiation hardening. The
annealing of irradiated metals at temperatures
above 0.5Tmelting lessens the effects of this embrittlement, and can lead to a complete recovery
of plasticity back to its initial level.
High-temperature irradiation embrittlement
constitutes a practically irreversible lowering of
the plasticity parameters of irradiated metals and
alloys at temperatures above 0.5Tmelting . The
cause of this embrittlement involves a change of
the ratio between the strength of the matrix to that
of grain boundaries. The accumulation of helium
generated during the course of nuclear reactions,
and the segregation of adverse impurities at grain
boundaries, both stimulated by irradiation, signiﬁcantly lower the tear strength at grain boundaries.
IRRADIATION HARDENING

Technique of increasing strength and elasticity
of crystalline bodies (elastic modulus, proportionality limit, yield limit, ultimate strength, hardness)
by irradiating crystalline targets with high-energy
particles and photons (neutrons, electrons, ions,

γ -quanta, etc.) within the temperature range below (0.4–0.5)Tmelting , where Tmelting is the material melting temperature. Since the mechanical
properties of metals and alloys are highly sensitive to structural and phase changes, irradiation
hardening was found in them earlier than other
radiation effects, and has been studied in more
detail. The level of irradiation hardening depends
on the nature of the irradiated material, the conditions of irradiation, and the dose. For pure crystals
(aluminum, copper) the increase of the amount of
stress required to induce plastic ﬂow becomes noticeable even after irradiating with neutron doses
up to 1012 –1014 n/cm2 . Moreover, when irradiating these materials with the much higher doses of
1021 –1022 n/cm2 the resulting changes may be
greater by a factor of 5 to 10. As a rule, irradiation
hardening in metals and alloys is accompanied
by irradiation embrittlement. Irradiation hardening
in crystals results from the development of new
centers of dislocation pinning, and of barriers for
mobile dislocations. Beside the ordinary interaction forces with the lattice and other initial lattice
defects, dislocations in an irradiated crystal, as the
natural “carriers” of plastic deformation, have to
penetrate through a whole spectrum of other barriers of radiation origin (irradiation defects).
IRRATIONAL TWINNING (a term introduced by
N.A. Brilliantov, I.V. Obreimov, 1935)

Appearance of strip-like regions with a turned
lattice structure in a monocrystal as a result of
plastic deformation. This phenomenon is observable in alkali-halide crystals of the NaCl type.
Unlike ordinary twinning of crystals, irrational
twinning is characterized by an irregular angle of
the lattice turn, blurred strip boundaries, and misalignment of the boundaries with crystallographic
planes. The strip boundaries are close to planes of
the {110} type. Irrational twinning takes place under compression of planar prisms spalled off along
planes of crystal cleavage. As a result of irrational
twinning the lateral surface of prisms acquires an
accordion-like proﬁle with bevels at a normal to
the loaded faces. X-ray, optical polarization, and
selective etching methods have been used to establish that a strain emerges along various crystallographically equivalent slip systems in neighboring
disoriented layers. The lattice disorientation angle
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in neighboring layers ordinarily does not exceed
2–3◦ , its maximum value of 6◦ being observed as
a result of strain at elevated strain temperatures. Irrational twinning also occurs at stretching of NaCl
type alkali halide crystals.
IRREDUCIBLE POLYNOMIAL BASIS

Finite set of polynomials P (ci ) invariant under the symmetry group G of a physical system
or problem. Any other invariant polynomials of
the system can be expressed in terms of these
polynomials. In the theory of phase transitions
G = Φ is the crystallographic space group of the
high-symmetry phase, and ci are parameters of
the transition, belonging to only one irreducible
representation. In an expansion of the thermodynamic potential the coefﬁcients of the invariants
of different orders are considered to be comparable in their magnitudes. In this simpliﬁed model
an irreducible polynomial basis P (ci ) is used to
connect coefﬁcients of the invariants of various orders with possible low-symmetry phases. In this
case the symmetry groups of the latter (subgroup
of the Φ-group) can often be identiﬁed without computation by simple ﬁtting, using a group
representation (character) table or the Frobenius
method. In other nonlinear theories of solid state
physics the irreducible polynomial basis is constructed from the components of vectors, tensors
(e.g., strain tensor), etc. Associated with a particular group G there can be a point group, a magnetic
group, a space group, etc. The construction of
an irreducible polynomial basis is founded on the
Noether theorem (the degree of the polynomials
from the basis does not exceed the order of the
group).
IRREDUCIBLE TENSOR OPERATORS

Operators Tlm that satisfy certain commutation
relationships, and experience the same transformations during rotation of a coordinate system as
the lmth eigenfunction of the angular momentum
operator. Spherical harmonics Ylm (θ, ϕ) represent
a particular case of such operators, where an irreducible tensor is formed from the components
of a radius vector. Atomic and radio spectroscopy
use irreducible tensor operators composed of the
operators of the total angular momentum, J , the
orbital angular momentum, L, the electron and nuclear spins, S and I , as well as the magnetic and
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electric ﬁeld vectors. Introduction of irreducible
tensor operators simpliﬁes calculations of matrix
elements, which are then reduced to computing
the simplest single reduced matrix element. Thus,
the set of irreducible tensor operators Tlm (S),
where l = 0, 1, . . . , 2S and m = −l, . . . , l, forms
a complete orthonormal system of linearly independent matrices of rank 2S + 1. In magnetic
resonance spectroscopy of solids, Stevens operators (K.N. Stevens, 1953) also ﬁnd wide use.
They represent a set of linearly independent operators Gm
l (J ) composed of polynomials of mutually noncommuting components of the angular
momentum (effective spin) vector J . Such operators were initially derived as a generalization of
spherical harmonics. Matrix elements of Stevens
operators are easily calculated; and have been tabulated for l = 1, . . . , 7, m = −l, . . . , l. They are
used as equivalent operators to calculate matrix
elements of the operators of the interactions of
electrons in the unﬁlled shells of transition ions
in the presence of a crystalline electric ﬁeld and
an external magnetic ﬁeld. The same matrix elements also serve as basis operators to construct the
generalized spin Hamiltonian using the method of
invariants; they are unnormalized linear combinations of irreducible tensor operators.
For radiospectroscopic spectra in solids, equivalent operators are used that display identical
transformation properties during rotation of the
coordinate system. According to the Wigner–
Eckart theorem (E.P. Wigner, C. Eckart) for a set
of states with a deﬁnite value of angular momentum, matrix elements of such operators possess a
common factor, the so-called reduced matrix element, that is independent of the azimuthal quantum number. Thus, for electrons in an unﬁlled
paramagnetic ion shell, one may skip the cumbersome calculation of the matrix elements of operators for the interaction of the electrons with the
crystalline electric ﬁeld or the Zeeman operator
(L + 2S)·B. Instead, one simply multiplies tabulated matrix elements of much simpler operators
(polynomials of angular momentum components
constructed from either Stevens operators or irreducible tensor operators) by the reduced matrix
elements which also have been precalculated for
all the transition ions.
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The above operators underlie the technique
of irreducible tensor operators used to describe
both optical and radio-frequency spectra of paramagnetic ions by representing their Hamiltonians
as expansions over the full system of irreducible
tensor operators. Expressing a generalized spin
Hamiltonian as a sum of these operators for the
components of electron and nuclear spins, and
electric and magnetic ﬁeld vectors, is a powerful
tool. It provides matrix elements of a generalized
spin Hamiltonian in closed form without having
to determine their wave functions (which is particularly important for multispin systems), thereby
simplifying the calculation of the transformations
of the generalized spin Hamiltonian during rotations of the coordinate system, and simplifying the
procedure for excluding extra parameters from the
Hamiltonian through an unitary gauge transformation. When applying this technique, one often
resorts to the concept of effective spin. The latter is
a ﬁctitious angular momentum 
S that is introduced
to calculate the energies EM of a group (multiplet) of electron energy levels separated from
other levels by a gap appreciably exceeding the
level-to-level spliting within the group itself. The
quantity 
S is chosen in such a way that the number
of values M = −
S, . . . , 
S, which equals 2
S + 1,
coincides with the multiplicity of the multiplet.
However, it appears to be more convenient to
use integer values of S to describe the doublet
states of paramagnetic ions with even numbers
of electrons, N . One then avoids misunderstandings that stem from the transformation properties
of a half-integer effective spins. According to the
Wigner–Eckart theorem, the elements of matrices
describing interactions of electrons either with the
electric ﬁelds of a crystal (or molecule) or with an
external magnetic ﬁeld may be expressed via the
matrix elements of irreducible tensor operators or
Stevens operators, constructed from components
of the effective spin for different states of a multiplet. See also Spin Hamiltonian.
IRREVERSIBLE PROCESSES
Processes in a thermodynamic system accompanied by an increase of entropy. In the case

of irreversible processes, the system cannot be
brought back to its prior state, even if it is subjected to the action of the same factors such as

applied forces in reverse order, or in reverse directions.
ISING MAGNET
A magnetic material with properties describable by the Ising model within an acceptable mar-

gin of error. Ising magnets include some rare-earth
compounds, e.g., dysprosium–aluminum garnet
(see Iron garnets) and orthoferrites at low temperatures. Typical of an Ising magnet is a pronounced anisotropy of its magnetic properties
(see Magnetic anisotropy), which is related to the
anisotropic character of the Ising model Hamiltonian. The discreteness of the energy spectrum in
the Ising model results in an exponential temperature dependence of the additional magnetization
along the selected axis, and of the magnetic part
of the speci c heat at low temperatures. Unlike
the Heisenberg magnet, the order parameter in the
Ising magnet differs from zero not only in a threedimensional crystal, but also in a two-dimensional
one.
ISING MODEL (E. Ising)

A spin model describing both magnetic (see
Ising magnet) and nonmagnetic (ferroelectrics, binary alloys and others) macroscopic systems. The

Ising model Hamiltonian has the form:


σm σn − B
σm ,
H I = −J
(m,n)

m

where J is the exchange interaction constant, each
variable σn = 2Snz assuming the values ±1 (the
spin S = 1/2), m and n are the vector indices of
crystal lattice sites, and B is the external magnetic
ﬁeld. The ﬁrst summation extends over nearest
neighbor pairs. The Ising model is much simpler than other quantum spin models since the
Hamiltonian has no noncommuting operators. All
quantum states of this model are determined by
sets of values σn at the lattice sites.
In the case of one-dimensional and two-dimensional lattices exact results have been obtained
for some thermodynamic functions. For the onedimensional Ising model there is no phase transition, and the magnetization vanishes as B → 0.
The Ising model free energy F for the twodimensional square lattice at B = 0 and J > 0 is

ISOELECTRONIC

obtained using the Onsager method:
%
1
F = −k B T
ln(2 sinh 2K)
2
π
+
−π

&
dq
sinh−1 (cosh 2K coth 2K − cos q) ,
4π

where K = J /(k B T ). At the Curie temperature
T C a second-order phase transition takes place,
and the speci c heat cp has a logarithmic singularity cp = A + B ln |(T − T C )/T C |. In the
vicinity of the Curie point, the magnetization M
tends to zero, M ∝ (T − T C )1/8 ; the magnetic
susceptibility χ diverges as (T C − T )−7/4 ; and the
correlation length r c grows according to the law
r c ∝ |T − T C |−1 . Numerical calculations show
that the three-dimensional Ising model also experiences a second-order transition, and has the
critical indices α = 0.08, β = 0.33, and ν = 0.64.
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temperature, the dependence V (T ) in the singlephase region is close to linear. An important parameter of an isobaric process is the thermal volume
expansion coefﬁcient α = (1/V )(∂V /∂T )P . For
an ideal gas α = 1/T . For a solid at temperatures higher than the Debye temperature, a good
approximation is considered to be α = const, unless the system undergoes a phase transformation.
In an isobaric process, the system, owing to the
thermal ﬂow toward it, not only heats up but also
produces work. Therefore, CP > CV where CP
and CV are the speci c heats at constant pressure
and constant volume, respectively.
ISOCHOR (fr. Gr. ισ oς , equal, and χωρα , region)

A line on a thermodynamic compositional
phase diagram for a constant volume (isochoric)

process; plots of the functions P (T ) and V =
const (P , T , and V are pressure, temperature and
volume, respectively).
ISOCHORIC PROCESS

ISOBAR (fr. Gr. ισ oς , equal, and βαρoς , weight,
heaviness)
A line on a compositional phase diagram
showing an equilibrium isobaric process taking
place at constant pressure. The isobar of an equi-

librium process in a single component system is
the plot of the function V (T ) at P = const (where
V , T and P are the volume, temperature, and pressure, respectively).
ISOBARIC PROCESS

A process occurring in a physical system at
constant pressure, or, in a narrower sense, an
equilibrium thermodynamic process involving the
variation of system parameters with the pressure held constant. The dependence V (T ) at
P = const, where V , T and P are the volume,
temperature and pressure, respectively, is called an
isobaric process equation, and its plot is called an
isobar. The isobaric process equation can be of an
involved form; but for a given state of matter, V is
a continuous function of T and changes abruptly
at the temperature of a rst-order phase transition.
The simplest form of the dependence V (T ) is that
of an ideal gas, V = RT /P , where R is the gas
constant (Gay-Lussac law, J. Gay-Lussac, 1802).
For a solid at temperatures higher than the Debye

A process performed in a physical system at
constant volume. Thermodynamic compositional
phase diagrams represent an isochoric process by
an isochor. In an equilibrium thermodynamic system without external ﬁelds, an isochoric process is
described by the dependence P (T ) at V = const
(where P , T , and V are the system pressure, temperature and volume, respectively). For an ideal
gas, P = RT /V (Charles’ law) where R is the
gas constant. The function P (T ) is monotonic in
the single phase region (solid, liquid, gaseous state
of matter), and has discontinuities at the temperatures of rst-order phase transitions.
ISOELECTRONIC

A situation when two different objects possess
an equal number of electrons, e.g., the 48 electrons
in the unit cell of diamond (8 carbon atoms) and
boron azide BN (4 molecules), and the 20 electrons of the molecules NaF and MgO. For these
cases the same or similar crystal structures are often observed: in the ﬁrst case, the diamond and
the sphalerite lattices; in the second case, the rock
salt (NaCl, simple cubic) lattice. Sometimes the
term isoelectronic is interpreted as an equal number of valence electrons, e.g., when substituting a
Na atom for a K atom, or Br for Cl in an NaCl
crystal, or C for Si in diamond, and so on.
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ISOELECTRONIC SEQUENCE

ISOELECTRONIC SEQUENCE, isoelectronic
series

A sequence consisting of a neutral atom and
ions of neighboring elements in the periodic table having an equal number of electrons, e.g., H− ,
He, Li+ , Be2+ , B3+ or Na, Mg+ , Al2+ and Si3+ ,
their electronic shells having the same conﬁgurations 1s 2 and 1s 2 2s 2 2p6 3s, respectively. As the
nuclear charge Z in each of these series grows,
the absorption spectra corresponding to the outer
electron transitions shift toward the violet (toward
higher energies) while remaining very similar, and
the ionization potentials increase.
ISOENERGETIC SURFACE, surface of constant
energy
A surface in momentum space corresponding
to a ﬁxed value of the particle (quasi-particle) en-

ergy. This concept illustrates the geometric characteristics of the dispersion law. The normal to an
isoenergetic surface determines the particle velocity direction. The shape of the isoenergetic surface for each branch of quasi-particles is energydependent: it is closed (sphere in isotropic case)
near the edges of an admissible energy band. However, there always exists a range of values limited
by Van Hove singularities where the isoenergetic
surface is open and repeats periodically throughout reciprocal space. An example of an isofrequency surface is the Fermi surface of a metal or
semiconductor.
ISOFREQUENCY SURFACE, surface of constant
frequency
A surface in the space of wave or quasiwave vectors corresponding to a ﬁxed value of
the frequency for the corresponding wave (quasiparticle). An isofrequency surface coincides with
an isoenergetic surface after quantization of vi-

brations. The curvature of an isofrequency surface
determines the nature of the decay of radiation, or
of a wave scattered in the corresponding direction,
at great distances from the radiator or scatterer.
ISOMER SHIFT

Shift of Mössbauer lines (see Mössbauer effect) that arises when the emitting and absorbing nuclei are in different chemical or crystallographic environments. The magnitude of the

relative shift of emission and absorption lines is
δ = A{|ψ a |2 − |ψe |2 } where A is a constant dependent on the parameters; ψ a and ψ e are the
wave functions of s-electrons at the locations of
the absorbing and emitting nuclei. The study of
the isomer shift allows one to determine the values
of |ψ a |2 , needed for the analysis of the electronic
structure and chemical bonding in solids.
ISOMORPHISM (fr. Gr. ισ oς , equal, and μoρϕη ,
form)

Perfect correspondence of the internal structure
of crystals formed by materials with like chemical properties. Isomorphous substances possess
the same crystal structure. Isostructural materials
that form substitutional solid solutions are isomorphous. Still, this isomorphism is not present in all
isostructural substances as some may differ in the
nature and size of their particles. Isomorphic crystallization generally takes place in materials with
atomic radii that differ by no more than 10–15%,
and have the same valence and the same chemical
bond type. Depending on the solubility of components, perfect (complete) and imperfect (limited)
isomorphism is known. The unit cell dimensions
of solid solutions of isomorphic substances exhibit
linear dependences on the concentration (Vegard
rule), although some violations of this law may occur.
ISOPERIODIC HETEROGENEOUS SYSTEMS,
isoperiodic heterojunctions

Pairs or uninterrupted series of isomorphous
(see Isomorphism) semiconductor materials that
have the same lattice periods and, because of this,
are suitable for forming defect-free heterojunctions. They are used in solid-state devices operating on the basis of heterogeneous structures,
heterojunction lasers, heterophotodiodes, new
types of transistors, and so on. The design of these
isoperiodic systems involves evaluating the lattice
period in solid solutions of related semiconducting
compounds. Chemical diversity in these systems
allows the variation of the heterojunction potential
barriers, refractive indices, radiation wavelength,
and the intrinsic light absorption edge of the materials in contact to optimize the device performance. The classical system Ga1−x Alx As/GaAs
is based on the mutual replacements of Al and Ga

ISOTOPE EFFECT

that has almost no effect on the lattice dimensions.
In a more general case, the principle of isoperiodic
substitution applies more complicated substitutions of these types of multicomponent systems,
such as a concurrent balanced substitution of two
or more elements which compensate each other for
their individual lattice distortions. For example,
in the system In1−x Gax Asy P1−y /InP the lattice
constant retains the same value as that of InP
since the partial substitution of Ga for In contracts
the unit cell to the same extent that the substitution of As for P expands the unit cell if the
condition y ∼
= 2.2x/(1 + 0.06x) is satisﬁed. These
two and other isoperiodic heterogeneous systems
(GaAlSbAs/GaSb, InGaSbAs/GaSb, InGaAsP/
GaAs, PbSnTeSe/PbTe) ﬁnd their use in optoelectronics.
ISOSTRUCTURAL DECAY

A decomposition of an oversaturated solid solution that results in the formation of a phase
whose structure is either identical (alloys Cu–Co,
Cu–Ag, Cu–Fe, etc.) or close to an alloy structure with an ordered arrangement of atoms (alloys Ni–Ti, Ni–Si, Fe–Be, Al–Li etc.). During
the quenching process of concentrated alloys, the
precipitation of dispersion particles of the isomorphic phase tends to occur (see Disperse structure);
and once hardened they prove to be two-phase
alloys. Isostructural decay is present in most aging high-temperature alloys (see Alloy aging) based
on nickel, iron, or cobalt, where the strengthening isomorphous phases are known as gamma
phases.
ISOTHERM (fr. Gr. ισ oς , equal, and ϑερμη ,
heat)

A line on a compositional phase diagram
showing an equilibrium isothermal process taking
place at a constant temperature. For a homogeneous body in dynamic equilibrium the isotherms
are the lines on plots in the coordinates (P , V ),
which correspond to the thermal equation of state
at T = const. The isotherm for a solid is determined experimentally or within the framework of
analytical models. The isotherm for an ideal gas is
P V = const (Boyle’s law).
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ISOTHERMAL PROCESS

A process taking place in a physical system at
a constant temperature; in a narrower sense, an
equilibrium thermodynamic process occurring at
a constant temperature. Thermodynamic compositional phase diagrams show isothermal processes
as isotherms. An isothermal process is accompanied by the supply/withdrawal of the required
heat ﬂux to/from the system. For instance, boiling a liquid or melting a solid at constant pressure constitute isothermal processes. First-order
phase transitions, accompanied by a change in
entropy S = Q/T0 where Q and T0 are the latent heat and the temperature of the transition,
take place isothermally. An important characteristic of solids is the isothermal compressibility
χ = −(1/V )(∂V /∂P )T that is found during an
isothermal process by measuring the matter volume change upon the application of external pressure. In an isothermal process the work done by
the system is equal to the change in free energy,
but with the opposite sign, that is dW = −dF .
ISOTOPE EFFECT in superconductors
A change of the critical temperature of superconductors Tc under substitution of one isotope

of a constituent chemical element of the material
(metal, alloy, compound) by another isotope of this
same element. For most ordinary superconductors
that are simple metals (Hg, Pb, Sn, In, etc.), the
increase in the isotope mass, M, causes a lowering of Tc according to the power law Tc ∝ M −α ,
where the isotope effect index α is close to 1/2
(or somewhat smaller). Since the dependence of
the mean (Debye) phonon frequency ωD and the
Debye temperature Θ D on M in the harmonic
approximation has the form ωD ∼ Θ D ∝ M −1/2 ,
the dependence Tc ∝ M −1/2 is strong evidence
for the phonon mechanism of superconductivity
(Fröhlich, 1950). As T c decreases, the value of α
decreases (Zn, Al, Cd). Superconductors with low
Tc < 1 K (Mo, Os, Ru, Zr, U) exhibit close to zero
(α ≈ 0) or even negative (α < 0) isotopic effects.
This is caused, on the one hand, by a weakening of
the electron–phonon interaction and, on the other
hand, by a relative strengthening of the Coulomb
repulsion, and follows directly from formulas for
Tc and α in the weak-coupling approximation (see
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ISOTOPE EFFECT, KINETIC

Bardeen–Cooper–Schrieffer theory)


1
,
(3)
λph − μ∗c


2 
∂ ln Tc
μ∗c
1
1−
≡
≈
, (4)
∂ ln M
2
λph − μ∗c



ΘF −1
= μc 1 + μc ln
,
(5)
ΘD


Tc = ΘD exp −

α
μ∗c

where λph is the dimensionless electron–phonon
interaction constant; μc is the screened Coulomb
interaction constant; and Θ F is the Fermi temperature of the delocalized electron gas. As is easily
seen, Tc decreases and α decreases (even down
to a negative value at μ∗c > λph − μ∗c > 0) with
λph decreasing or the Morel–Anderson Coulomb
pseudopotential, μ∗c , growing. In the vicinity of a
structural instability of the crystal lattice phonon
anharmonicity effects become prominent, and the
dependence Θ D ∝ M −1/2 is violated, which can
result in anomalies of the isotope effect.
In high-temperature superconductors, a reverse
trend is observed: the isotope effect weakens as
Tc increases. According to Eqs. (1) and (2), this
could occur only when μ∗c < 0, being possible
evidence of an additional (with respect to the
electron–phonon interaction) attraction of a nonphonon nature between the electrons that form
Cooper pairs. However, it cannot be excluded that
the formulas like Eqs. (1) or (2) are invalid for
these superconductors. This may be due either to
an abnormally strong electron–phonon interaction
or photon anharmonicity, or due to a fundamental
difference between the high-temperature superconductivity mechanism and the ordinary mechanism of Cooper pairing of electrons (see Cooper
pairs).
ISOTOPE EFFECT, KINETIC
See Kinetic isotope effect.
ISOTOPIC ORDERING

An ordered arrangement of atoms of several
isotopes of one of the components of a compound
over inequivalent sites in substitutional alloys, resulting in the separation of the isotopes into sublattices at low temperatures. Isotopic ordering is
mainly due to a dissimilarity in the energy of

zero-point vibrations of isotopes at nonequivalent
positions in the lattice. Isotopic ordering is not
accompanied by an order–disorder phase transition, but it can be detected using inelastic neutron
scattering. Isotopic ordering was observed in the
interstitial alloy CeD2 H, where the lowering of the
temperature causes ordinary hydrogen atoms H to
concentrate at the octahedral sites of the Ce facecentered cubic lattice, and deuterium atoms D at
its tetrahedral sites.
ISOTROPY (fr. Gr. ισ oς , equal, and τρoπoς ,
turn)

Independence of the properties of a material on
the direction. The condition of isotropy involves
the absence of long-range order (see Long-range
and short-range order) in a medium. Classical
liquids and gases are isotropic. Polycrystals with
randomly oriented equilibrium grains, and amorphous materials are macroscopically isotropic (see
Amorphous state). Physical properties of an amorphous body cannot be characterized by tensors of
odd rank.
ISOTROPY OF ELASTICITY

The independence of the elastic properties of
a solid on the direction. For elastically isotropic
solids the values of Young’s modulus, the shear
modulus and the Poisson ratio do not depend on
the measurement direction. Elastic moduli cik for
such solids are related by c11 − c12 = 2c44 in a
frame of the Voigt indices. Elastically isotropic
solids include, e.g., amorphous solids (see Amorphous state). Crystalline solids are elastically
anisotropic (see Anisotropy of crystals, Anisotropy
of elasticity). Polycrystalline metals and alloys
used in engineering consist of many ﬁne randomly
oriented crystal grains and behave as elastically
isotropic, given the absence of texture. Their properties can be calculated from the elastic properties
of monocrystals (see Elasticity, Voigt averaging,
Reuss–Voigt–Hill approximation).
ISOVALENT IMPURITIES
Substitutional impurity atoms with the same ef-

fective charge and similar electronic structure as
the atom that is replaced. Isovalent impurities add
no long-range Coulomb potential. Their effect on
the optical and electrical properties of a semiconductor material is determined by local levels

ISOVALENT IMPURITIES

induced by them in the band gap, and also by the
elastic stress ﬁelds arising due to a mismatch between the covalent radii of the impurity and matrix
atoms. Isovalent impurities can give arise to longrange strain ﬁelds.
The short-range potential of an isovalent impurity is due to a difference between the potentials
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of the matrix atoms and the impurities inside a unit
cell, as well as to the electron polarization and local lattice distortion. If the solubility of impurity
atoms is sufﬁciently high then their concentration
could increase to the point where isovalent impurity atom pairs or even larger clusters form.
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Jj
ﬁguration differing from a linear conﬁguration, in
the state of electronic degeneracy due to vibronic
instability (see Jahn–Teller theorem). Similar effects are observable in the state of pseudodegeneracy (Jahn–Teller pseudoeffect) and in linear
systems (Renner effect). A direct consequence of
the Jahn–Teller theorem is the formation of a complex adiabatic potential, and the impossibility of
separating the electronic and nuclear motions in
an adiabatic approximation. In contrast to the latter, for the determination of the energy spectrum
and the wave functions (vibronic states) of a polyatomic system in an f -fold degenerate electronic
state, it is necessary to solve a system of f coupled
equations.
Doubly-degenerate E-term. For a doubly-degenerate orbital E-term, in a linear approximation
with respect to the vibronic interaction (linear E–e
problem), the adiabatic potential takes the form
of a “sombrero” (see Fig. 1). Under free rotation
along its groove, the system changes its conﬁguration continuously in the space of symmetrized
E-displacements of Qθ and Qε which, for an
octahedral conﬁguration, are related to a tetragonal Jahn–Teller distortion. The groove depth (at
the minimum), counted out from the degeneracy
point, is called the stabilization energy of the
E = V 2 /2k where V is the
Jahn–Teller effect; EJT
E
vibronic constant, and kE is the force constant. By
taking into account the quadratic terms of the vibronic interaction (quadratic E–e problem) along
the groove of the adiabatic potential, there appear
three minima Mi at points Φ = 0, 2π/3, 4π/3
which alternate with three peaks Ci together with
the Jahn–Teller deformations of octahedral and
tetrahedral systems. In the case of low barriers
between the minima, the free “rotation” becomes
hindered, otherwise for a high barrier the nuclear
motion acquires a tunneling character which leads

JACCARINO–PETER EFFECT (V. Jaccarino,
M. Peter, 1962)
A reduction of the paramagnetic limit in su-

perconductors with magnetic ions due to the mutual compensation of the external magnetic ﬁeld
and the internal exchange ﬁeld of magnetic centers. The Jaccarino–Peter effect occurs in compounds with an antiferromagnetic electron–ion
exchange interaction, results in an increase of
the upper critical eld, and can cause (e.g., in
Sm1−x Eux Mo6 S8 ) stimulation of superconductivity by magnetic ﬁelds.
JAHN–TELLER DISTORTION

Spontaneous distortion of the initial (highly
symmetric) conﬁguration of nuclei Q0 of a polyatomic system in the presence of an electronic
degeneracy to a lower symmetry arrangement due
to the absence of a minimum of the adiabatic
potential in this conﬁguration (see Jahn–Teller theorem). The term Jahn–Teller distortion is used
in a conventional sense since at points of electronic degeneracy, the adiabatic potential looses its
meaning as the potential energy of nuclei in the
ﬁeld of electrons. The lack of a minimum of the
adiabatic potential at the point Q0 complicates the
dynamics of the nuclear motion, and in the general
case, may not lead to a static distortion of the conﬁguration Q0 , but rather to a more complex set
of properties. A static Jahn–Teller distortion can
be observed either directly, in the presence of a
low-symmetry perturbation provided by a vibronic
interaction (so-called vibronic ampliﬁcation), or in
a cooperative Jahn–Teller effect (see Jahn–Teller
effect).
JAHN–TELLER EFFECT (H. Jahn, E. Teller,
1937)

A set of phenomena, effects, and trends which
appear in polyatomic systems which have a con665
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JAHN–TELLER EFFECT

Fig. 2. Adiabatic potential (lower ﬁgure) for the
quadratic E-problem showing the three Jahn–Teller diagonal (above ﬁgures) and tetragonal (middle ﬁgures)
distortions of tetrahedral and octahedral conﬁgurations
of atoms, respectively.
Fig. 1. “Sombrero” form of the Jahn–Teller adiabatic potential surface for the linear approximation of a doubly
degenerate E-term.

to the inversion splitting of the energy levels δ (see
Fig. 2). In all cases, the vibronic ground state remains doubly degenerate (vibronic doublet); this
is followed by a nondegenerate vibronic singlet.
From symmetry considerations and conservation
of the multiplicity of the ground state, the physical values in the electron subsystem which depend
only on the ground state, taking into account the
vibronic interaction, are only reduced quantitatively (vibronic reduction). In the case of systems
with symmetry axes of an exclusively even order
multiple of four, the problem E–(b1 + b2 ) appears
with the adiabatic potential shown in Fig. 3.
Triply-degenerate T -term. For a triply-degenerate electronic T -term, in the general case,
it is necessary to solve a T –(e + t2 ) problem.
Neglecting the relation with T2 -vibrations (T –e
problem), the adiabatic potential takes the form
of three equivalent paraboloids intersecting at a
single point; and the vibronic ground state is T .
There are four minima of the adiabatic potential in
a T –t2 problem; the tunnel splitting leads to the
ground vibronic triplet T and singlet A. In a full
E–(e + t2 ) problem, the adiabatic potential surface has either three minima (of E-type) and four
saddle points (of T -type) or vice versa, depending on the relation between the vibronic constants
of proportionality, and the E and T2 vibrations.
By taking into account the quadratic relation, the

Fig. 3. Adiabatic potential surface for a system with symmetry axes involving a multiplicity of four.

presence of six orthorhombic minima with a corresponding tunnel splitting becomes possible, as
well as the existence of minima of diverse types
at various depths. A similar Γ8 –(e + t2 ) problem presents itself for the quadruplet electronic
term Γ8 . The spectra of energies and wave functions as well as physically observable values for
many types of Jahn–Teller problems have been
calculated using various methods, mainly with the
aid of numerical computations.
In those cases when not only a single, but rather
several modes of a given symmetry are active in
the Jahn–Teller effect (there is an inﬁnite number

JAHN–TELLER EFFECT

Fig. 4. One-dimensional adiabatic potential curves in the
presence of vibronic mixing when there is (a) a reduction
in curvature, or (b) a reversal of curvature with a resultant
instability in the ground state.

of modes in the case of a crystal), we deal with the
Jahn–Teller multimode effect. The interaction between single-center Jahn–Teller deformations in a
crystal leads to an ordering that has the character
of a structural phase transition (Jahn–Teller cooperative effect). In the case of a limited number of
centers, a Jahn–Teller cluster effect takes place.
Jahn–Teller pseudoeffect. This effect emerges
as a result of the vibronic interaction mixing of the
ground electronic state with the fairly close (in energy Δ) excited state. Sometimes the less speciﬁc
second-order Jahn–Teller effect term is used. A direct result of the vibronic mixing is either the reduction in curvature (Fig. 4(a)) or the appearance
of an instability (negative curvature; Fig. 4(b)) of
the ground state in a given direction Q (vibronic
instability). The latter is observed for the condition Δ < V 2 /k0 , where V is the vibronic constant,
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and k0 is the initial curvature without taking into
account the vibronic interaction. Numerical calculations demonstrate that, depending on the values
of V and k0 , the vibronic instability of the pseudoeffect can appear in the case of an appreciable
energy separations Δ. The resulting maximum
magnitudes, when the instability can still occur,
are Δmax ∼ 10–15 eV for light atoms and strong
chemical bonds; Δmax ∼ 3–5 eV for compounds
of transition metals; Δmax ∼ 0.1–1 eV for rareearth elements. The adiabatic potential in Fig. 4
is given by the formula ε± (Q) = (1/2)k0 Q2 ±
[Δ2 + V 2 Q2 ]1/2 . This demonstrates that, because
of higher power exponents of Q (vibronic anharmonicity), the ground state at the points ±Q0
becomes unstable. It has been demonstrated that
vibronic mixing with excited states is the main
source of dynamic instability in the ground state
of polyatomic systems. This conclusion is important for stereochemistry and crystal chemistry, the
theory of phase transitions (see Vibronic theory of
ferroelectricity), molecular transformations, transition states of chemical reactions, excimer lasers,
and so on. Other observations of the Jahn–Teller
pseudoeffect are analogous to those of the ordinary Jahn–Teller effect.
Jahn–Teller multimode effect. A complex of
effects and trends in polyatomic systems possessing more than one set of Jahn–Teller-effect-active
normal coordinates which transform with respect
to the same irreducible representation. The Jahn–
Teller multimode effect determines a series of
properties of point defects in crystals, and this
leads to the formation of a complex of electron–
phonon states and bound states of a center with
phonons. These appear in the form of localized
and pseudolocalized resonances in spectral densities of IR absorption and Raman scattering of light,
single-phonon satellites of optical bands, etc.
Jahn–Teller cooperative effect. This is the ordering or correlation of Jahn–Teller local deformations in crystals with a sublattice of ions (molecular groups) with degenerate (or pseudodegenerate)
electronic ground states. This ordering, caused
by the interaction of local distortions through
the phonon ﬁeld, can be either of the ferro-kind
(same distortions in all unit cells), or of a more
complex nature (antiferro-, incommensurate structures, etc.). The spectrum of elementary excitations of crystals with a cooperative Jahn–Teller
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effect is characterized by the presence of low-lying
and temperature-dependent interacting electronic
and phonon (acoustic) branches. With increasing
temperature the correlations of local distortions
weaken, and at the critical temperature T c a phase
transition to the distortion-disordered phase takes
place. Since the phase transition is structural it
induces anomalies of the elastic crystalline properties. At the same time, as the static lattice distortions below T c induce substantial changes in
the electronic structure which split the degenerate energy levels (bands), in the vicinity of T c
all the crystalline electronic parameters (magnetic, electric, etc.) also exhibit appreciable anomalies. The relationship between the electronic and
phonon subsystems, which plays a determining
role in crystals with a Jahn–Teller cooperative effect, leads to strong interrelationships between the
elastic, electric, and magnetic properties of these
crystals. This is the cause of some original effects
in these crystals: appreciable inﬂuence of a magnetic ﬁeld on a structural phase transition, giant
magnetostriction and electrostriction, and so on.
The Jahn–Teller cooperative effect has been found
and studied in many compounds. The most widely
studied are crystals containing rare-earth ions (like
TmVO4 ), spinel (NiCr2 O4 ), perovskites (KCuF3 )
with Jahn–Teller ions of transition metals, and intermetallic compounds (TmCd).
Examples of the Jahn–Teller cooperative and
pseudoeffects are found in all major areas of the
physics and chemistry of molecules and crystals,
including spectroscopy over the entire electromagnetic spectrum, crystal physics and crystal
chemistry, structural phase transitions, phenomena
of photon transport, physics of impurity crystals,
mechanisms of chemical reactions, chemical activation, and electron-conformational interactions
in biology (see Vibronic effects in optics, Vibronic
effects in radio-frequency spectroscopy, Inversion
splitting).
JAHN–TELLER THEOREM

A theorem concerning the properties of a degenerate polyatomic system. It can be formulated
as follows: if the adiabatic potential of a nonlinear polyatomic system has several branches f that
coincide at the same point (f -fold degeneracy),
then at least one of these branches lacks a minimum at this point. An exception is Kramers spin

degeneracy for an odd number of electrons (total spin S is half-integer). A more limited theorem
states that if a magnetic ion is at a crystal site of
such a high symmetry that its ground state is not
the Kramers minimum, then it will be favorable
energetically for the crystal to distort and lower the
symmetry to a sufﬁcient extent to remove the degeneracy. There are some widespread simple, and
in principle incorrect, formulations of the Jahn–
Teller theorem which claim that in the presence
of an electronic degeneracy a polyatomic system
must spontaneously distort to remove the degeneracy. However, in the Jahn–Teller effect which
follows from the theorem the degeneracy is not
necessarily removed, but rather it can transform
from an electronic degeneracy to a vibronic one
(see Vibronic states), which lacks a Jahn–Teller
distortion in the strict sense, since it is of a dynamic character.
JELLIUM MODEL

The simplest model of an interacting electron
gas; it assumes that the positive charge compensating for the electronic charge is uniformly
distributed in space. The only parameter that determines system properties is the electron density,
or the average distance between electrons r s . For
a dense gas r s  1 (in Bohr radii) and in calculations of the total energy, the application of
perturbation theory to the electron–electron interaction is justiﬁed. The zero-order term in the
interaction yields the kinetic energy; the ﬁrst-order
term is the exchange energy, while higher-order
terms yield the correlation energy. Calculations
of the latter involve divergences, but their sum
yields the correct ﬁnal result: an expansion of the
energy in powers of r s , with a nonanalytic contribution proportional to ln r s . For a rareﬁed gas,
1, the uniform distribution of electrons fails
rs
to represent the ground state, and the so-called
Wigner crystallization (see Wigner crystal) takes
place. In this limiting case a strict calculation of
energy is also possible; and r s −1 acts as the expansion parameter. In real crystals (2  r s  6),
calculations performed with the help of variational
calculus or by application of various interpolation
formulae often give very close results. The jellium
model is often used for investigations of the properties and spectra of the ground state in solids,
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where the electron distribution is rather far from
uniform. This application of the jellium model is
based on the local density approximation of density functional theory. This approximation assumes
the density of the exchange-correlation energy at
every point of the inhomogeneous system equals
that of the jellium model with the same average
electron density.
JEWEL
See Gems.
JOSEPHSON COUPLING ENERGY

Change of the free energy (see Thermodynamic potentials) of two superconductors, caused
by formation of a coherent state at their junction
(see Josephson effects). The free energy of this
Josephson junction is less than the sum of their
energies based on the value of the Josephson coupling energy:
EJ =

Ic
(1 − cos ϕ),
2e

where I c is the Josephson critical current, and ϕ
is the phase difference of the wave functions on
the two sides of the contact. At ϕ = 0, when the
Josephson current I s = I c sin ϕ goes to zero, the
Josephson coupling energy is also equal to zero.
At small ϕ (I s → I c ϕ, and cos ϕ → 1 − ϕ 2 /2)
the energy grows as the square of the current I s ,
which is similar to the way the energy of the superconducting condensate grows as the square of
I s in the case of ordinary superconductivity.
JOSEPHSON EFFECTS (B. Josephson, 1962)

The totality of quantum interference phenomena in superconducting tunnel junctions and also
in other weakly coupled superconductors (superconducting microbridges, superconductor–normal
metal–superconductor junctions, etc.). There are
two types of Josephson effects, static (dc) and oscillatory (ac). The dc Josephson effect is nondissipative current ﬂow through a junction between two
superconductors, S1 and S2 , separated by a very
thin (∼3·10−7 cm) insulating layer (called a weak
link) with zero voltage drop across it (see Fig. 1).
The Josephson current is I = I c sin ϕ, where ϕ
is the phase difference across the junction, and
I c is the critical current of the junction. The ac

Fig. 1. Josephson current density oscillation in a junction
located in an external magnetic ﬁeld.

Josephson effect involves oscillations of the tunnel current when a voltage V is applied to the
junction. The frequency of the oscillations is ω =
dϕ/dt = 2eV /, where ϕ is the phase, and the frequency f = ω/(2π) to voltage V ratio is given by
the expression f/V = 2e/ h = 4.8360·1014 Hz/V.
The dc Josephson effect was originally observed
by J.M. Rowell (1963), and the effect of Josephson radiation from superconducting tunnel contacts was ﬁrst recorded by I.K. Janson, V.M. Svistunov and I.M. Dmitrenko (1965). The Josephson
effect is the result of macroscopic quantum coherence of the superconducting state. In the presence
of electric (E) and magnetic (B) ﬁelds the phase
across the junction ϕ changes according to the
equations
2eV
∂ϕ
=
,
∂t


∂ϕ
2eΛ
=
B,
∂x


(1)

where Λ is the penetration depth of magnetic eld
into the superconducting junction. The ﬁrst equation of Eq. (1) provides the ac Josephson effect.
The second expression of Eq. (1) shows that in the
presence of an external magnetic ﬁeld the distribution of current in the junction varies according to a
sinusoidal law with respect to the coordinate, and
as a result, the maximum possible stationary current oscillates with the ﬁeld, reaching zero at some
of its values (stationary quantum interference effect analogous to Fraunhofer diffraction in optics,
see Fig. 2). If an ac voltage V (t) = V0 cos ωt is
applied, steps appear on the current–voltage characteristic of the tunnel contact (Shapiro steps, see
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Fig. 4. Sketch of a SQUID with a single weak link (denoted by X), inductively coupled to an input coil.

Fig. 2. A Fraunhofer diffraction picture of maximum current through a Josephson junction at zero-voltage.

Fig. 3. Shapiro steps on the current–voltage characteristic of a tunnel junction.

Fig. 3) located at the voltages Vn = nω/(2e). The
height of the nth step oscillates in response to the
alternating voltage amplitude as Jn (2eV0 /(ω)),
where Jn (x) is an nth order Bessel function.
The inclusion of one or more weak links in
a superconducting ring (see Fig. 4) induces a
response (high frequency impedance, maximum
super-current) which periodically changes with
the period B = Φ0 /S in an applied ﬁeld B,
where Φ0 = h/(2e) is the ux quantum and S is
the ring area. Such a device is called a Superconducting QUantum Interference Device (SQUID).
It allows one to measure extremely weak magnetic ﬁelds (down to 10−17 T), small voltages
(10−15 V), and currents (10−10 A), and to detect
minimal amounts of high frequency electromagnetic radiation.
The critical current of the tunnel junction is


Δ
πΔ
Ic =
tanh
,
2eR
2k B T

where Δ is the superconductor energy gap (Δ = 0
at T < T c ), and R is the resistance of the junction
in the normal state (at T > T c ). For weak links
with metallic conductivity (microcontacts) I (ϕ)
becomes non-sinusoidal:
 


ϕ
Δ cos(ϕ/2)
πΔ
sin
tanh
,
I=
eR
2
2k B T
and the critical current at T = 0 appears to be
twice as large (for the same contact resistance
in the normal state). In high resistance contacts
the Josephson current becomes negligibly small
because thermodynamic uctuations destroy the
phase coherence. The maximum value of the resistance R for which the Josephson effect can still
occur is determined by the condition E0  k B T ,
where E0 is Josephson coupling energy, E0 =
I c /(2e), which stabilizes the constant (coherent)
value of the phase. At T ∼ 1 K this criterion corresponds to a resistance not exceeding the order of
103 . In addition to the thermodynamic ﬂuctuations, quantum phase ﬂuctuations (macroscopic
quantum tunneling), which determine the probability of decay of the super-current at extremely
low temperatures (T < 0.1 K), are observed in
tunnel junctions. A Josephson junction under conditions of macroscopic quantum tunneling is a
unique quantum system of macroscopic dimensions, whose behavior is similar to that of a single
microparticle.
The space and time dependences of the phase ϕ
of long superconducting tunnel junctions are provided by solutions of the sine-Gordon equation
1 ∂2ϕ
1
∂ 2ϕ
− 2 2 = 2 sin ϕ,
2
∂x
c0 ∂t
λJ

(2)

which has also been used to describe soliton motion. In this equation c0 is the speed of the propagation of waves in the superconducting stripline

JOSEPHSON RADIATION

(Swihart waves) with the value c0 ∼ 109 cm/s;
and λJ is the Josephson penetration depth of a
magnetic ﬁeld into the junction (λJ ≈ 10−3 to
10−1 cm). This equation has solutions in the form
of the Josephson vortices in the tunnel junction,
similar to Abrikosov vortices, but unlike the latter
they do not possess a normal state core, and thus
when moving only weakly dissipate energy. The
reﬂection of vortices from the edges of junctions
introduces stepwise singularities in the currentvoltage characteristic (Shapiro or Fiske steps).
These separate vortices may be regarded as the
elementary carriers of information from the point
of view of applications of Josephson junctions to
digital electronics (computers). Eq. (2) also describes the weak oscillations of the phase with
frequency ω0 = c0 /λJ ∼ 1010 s−1 (the so-called
Josephson plasma frequency). This mode exists
due to the presence of the Josephson inductance
LJ = /(2eI c cos ϕ), conditioned by the dependence of the junction energy on the phase ϕ. The
factor LJ is a nonlinear (parametric) inductance
since it depends on the applied current.
JOSEPHSON JUNCTION
A point contact or tunnel junction between
two superconductors which displays Josephson
effects. For point contacts with direct conductivity,
or for superconducting microbridges, the charac-

teristic dimension of the constriction should not
exceed the coherence length ξ . On the other hand,
to prevent the destruction of the Josephson effect
by uctuations the contact resistance should not be
too high (usually less than 100 ). According to
their design, superconducting ﬁlm microbridges,
superconductor–insulator–superconductor tunnel
junctions, superconductor–semiconductor–superconductor junctions, and others are singled out.
Josephson junctions are used in superconducting
quantum interference devices (SQUIDs), which
measure magnetic ﬂux and its space derivatives,
and also any other electrical parameters (e.g.,
voltage, current), which can be transformed into
a magnetic ﬂux coupled to the superconducting
circuit containing the Josephson junction. These
junctions are used in low-temperature thermometry, as basic elements of superconductor digital
electronics, and as nonlinear elements for detecting and mixing electromagnetic radiation over a
wide range of frequencies.
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JOSEPHSON MEDIUM

System of many superconducting regions connected by Josephson junctions. Josephson media
can be regular or disordered. In regular twodimensional lattices of niobium tunnel junctions,
and of Josephson junctions based on the proximity
effect of the type Pb–Bi/Cu and In/Au, a complex
cooperative behavior is observed. In particular,
the Kosterlitz–Thouless transition is observed with
the dissociation of vortex–antivortex pairs at some
temperature. Inhomogeneities purposefully introduced into Josephson media strongly inﬂuence
the current–voltage characteristic. A granular superconductor, disordered to a greater or lesser
extent, constitutes a special type of Josephson
medium. For example, media based on the ceramics BaPb1−x Bix O3 display multiple Josephson
switching with a voltage 0.1 to 1 V. A Josephson
medium in an external magnetic ﬁeld is described
by the Hamiltonian

=
Iij cos(ϕi − ϕj − Aij ),
H
ij 

2e
Aij =
c

j
A dr,
i

where the amplitude of the order parameter is assumed to be constant within a grain or granule.
Here ϕi is the phase of the order parameter in the
ith granule; Jij is the value of the weak bond between the granules i, j ; A is the vector-potential
of the magnetic ﬁeld B = ∇ × A.
JOSEPHSON RADIATION

Electromagnetic radiation from a Josephson
junction due to the passage of an alternating superconducting current j s = j c sin ωt upon applying a
direct voltage to the electrodes. Josephson radiation had been predicted by B. Josephson (1962),
and was detected by I.K. Janson, V.M. Svistunov,
I.M. Dmitrenko (1965). The radiation frequency ω
is proportional to the voltage V through the
Josephson relation ω = 2eV , which expresses
the energy conservation law at the passage of a
Cooper pair through the junction, with the simultaneous emission of a photon with energy ω. For
1 μV the frequency ω/(2π) is 483.6 MHz. Josephson radiation may be to a large extent coherent and
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monochromatic (relative width of the frequency
band 10−7 ). The power generated by a single
Josephson junction is usually small (10−10 W).
In addition to the fundamental frequency, harmonics and subharmonics are often observed, as
a result of the nonlinear properties of Josephson
junctions.
The reciprocal effect, that is the excitation by
the external radiation of steps on the current–
voltage characteristic of the junction located at the
voltages Vn = nω/(2e), n = 1, 2, . . . , was observed by S. Shapiro (1963) (see Shapiro steps).
At a ﬁnite temperature noise due to ﬂuctuations of
the voltage on the junction [Nyquist noise and shot
noise (H. Nyquist, 1927)], and also ﬂuctuations of
the order parameter, provide a ﬁnite width to the
Josephson radiation. In the case of Nyquist noise
the width f = (2e/)2 RT , where R is the junction resistance in the normal state, corresponds to
f ∼ 40 kHz at T = 4 K and R = 10−3 .
JOSEPHSON VORTEX, uxon

A localized distribution of current density in
a superconducting tunnel junction with the characteristic dimension λJ = [c2 /(8πeΛJ c )]1/2 ∼
10−3 to 10−1 cm, such that the total magnetic
ﬂux Φ created by this current is equal to the
ux quantum Φ0 = h/(2e), where λJ is called the
Josephson penetration depth, J c is the Josephson
critical current density, and Λ is the total depth of
the magnetic ﬁeld penetration. A Josephson vortex
is a topological soliton solution of the sine-Gordon
equation,
∂2ϕ
1 ∂2ϕ
1
− 2 2 = 2 sin ϕ,
2
∂x
c0 ∂t
λJ
describing the distribution of phase ϕ in the
Josephson junction. Josephson vortices, unlike
Abrikosov vortices in type II superconductors,
do not have a normal state core, so they only
weakly dissipate their energy when moving along
the junction. Therefore, in addition to stationary (immobile) Josephson vortices there are various related dynamic soliton structures. The transient formation of “soliton–antisoliton” (vortex–
antivortex) pairs with a frequency ω in the energy
gap for small oscillations of the phase, ω < ω0 =
c0 /λJ (ω0 is Josephson plasma frequency), is one
of them.

The reﬂections of Josephson vortices from the
boundaries of the tunnel junction causes standing modes of oscillation. The motion of a onedimensional chain of vortices may be regarded
as a non-stationary Josephson effect, because the
frequency of the ﬁeld oscillations caused by this
motion, and the respective average voltage across
the barrier V , are related by the Josephson frequency expression 2eV = ω.
JOULE HEAT (J.P. Joule)

The heat emitted by an electrical conductor
upon the passage of an electric current through it.
If J is the current density and σ is the electrical
conductivity then the Joule heat emitted per unit
time per unit volume is equal to J 2 /σ (Joule–Lenz
law; established in 1841 by J.P. Joule and conﬁrmed in 1842 by the experiments of E.H. Lenz).
JOULE–THOMSON EFFECT (J. Joule,
W. Thomson, 1853)
Change of temperature of a gas at a change of
pressure under adiabatic conditions. The Joule–

Thomson effect is the basis of the most widely
used methods of cryogenic cooling (see Cryogenic
temperatures).
JUMP CONDUCTIVITY
See Hopping conductivity.
JUNCTION
See Heterojunction, Homojunction, Josephson
junction, Metal–semiconductor junction, Semiconductor junction, Tunnel junction.
JUNCTION CAPACITANCE
See Barrier capacitance.
JUNCTION PHOTOEFFECT, gate photoeffect
An internal photoeffect which appears at the

illumination of a junction or gate, i.e. a rectifying contact. It depends on the separation of the
electron–hole pairs generated by the light (see
Semiconductor junction) by means of the electric
ﬁeld at the junction. The cut-off layer (see Metal–
semiconductor junction) at the semiconductor–
metal boundary involves a p–n junction which
possesses rectifying properties. As a result, the
illumination of the rectifying contact causes a current to ﬂow in the external circuit, and for the case

JUVENILE SURFACE

of an open circuit a photoelectromotive force, gate
emf, is generated at the junction (see Surface photoelectromotive force).
JUVENILE SURFACE, freshly prepared surface,
virgin surface

A pure newly-prepared surface. In the case of
solids such a surface is produced by making a
spalling, by fracturing a bulk sample in a superhigh
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vacuum, or as a result of noble-gas-ion bombardment of the surface with subsequent annealing in a
superhigh vacuum (see Atomically clean surface).
In the case of liquids (e.g., mercury), a freshly
prepared surface can be obtained by continuous
formation and tearing off drops when pressing the
liquid through a capillary.
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KANZAKI FORCES (H. Kanzaki, 1957)

Fictitious forces that are to be applied to atoms
of an ideal crystal in a solvent that is described
in the quasi-harmonic approximation in order to
create the same resulting displacements of these
atoms in the unstressed crystal as those caused by
the real forces of interaction between the forming
crystal and the solvent.

See Soliton.
KANE MODEL

See Semiconductors.
KANE’S DISPERSION LAW (E.O. Kane, 1956)

Non-parabolic dependence of the electron energy E on the quasi-momentum p in the conduction band of a semiconductor. Kane’s law is
derived from a semiempirical theory that takes into
account the interplay between the conduction and
valence bands in AIII B V type semiconductors (see
Semiconductor materials) with the bottom of the
conduction band at the Γ point (center) of the Brillouin zone (InSb, GaAs, InAs, etc.). Such crystals
are conventionally referred to as InSb-type semiconductors.
At the interaction of non-degenerate bands, under the condition E(p) − E(0)  Eg + (2/3)Δ,
we have
E(p) − E(0) =

KAPITZA LAW (P.L. Kapitza, 1928)

An empirical rule stating that the electrical
resistance of a polycrystal of metal in a strong
magnetic ﬁeld grows in proportion to the magnetic
ﬁeld strength. It has been established for Cu, Au,
Ag, and explained in the theory of galvanomagnetic effects.
KAPITZA TEMPERATURE JUMP (P.L. Kapitza,
1941)
A phenomenon in superﬂuid helium whereby

the heating of a solid body immersed in liquid
helium causes a temperature difference T to
arise at the interface between them. For small heat
ﬂuxes the temperature jump is proportional to the
heat ﬂux density Q:


 2 2
Eg
4p P
p2
1−
−
2m0
2
3m0 Eg2

× 2+

Eg
Eg + Δ

T = Rk Q,

1/2 
,

where the coefﬁcient Rk is called the Kapitza
thermal boundary resistance. The temperature dependence of Rk is described by the relation Rk =
A/T n , where n = 1.4–4.5, and at low temperatures n → 3. The constant A depends on the
acoustical properties of the bodies in contact,
and on the quality of the surfaces. A weak dependence of Rk on the Debye temperature θD
0.6–0.8 . The
of a material is observed: Rk ∝ θD
value Rk decreases insigniﬁcantly as the external pressure rises. For pure annealed copper,
Rk ∼ 2.4·10−2 /T 3 m2 ·K−1 ·W−1 . The Kapitza

where m0 is the mass of the electron, Eg is
the band gap, and P and Δ are parameters of
momentum and energy. The dispersion law is nonparabolic, but isotropic with E = E(p). The nonparabolic behaviour becomes negligible at
large Eg . The band structure model from which
this equation was derived is called the Kane model
(see Semiconductors).
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KAUZMAN PARADOX

temperature jump is a universal physical phenomenon which arises at low temperatures at the
interface between any heterogeneous media. The
theory of this phenomenon is based on the assumption that the heat transport between the contacting bodies is carried by thermal phonons. For
example, the main contribution to Rk is from the
difference between the phonon spectra of He II
and a solid body (I.M. Khalatnikov, 1952).
As the heat loading and the corresponding temperature gradient T increase, processes in the
liquid begin to play a more signiﬁcant role. The
value of Rk for large heat loading decreases as Q
increases.
The Kapitza temperature jump hampers the
cooling of bodies to extremely low temperatures,
and must be allowed for in designing deep freezing
systems for achieving cryogenic temperatures.
KAUZMAN PARADOX (W. Kauzman, 1948)

The property of a number of vitrifying systems
(organic, oxide, polymerizing liquids) whereby
the extrapolation of the physical characteristics of
their liquid phase below the vitri ca tion temperature TV leads to nonphysical results. In particular,
the extrapolated entropy of an overcooled liquid
becomes smaller than that of the crystalline phase.
KELLERMAN MODEL (E.W. Kellerman, 1940)
This ﬁrst serious model for computing phonon
optical spectra takes into account inter-ionic in-

teraction forces, and it served as the prototype
for a number of subsequent models suited for
simple ionic crystals. In addition to the Coulomb
interaction between the ions regarded as point
charges, the Kellerman model accounts for the effects of charge cloud overlapping between nearest
neighbors. The contribution of the latter to the interaction energy is most often approximated as
b/r n or Ae−αr , where r is the distance between
the atoms. The parameters of the overlap force,
b and n, or A and α, are calculated by proceeding
from known values of the bulk modulus (reciprocal of compressibility) and lattice constants. The
potential energy of the crystal, U , is deﬁned as the
sum of pair interaction energies of ions in the lattice. The vibrational frequencies are solutions of
the secular equation, elements of the determinant
of the latter being expressed in terms of the second derivative d2 U/dr 2 . Calculations following

the Kellerman model for NaCl have indicated the
existence of two types of phonon waves: acoustic
and optical. The frequency distribution function is
non-monotonic, in contrast to the Debye case. An
important shortcoming of the Kellerman model
is that it fails to take into account the polarization of ions displaced from their equilibrium
positions. This shortcoming was overcome by the
construction of the model of a lattice of polarized
ions (K.B. Tolpygo), and the shell model that is
equivalent to it (W. Cochran). See also Phonon
spectra.
KELVIN EQUATION (W. Thompson, Lord Kelvin,
1871)

Thermodynamic equation describing the dependence of the vapor pressure Pr (or of the
solubility Cr ) on the radius of curvature r of the
surface separating the phases:


2σ v
Cr
Pr
,
=
= exp
P0
C0
rRT
where σ is the surface tension at the interface between the phases, v is the molar volume of the
liquid or solid, R is the molar gas constant, and
P0 and C0 are the values for a ﬂat surface.
The Kelvin equation was obtained from the
condition that the chemical potentials of the corresponding phases be equal to each other. It follows
from this equation that the saturation vapor pressure (or solubility) on the boundary with drops of
liquid or with crystals increases with the decrease
of their dimensions, whereas the pressure inside
a bubble or by the surface of a concave meniscus (i.e. when the radius of curvature is negative)
is lower than that over a ﬂat surface. Changes in
the saturation vapor pressure (or solubility) only
become signiﬁcant at very small radii of curvature (usually, less than 10−5 cm). Thus, the Kelvin
equation is usually applied when studying systems
containing small objects (nuclei of a new phase,
colloidal systems, etc.), as well as when dealing
with capillary phenomena, and with processes associated with the formation of a new phase. For
instance, according to the Kelvin equation, the
condensation of a vapor in capillaries and microcracks occurs at vapor pressures lower than P0 .
For the establishment of thermodynamic equilibrium, the Kelvin equation points out the direction

KIKOIN–NOSKOV EFFECT

of transport of the substance from smaller drops or
crystals to larger ones. The nuclei of a new phase
cannot start growing before the supersaturation deﬁned by the Kelvin equation has been reached.
KERR EFFECT (J. Kerr, 1875)
A quadratic electrooptical effect involving the
emergence of, or change in, birefringence resulting

from the action of an electric ﬁeld on a medium.
It was ﬁrst found in isotropic media (glass, polar liquids) by the enhanced transmittance in a
transverse electric ﬁeld of a polarization cell consisting of a crossed polarizer and analyzer with a
glass plate between them. The Kerr effect occurs
due to anisotropy of the refractive index exhibited
by optically uniaxial crystals. The optical axis is
aligned along the electric ﬁeld, and the magnitude
of the double refraction, n, is proportional to the
square of the electric ﬁeld intensity, n = BE 2 ,
where B is the Kerr constant which depends
on the temperature, light wavelength, molecular
structure, and the phase state of matter.
The Kerr effect occurs both in static or lowfrequency ﬁelds and in the high-frequency (optical) range; it may be treated in the terms of
nonlinear optics as a manifestation of the nonlinear polarization of a medium in external electric
ﬁelds. The Kerr effect occurs in crystals of all
symmetry classes (see Crystal symmetry). In crystals that lack a center of symmetry and have a
particular shape it is overshadowed by the much
stronger linear electrooptic effect (the Pockels effect) when the applied electric ﬁeld is oriented
along the direction of the light propagation. The
phenomenological description of this effect requires a polar fourth-rank tensor.
The Kerr effect in solids is usually associated
with both lattice strains and a rearrangement of
electronic states. The effect in a low-frequency
electric ﬁeld is usually accompanied by electrostriction, thus the Kerr effect for allowed and
forbidden deformations should be distinguished.
Because the Kerr effect “switches” almost instantaneously it is exploited for the high-frequency
amplitude and phase modulation of light (see Modulation spectroscopy).
In addition to the above described electrooptic
Kerr effect, there is also a magnetooptical Kerr effect (J. Kerr, 1876) which arises when linearly polarized light is normally incident upon the surface
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of a magnetized ferromagnet, and the reﬂected
light is elliptically polarized, with the major axis
of the polarization ellipse rotated through a certain angle relative to the plane of polarization of
the incident light.
KHAIKIN OSCILLATIONS (M.S. Khaikin, 1960)

Sharp nonmonotonic dependence of the surface impedance of metals on a weak magnetic
ﬁeld B ∼ 0.01 to 10 mT. Khaikin oscillations are
observed at electromagnetic radiation frequencies
ω ∼ 1010 –1011 s−1 in the course of experiments
at liquid helium temperatures (T < 10 K), when
the external magnetic ﬁeld is applied parallel to
the surface of a metal sample. Initially discovered
by Khaikin in monocrystals of tin, cadmium and
indium; later these oscillations were found and
studied in a variety of metals and semimetals (bismuth, aluminum, copper, gallium, etc.). Khaikin
oscillations are due to the resonance absorption
of an electromagnetic wave at transitions of electrons passing from one magnetic surface level to
another. Since these surface levels are not equidistant, Khaikin oscillations are not periodic with
respect to reversals of the magnetic ﬁeld, and are
the result of superpositions of different resonance
series. Resonance values of the magnetic ﬁeld are
proportional to ω3/2 . The shape of a Khaikin oscillation resonance line is related to the dispersion
law of conduction electrons, and to their scattering
in the bulk and at the surface of the metal.
KIKOIN–NOSKOV EFFECT (I.K. Kikoin,
M.M. Noskov, 1933)

A photomagnetoelectric effect involving the
generation of an electric ﬁeld under the action
of light in a semiconductor placed in a magnetic ﬁeld. The electric ﬁeld is perpendicular to
both the magnetic ﬁeld and the direction of ﬂow
of the current carriers, the latter diffusing in the
semiconductor from the illuminated side, where
the absorbed photons produce electron–hole pairs,
then drifting toward the non-illuminated side. The
Kikoin–Noskov effect manifests itself through a
pronounced non-uniform concentration of minority carriers brought about by the strong absorption
of light.
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KIKUCHI LINES

KIKUCHI LINES (S. Kikuchi, 1928)
Lines found in the electron diffraction pattern
(see Electron diffraction analysis) of thick crystals.

The usual Laue–Bragg spots that appear on the
photographic plate of an electron diffraction pattern from thin crystals vanish in the case of thick
crystals, with dark and light lines (the Kikuchi
lines) and bands (Kikuchi bands) observed in their
stead. In the general case there is a light Kikuchi
line parallel to each dark Kikuchi line. If the intensity between the pairs of Kikuchi lines differs
from that of the background, then it is termed a
Kikuchi band (it is a “surplus” band, if its intensity exceeds the background, and a “deﬁcit”
band in the opposite case). The Kikuchi lines are
produced by electrons that underwent an inelastic
scattering (on phonons, plasmons, or on valence
or inner atomic electrons) by way of their diffraction at the reﬂecting planes of a crystal lattice.
The structure of Kikuchi patterns depends upon
the diffraction conditions and the crystal thickness. Almost all Kikuchi lines get split on crossing
the Kikuchi bands. With increasing crystal thickness the dark Kikuchi lines turn into light ones.
A rigorous quantitative description of the contrast
of Kikuchi lines and bands is given by the theory
of dynamic radiation scattering. One can utilize
the Kikuchi lines to determine the crystal orientation and to obtain information on crystal lattice
distortions. Kikuchi lines are an electron-optical
analogue of Kossel lines from X-ray diffraction.
KILO. . . (fr. Gr. κιλιας , thousand)

Preﬁx to denote a decimal multiple equal to
1,000 times an original unit, abbreviated as k. An
example: 1 km = 1,000 m.
KINETIC COEFFICIENTS

The quantities Kij that deﬁne the linear dependence of thermodynamic ﬂows or ﬂuxes, Ii , on the
thermodynamic forces, Yj , that give rise to these
ﬂuxes in accordance with the expression

dγi
Kij Yj
≡ Ii =
dt
n

(1)

j =1

for a physical system close to equilibrium. The parameters γi describing the nonequilibrium state,
and the thermodynamic forces, Yi , are related by

the equations: ∂S(γ )/∂γi = −Yi , where S(γ ) is
a nonequilibrium entropy. The kinetic coefﬁcients
obey the symmetry principle Kij = Kj i , i.e. the
Onsager relations. (Note that Kij (B) = Kj i (−B)
when the kinetic coefﬁcients depend on a magnetic e ld B.) Consider, for example, the case
of thermodynamic forces arising from an electric ﬁeld intensity E, in the presence of gradients
of the chemical potential μ, and the temperature T . To describe transport phenomena in a
metal Eqs. (1) assume the forms


1 ∂T
1 ∂μ
+ Kki
,
Ik = σki Ei −
e ∂xi
T ∂xi
μ
Qk − Ik
(2)
e


 E − 1 ∂μ + κ 1 ∂T ,
= −Kki
i
ki
e ∂xi
T ∂xi
where Ik is an electric current, Qk is an energy
ﬂux (thermal current), xi are space coordinates,
and e is the electric charge. The kinetic coefﬁcients here are the conductivity tensor σki = σik ,
the thermoelectric coefﬁcient tensor, the Peltier
thermal e.m.f. coefﬁcient (see Thermoelectric phe , and the tensor κ = κ
nomena) Kki = Kik
ki
ik
which is related to the thermal conductivity tensor,
χ̂ , by the expression χik = T −1 (κ̂ − K̂ σ̂ −1 K̂)ik .
When B = 0 the energy ﬂow is expressed in terms
of the thermal conductivity tensor, χ̂ , under the
conditions Ik = 0 and Qk = χki (∂T /∂xi ). The
fact that the electric ﬁeld E and the gradient of
the chemical potential μ appear in the combination E − (1/e)(∂μ/∂x) indicates the validity of
the Einstein relations linking the conductivity with
the diffusion coef cient.
When analyzing the equations of ﬂuid dynamics applied to a non-ideal liquid, dissipative
ﬂuxes similar to the ﬂuxes Ii in Eq. (1) appear.
These dissipative ﬂuxes are determined by such
kinetic parameters as the ﬁrst and second viscosity
coefﬁcients, the diffusion coefﬁcient, the thermodiffusion coefﬁcient, and the thermal conductivity.
KINETIC DECOUPLING OF COOPER PAIRS
The phenomenon of the decrease of the energy
gap and of the order parameter in a supercon-

ductor brought about by the ﬂow of supercurrent
(kinetic decoupling effect). After carrying out a

KINETIC INSTABILITY OF SPIN WAVES

transformation to a moving reference frame, the
energy of a Cooper pair traveling with a velocity
v s is found to be equal to Δ − pv s , where Δ is
the value of the gap at v s = 0. Since the electron
momentum assumes values along the direction of
motion varying between −pF and pF , where pF
is the Fermi momentum, the minimum energy gap
is given by Δmin = Δ − pF vs . The maximum vs
value for a gap different from zero is Δ/pF corresponding to a maximum Cooper pair velocity
vc ≈ 104 cm/s. This kinetic decoupling of Cooper
pairs indicates the existence of a maximum dissipationless current density j c in a superconductor
(depairing current density) with a magnitude of
the order of j c ≈ ns ev c ≈ 109 A/cm2 (see Current states).
KINETIC EQUATION

The basis for the statistical description of nonequilibrium systems comprising a great number
of similar objects (particles, quasi-particles, etc.);
it speciﬁes the change with time, t , of a distribution function, f (t), deﬁned in the phase space
of an individual object. The term was coined by
L. Boltzmann in the latter part of the 19th century,
and he also proposed the Boltzmann equation, a
kinetic equation for the single-particle distribution
function of a classical monatomic gas. A kinetic
equation should satisfy the following condition:
a change in the distribution function f during a
short time interval, t , is completely determined
by the function f itself, and by the external forces
acting at that instant of time t , i.e. the history of
the past evolution of a system in no way affects
its current change. When this condition is satisﬁed
with a sufﬁcient precision then the system is referred to as being in the kinetic stage of evolution,
which means being conﬁned within a ﬁnite time
period which depends both upon the system’s individual characteristics (e.g., mean particle density,
nature of their interactions), and its initial distribution. In the limit of short times the kinetic stage is
restricted by the condition of a sufﬁciently small
deviation from equilibrium when the magnitude
of the particle correlation length is of the order of
the radius of their interaction. On the other hand,
the times must not be so long that weak, although
long-lasting, time correlations can inﬂuence the
system’s evolution. Some systems consisting of a
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great number of particles, such as ﬂuids, possess
such internal conditions that the kinetic stage of
evolution is completely missing.
Kinetic equations are widely used in statistical physics applied to nonequilibrium systems:
in the theory of gases, theory of solids, theory
of turbulence, plasma physics, theory of particle
transit through matter, theory of radiation transfer,
etc. A kinetic equation is ordinarily constructed,
following L. Boltzmann, based on the phenomenological principle that relates a change in the
function f during a short period of time to the balance of incoming and outgoing probability ﬂuxes
for an element in the single-particle phase space.
Methods have already been developed for the
self-consistent construction of a kinetic equation
within the formalism of perturbation theory, with
reference to some small parameter, proceeding
from the macroscopic dynamic equations which
describe the motion of particles in the system. For
instance, one can derive the Boltzmann equation
from the Liouville equation of classical mechanics written for the distribution of probabilities in
the phase space of all the particles in a gas to the
lowest approximation in the density. In quantum
statistical physics an equation similar to the Boltzmann equation (see Quantum kinetic equation),
which takes into account quantum-mechanical effective cross-sections and symmetry requirements,
is obtained from the ﬁrst non-vanishing terms in
the approximation of the density, proceeding from
the quantum Liouville equation for the system
density matrix.
KINETIC EQUATION, QUANTUM
See Quantum kinetic equation.
KINETIC INSTABILITY OF SPIN WAVES

The exponential growth of the amplitudes of
some groups of spin waves occurring in the case
of highly nonequilibrium distributions in the spin
wave spectrum. Such nonequilibrium distributions
emerge, e.g., at the parametric excitation of spin
waves, with their population growing by many orders of magnitude within a very narrow spin wave
spectral region. When the parametrically excited
waves reach a certain critical amplitude they give
rise to kinetic instability at the lower end of their
spectrum. The corresponding critical amplitude of
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parametrically excited spin waves is reached when
the pumping amplitude exceeds its threshold value
by 10–20 dB.
KINETIC ISOTOPE EFFECT

Inﬂuence of the isotopic composition of a reacting substance on the rate of a reaction, where
the reaction rate constants of the molecules depend on the isotopes present. The kinetic isotope
effect arises from the effects of atomic masses on
the zero point vibrational levels of reacting molecules. The primary kinetic isotope effect depends
upon the masses of the nuclei directly involved
in the reaction, and the secondary effect involves
masses of other nuclei. An abnormally large effect may be associated with tunneling reactions
in solids, where the mass affects the probability
of tunneling (see Tunneling phenomena in solids).
A magnetic kinetic isotope effect has been observed, viz., the dependence of the rates of some
chemical reactions on the nuclear magnetic moments associated with reacting free radicals. The
kinetic isotope effect is of use in studies of the
mechanisms of chemical transformations, and for
the separation of isotopes.
KINETIC MOMENT
The same as Angular momentum.
KINETIC PHENOMENA

Physical phenomena occurring in non-equilibrium macroscopic systems under the action of
external factors, or resulting from the collisions
of particles or quasi-particles. These processes
are described by the equations of macroscopic
physics, including the kinetic equations, equations of ﬂuid dynamics, Maxwell equations in a
medium, etc. Kinetic phenomena can be classiﬁed into slow and fast varieties. The ﬁrst class
of slow processes involves those those for which
the characteristic times of change of either the
macroscopic parameters describing a given nonequilibrium system, or of the externally acting
factors, are long compared to the characteristic
microscopic times in this system. Fast kinetic
phenomena are those for which the characteristic times of change of the external factors and
of the macroscopic parameters are comparable
to, or smaller than, the microscopic characteristic times. In the latter case kinetic phenomena are

described by frequency-dependent kinetic coef cients, as distinct from the slow processes which
involve constant or static kinetic coefﬁcients. The
distinction between fast and slow kinetic processes
is largely a matter of convention, and depends on
the choice of a characteristic microscopic time
scale. If one takes for this scale the mean free
time of particles or quasi-particles, using the kinetic equations with a self-consistent eld, such as
the Vlasov equation, it will be sufﬁcient to deal
with fast processes; with slow processes being described by equations of the ﬂuid dynamics type in
this case. Slow processes correspond to those associated with transport phenomena.
KINK

A particle-like excitation (soliton) in one-dimensional systems with a discrete degeneracy of
its ground state energy. An example of a kink
is a domain wall in a crystal with quasi-onedimensional ordering (magnetic ordering, ferroelectric ordering, etc.). The simplest soliton solution of the sine-Gordon equation (see Soliton)
describes a kink. Kinks play an important role
in the thermodynamics of quasi-one-dimensional
crystals; in particular, they determine the disturbance of long-range order (see Long-range and
short-range order) known as the central peak of
the correlation functions.
KINKS ON DISLOCATIONS

Elements of a dislocation line, which connect
two of its segments, which lie in adjacent valleys of the potential Peierls relief. Depending on
the kink width ω = a[U0 /(2UP )]1/2 , which is
determined by the balance between the Peierls
energy (UP ) and the linear dislocation tension
energy (U0 ), sharp and smooth kinks are distinguished. The kink width ranges from several lattice constants (a) in the case of covalent crystals to
tens of lattice constants in the case of close-packed
metals. The kink energy is given by the equation
Uk = (2a/π)(2U0 UP )1/2 . At zero temperature,
the dislocation line may have only geometrical
kinks if its end points are ﬁxed in different valleys of the potential relief. At T = 0 the thermal
ﬂuctuations give rise to pairs of kinks; these pairs
consist of kinks of opposite sign. The equilibrium concentration of paired kinks is deﬁned as

KIRKWOOD APPROXIMATION

ck+ ck− = (1/a 2 ) exp[−(2Uk )/(k B T )]. Kinks on a
dislocation line are of crucial importance for describing dislocation mobility in the Peierls relief.
Due to the translational symmetry along the dislocation line, the kink also exhibits a potential
relief, which is called the Peierls relief of the
second kind. The magnitude of this secondary relief is small in the cases of face-centered cubic
and hexagonal close-packed metals, which exhibit
smooth kinks, and is comparable to aUP in the
case of sharp kinks in silicon and germanium.
KIRKENDALL EFFECT (E.O. Kirkendall, 1947)
Transport of material in the diffusion zone during a homogenization process involving unequal
partial diffusion coef cients DA and DB of two

interdiffusing components A and B. The process
is sustained by the self-maintaining action of a
“source” of vacancies whose current has a magnitude g v proportional to [(DA − DB )/ω]∇C v
(C v is the vacancy concentration, and ω is an
atomic volume), and by the vacancy ﬂow itself.
The ﬂux which determines the effect involves dislocations whose Burgers vectors include an edge
component. In phenomenological terms the Kirkendall effect is a creep under an effective stress in
the diffusion zone maintained by supersaturation
with vacancies, Δ/Cv0 (Δ = C v − Cv0 , where
Cv0 is an equilibrium vacancy concentration). The
effect was experimentally discovered on brass–
copper specimens (see Fig.) when inert markers
that were placed on the plane of initial contact between the specimen components drifted due to the
transport of matter in the diffusion zone. It follows from the simple Kirkendall effect theory for

Displacement, x, of inert markers with time in the
brass–copper system at T = 785 ◦ C.
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two-component substitutional solid solutions that
the rate of marker displacement along the x axis,
v, equals: v = (DA − DB )∂CA /∂x. The markers move toward the component possessing the
larger diffusion coefﬁcient. The Kirkendall effect
per se appears when the ﬂow of vacancies involves
only dislocations. Other ﬂuxes (nucleating pores,
cracks, etc.) can be removed, e.g., by applying a
small uniform compression to the specimen (see
Barodiffusional effects).
KIRKWOOD APPROXIMATION (J.G. Kirkwood,
1946)

One of the so-called superposition approximations that relate multiparticle correlation functions
with each other. An example of the Kirkwood approximation is the following decomposition of a
(3)
three-particle correlation function fAAB in terms
(2)

(2)

of pairwise correlation functions fAB and fAA :
fAAB (r 1 , r 2 , r 1 )
 (2) 

(2) 
≈ fAB |r 1 − r 1 |, t fAB |r 2 − r 1 |, t

(2) 
× fAA |r 1 − r 2 |, t ,
(3)

with A and B designating the type of particles, r 1 , r 2 and r 1 , are the coordinates of the
A, A and B particles, respectively; and t is time.
The Kirkwood approximation can be employed to
break up an inﬁnite chain of coupled correlation
functions that describe the spatial distribution of
classical particles in statistical physics, and in the
kinetics of dense gases and condensed media. Its
use involves a transformation to a reduced description of the ﬂuctuation spectrum of a multi-particle
system on the level of two-particle correlation
functions. This approximation facilitates the computation of a number of thermodynamic parameters. The validity and the regions of applicability
of the Kirkwood approximation, which does not
involve an expansion in powers of the density,
depend upon the particular problem under consideration. They may be assessed by comparison with
a computer simulation, or with an exact solution
of the problem when one is available. For instance, the Kirkwood approximation applied to the
diffusion-controlled transport of energy coincides
with the exact solution for the case of immobile
energy ﬂuxes, it becomes an approximate solution
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when they become mobile, and exhibits a 40%
error in the computation of the kinetics of the accumulation of Frenkel defects which are immobile
at low temperatures.
KITTEL’S DOMAIN STRUCTURE (Ch. Kittel,
1946)

Plane-parallel (laminated) magnetic domain
structure without domain closure, i.e. the magnetic
u x does not close on itself within the sample. This
domain structure occurs in crystals which have
a single easy magnetization axis (uniaxial magnetic crystals). There is a square root dependence
of the structure period, d, on the plate thickness,
l, i.e. d ∝ (ll0 )1/2 , where l0 is a characteristic length of magnetic material. Kittel’s domain
structure proves advantageous when the demagnetization eld energy is signiﬁcantly smaller than
the uniaxial anisotropy energy. This structure is
only observed in sufﬁciently thin plates. With
increasing thickness the structure becomes more
complex, and domain branching becomes more
pronounced near the surface, with d ∝ l 2/3 .
KKR METHOD

See Korringa–Kohn–Rostoker method.
KOHLER RULE (M. Kohler, 1938)

An empirically based assertion that the relative
change of a metal magnetoresistance ρ/ρ (see
Galvanomagnetic effects) in a magnetic ﬁeld B at
various temperatures T can be represented by a
universal relation:


ρ
ρ(B, T ) − ρ(0, T )
B
,
=
=F
ρ
ρ(0, T )
ρ(0, T )
where ρ(0, T ) and ρ(B, T ) are the resistivities at
B = 0 and B = 0, respectively. The function F
is the same for samples of the same metal that
differ from each other by their level of impurities and other defects. The Kohler rule is based
on the assumption of similar relaxation times, τ ,
of the two types of current carriers traveling in a
magnetic ﬁeld. Observed deviations from this rule
arise from a difference in the current carrier scattering mechanisms that affect τ .

KOHN ANOMALY

Peaks or breaks in the phonon dispersion law
ω(q) (ω is the frequency) for wave vectors q coinciding with Fermi surface extremal diameters.
The theoretical analysis of these singularities was
carried out separately by A.B. Migdal (1958) and
W. Kohn (1959) so they are often referred to as
Migdal–Kohn singularities. They were observed
experimentally in a series of metals and alloys
with the help of inelastic neutron scattering.
The phonon spectrum is determined by the
interatomic interaction and, therefore, the singularities in ω(q) are caused by anomalies in the
electronic screening of this interaction, that is by
anomalies in the dielectric constant ε(q). For a
spherical Fermi surface of radius kF the ﬁrst derivative of ε(q) diverges logarithmically at q = 2kF .
In this case for the determination of the Kohn singularities the Kohn construction is applied, and a
sphere of radius 2kF is created around each site
of the reciprocal lattice. Each point of the sphere
that reaches the ﬁrst Brillouin zone corresponds to
a Kohn singularity, but experimentally the singularities are observed only for points belonging to
several spheres simultaneously. To determine the
locations of Kohn singularities in a real metal with
a nonspherical Fermi surface a precise knowledge
of its k-space geometry is necessary. In quasione-dimensional crystals, giant Kohn singularities
are observed which produce a network Peierls instability, and bring about a second-order phase
transition to a distorted lattice state with decreasing temperature.
KOHN–LUTTINGER THEORY (W. Kohn,
J. Luttinger, 1957)

The quantum theory of electric charge transport phenomena. A formalism that gives the complete density matrix of the charge carrier system in
the stationary state has been developed within the
Kohn–Luttinger theory. This theory uses a simpliﬁed but quite physical model of a real medium.
A closed system with charge carriers (e.g., electrons) is examined. These electrons are considered
to be free and noninteracting. They move in an applied electric ﬁeld, and in the ﬁelds of randomly
located impurity atoms. When the interaction between electrons and impurity centers is weak it
is possible to show the validity of the Boltzmann

KORRINGA–KOHN–ROSTOKER METHOD

equation for the diagonal elements of the density matrix in ﬁrst order perturbation theory. The
off-diagonal matrix elements are then expressed
through the diagonal ones. Corrections have been
calculated through terms of order λ4 , where λ is
the dimensionless parameter characterizing the interaction force of impurities with electrons. For
higher orders it was found that the distribution
function equation does not reduce to the usual
Boltzmann equation, but all correction terms are
smaller than their “Boltzmann” counterparts.
KONDO EFFECT (J. Kondo, 1964)

Observation of a minimum electrical resistance R in experiments with nonmagnetic metals
(Au, Ag, Cu, Al, Zn, etc.) as a function of temperature (T ) caused by the conduction electron
scattering off impurity atoms with unﬁlled inner electron shells and spin different from zero
(paramagnetic impurities). For each material the
effect is observed below a particular temperature
TK called the Kondo temperature. Such impurity
atoms can be transition series (e.g., Cr, Mn, Fe,
Co) and rare-earth elements (e.g., Ce, Tm, Yb).
The Kondo effect is a collective one involving
an indirect exchange interaction of the conduction electrons with a paramagnetic impurity. As
was shown by Kondo, corrections to the Born
approximation for the amplitude of the electron
spin- ip scattering from paramagnetic impurities
depend on the Fermi–Dirac distribution function. In cases where the spin exchange interaction constant of the conduction electrons with
the paramagnetic impurities is antiferromagnetic,
the scattering amplitude increases logarithmically
with the approach of the scattered electron energy to the Fermi energy of the metal. As a result,
the spin component of resistance increases logarithmically with decreasing temperature, and a
minimum in R appears through the competitive
contribution of other scattering mechanisms (in
particular, electron–phonon) resulting in the electrical resistance decreasing with the temperature.
In the neighborhood of the Kondo temperature TK
(see Abrikosov–Suhl resonance) the temperature
dependence of the electrical resistance changes
sharply and tends to a ﬁnite limit at T → 0. The
growth of the electrical resistance with decreas-

683

ing temperatures comes to a stop since the system
of impurities transforms through the Ruderman–
Kittel–Kasuya–Yosida interaction into the “spin
glass” state in which the impurity spin orientations remain ﬁxed, and the electron scattering
channel through spin ﬂips is suppressed. An applied magnetic ﬁeld also ﬁxes the spin orientation,
kB T (μB is the Bohr magneton)
and for μB B
the minimum in R as a function of T disappears.
Depending on the particular characteristics of the
sample, switching on a rather strong magnetic
ﬁeld can either increase or decrease the electrical
resistance.
KONDO LATTICE (J. Kondo)

A lattice of localized spins of paramagnetic
ions (f -state ions) experiencing an antiferromagnetic exchange interaction with conduction electrons. In such a lattice the collective Abrikosov–
Suhl resonance appears that causes a sharp increase of the effective mass of electrons transforming them into heavy electrons (heavy fermions).
KOOPMANS THEOREM (T.A. Koopmans, 1933)

This theorem provides a physical interpretation
of energies of one-electron orbitals of a multielectron system in terms of the Hartree and
Hartree–Fock approximations (see Hartree–Fock
method). By Koopmans theorem the energy of
every ith orbital taken with opposite sign is equal
to the ionization energy of the system from the ith
one-electron level. Koopmans theorem holds under the approximate assumption that removing an
electron from the ith level does not change the
orbitals of the remaining electrons. Some cases
are known where Koopmans theorem is not valid,
and the arrangement of one-electron levels by
their energies is incompatible with the results of
a Hartree–Fock calculation of the ionization energy as the difference between the ground state
energies of (N − 1)-electron and N -electron systems. In models different from those of Hartree or
Hartree–Fock, Koopmans theorem may not hold.
KORRINGA–KOHN–ROSTOKER METHOD
(J. Korringa, W. Kohn, N. Rostoker, 1947), KKR
method
A non-linearized method, one of the band
structure computation methods for crystals. The
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widely used KKR method has two equivalent formulations: one expressed in terms of multiple
scattering theory is widely used in the theory
of disordered systems, and the other led to the
widespread linear mufﬁn tin orbital approach (see
Linear methods of band structure computation).
The solution of the Schrödinger equation in
a crystal muf n-tin potential by the KKR method
is carried out with the aid of a linear combination of trial basis functions. The solutions of the
Schrödinger equation for a given energy inside the
mufﬁn tin sphere are used as the trial functions.
They are matched continuously and smoothly to
spherical waves outside the sphere which have the
same angular momentum. The condition of canceling the “tails” of all “foreign” basis functions
inside a given mufﬁn tin sphere provides the secular equation of the KKR method; an equation
which is non-linear in the energy, and has the form
1
1
det1Blmt,l  m t  (E, k) + δll  δmm δt t  Plt (E)1 = 0.
The so-called structure constants B depend only
on the mutual arrangement of the atoms, and not
on the lattice parameter, or on the mufﬁn tin potential. The potential parameters P , on the contrary,
do not depend on the structure. The order of the
equation is determined by the number of spherical harmonics Ylm in the wave function expansion
(usually 9), and the number of atoms labeled by
the index t in the cell.
An advantage of the KKR method, in comparison with the augmented plane waves method, is
the small dimensionality of the matrix, and the
possibility of calculating the structure constants
for a given structure once and for all; a deﬁciency
is the extremely inconvenient representation of the
wave function in the regions between mufﬁn tin
spheres.
KORTEWEG–DE VRIES EQUATION
See Boussinesq equation and Soliton.
KOSSEL LINE (W. Kossel, I935)

Diffraction pattern by X-rays generated within
a single crystal. The interference lines (dark, light,
mixed light-dark) are captured on a photoplate after irradiation by a beam of high-energy electrons.
The arrangement of Kossel lines on a kosselogram

is similar to the arrangement of interference lines
on a diffractogram from a monocrystal exposed
to a divergent monochromatic X-ray beam (see
Diffraction methods of investigation). Rays which
obey the Bragg law are diffracted on corresponding reﬂecting surfaces and give rise to Kossel
lines on a photoplate. The Kossel line positions
are determined by crossing the photoplate plane
by Kossel cones with angular openings equal to
π − 2θ (θ is the Bragg angle), and axes normal
to the reﬂecting planes. The quantitative deﬁnition of Kossel line contrast is given by the theory
of dynamic radiation scattering. Kossel lines are
used to determine the lattice orientation relative to
the crystal surface, to measure the lattice constant
with a relative error ∼10−5 , and to obtain information about crystal distortions, and degradations
of crystal lattice symmetry (see Crystal symmetry).
KOSTERLITZ–THOULESS TRANSITION, called
Berezinski–Kosterlitz–Thouless transition in the
Russian literature
A phase transition occurring in planar (two-

dimensional) degenerate systems with a two-component order parameter Ψ eiφ(x) such as twodimensional magnets, superconductors and
superﬂuid helium. Upon tracing around a closed
contour, the angular phase ϕ(x) can change only
by an integer multiple of 2π , i.e. ϕ = 2πQ.
The quantity Q determines a resultant topological charge of the region conﬁned by this contour,
and equals the sum of topological charges of individual excitations (vortices) situated in this region
(see Topological inhomogeneity). The contribution
of each of the vortices to the system energy grows
logarithmically with the increase of size R of the
region: δE = πJ ln(R/a) where a is the interatomic distance, and J is the interaction energy
of nearest neighbor atoms. For several vortices
with zero resultant topological charge, a similar contribution vanishes; therefore, the pairing of
two vortices of opposite topological charge (i.e.
opposite orientation) in a neutral vortex molecule produces a gain in energy (V.L. Berezinski,
1971). As the temperature increases, the number
of “vortex molecules” and the distance between
vortices in a newly formed molecule increase as

KRAMERS–KRONIG RELATIONS

well. At the temperatures T ∼ J /k B , the distances between molecules and between vortices
in a molecule become equal, and the dissociation
of “vortex molecules” occurs. This dissociation
proceeds by the way of a second-order phase transition. The temperature of the transition T c was
calculated by J.M. Kosterlitz and D.J. Thouless
(1973); hence its name.
The Kosterlitz–Thouless transition is associated with the appearance of a ﬁnite density of
topological charge vortices, and exempliﬁes a
topological transition. In contrast to phase transitions involving a change in the ground state
symmetry, there is no long-range order (see Longrange and short-range order) in the two-dimensional system at any temperature T > 0, i.e. the
average value of the order parameter is zero. At
great distances, the correlation parameter changes
from the exponential fall-off at T > T c to a power
law at T < T c . A transverse rigidity appears in the
low-temperature phase; the susceptibility of such
a phase (Berezinski phase) becomes inﬁnite at all
temperatures below T c .
The temperature of the Kosterlitz–Thouless
transition is found from the assumption that the
change in the Gibbs free energy (see Thermodynamic potentials) is zero at the appearance
of a vortex: δG = δE − T δS = 0 where δS =
ln(R 2 /a 2 ) is the vortex entropy, and R 2 is its area.
Creating a single vortex increases the energy at
T > T c = πJρ s /(2k B ). The value ρ s determines
the contribution of vortex-free thermodynamic
ﬂuctuations to the vortex energy; ρ s (T = 0) = 1.
In ﬁlms of superﬂuid 4 He, it is expressed via superﬂuid density ρ s = Jρ s m2 /(k B 2 ) where m is
the mass of a 4 He atom. The ratio ρ s /T c is independent of the ﬁlm thickness, as conﬁrmed by a
number of experiments on ﬁlms of 4 He.
KOSTER–SLATER MODEL (G.L. Koster,
J.C. Slater, 1954)

The simplest variant of the Lifshits method of
degenerate perturbation theory in which the crystal Hamiltonian and the perturbation induced by a
defect are expressed in terms of Wannier functions.
The Koster–Slater model is used for calculations
of energy bands as an interpolation scheme.
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KRAMERS DOUBLET

A pair of energy levels of half-integer spin
having mutually conjugated eigenfunctions with
respect to time inversion. A Kramers doublet is
considered when taking into account the spin–orbit
interaction. It follows from the Kramers theorem
that the levels of a Kramers doublet coincide in the
absence of an external magnetic ﬁeld B. Magnetic
dipole transitions between the levels of a Kramers
doublet are always allowed, while electric dipole
transitions are forbidden for small B.
KRAMERS ION

An ion with an odd number of electrons, and
hence a half-integral spin. In accordance with the
Kramers theorem the energy levels in a Kramers
ion are doubly degenerate in the absence of an external magnetic ﬁeld (Kramers degeneracy). NonKramers ions are also known: those with an even
number of electrons and hence an integral spin
which deﬁne their magnetic properties. In a crystalline electric ﬁeld the energy levels of a free
non-Kramers ion split either fully or in part. For
example, when the value of the spin is S = 1,
a non-degenerate term with magnetic quantum
number M = 0, plus a doubly degenerate term
with M = ±1 appear in a ﬁeld of axial symmetry. Such doublets formed by non-Kramers ions
in a crystal are traditionally called non-Kramers
doublets. They may be described independently of
other levels, particularly when the latter are sufﬁciently far removed from non-Kramers doublets.
A spin Hamiltonian with effective spin S = 1/2 is
then used.
KRAMERS–KRONIG RELATIONS (H. Kramers,
R. Kronig, 1927)

Relations between the real, ε , and the imaginary, ε , parts of the dielectric constant (permittivity) ε(ω):
1
ε = ε(∞) +

π

ε = −

1
π

+∞

−∞

+∞

−∞

ε (x)
dx,
x −ω

ε − ε(∞)
dx,
x−ω

(3)

(4)

where the principal values of the integrals are
taken, and ε(∞) is the high-frequency part of ε .
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The Kramers–Kronig relations were ﬁrst obtained
for the index of refraction n(ω) and the absorption
coefﬁcient k(ω) of an electromagnetic wave in the
form:

c ∞ k(ω1 ) dω1
.
(5)
n(ω) = 1 +
π 0
ω2 − ω12
The Kramers–Kronig relations are used to calculate one of the quantities n or k for any given
ω using the available spectral dependence of the
other. For example, one may calculate the frequency ωm at which n(ω) undergoes its strongest
variations due to the changes in the absorption
k(ω) produced by various external inﬂuences on
the medium. Such a possibility has important implications for holography.
These relations are valid for the real and imaginary parts of any analytical complex function.
They follow from the principle of causality, and
therefore, have an extremely general nature. In
particular, they may be written for a material
susceptibility of any type. The Kramers–Kronig relations can be generalized to account for spatial
dielectric dispersion. Violations of these relations
in the form (1) have been experimentally studied
for a number of molecular crystals, such as CdS,
etc., in the range of exciton absorption.
Historically the Kramers–Kronig relations provide the ﬁrst example of dispersion relations. Generally speaking, these are the integral representations of response functions describing the reaction
to external inﬂuences of a stationary physical system in equilibrium.
KRAMERS THEOREM (H. Kramers, 1929)

A theorem stating that the energy is at least
twofold degenerate (more generally, has an even
degeneracy) in systems with half-integer spin
in the absence of an applied magnetic ﬁeld. It
is closely associated with time inversion (see
Kramers doublet). In solids, the Kramers theorem
is automatically satisﬁed for any values of the
quasi-momentum k, whenever E(k) = E(−k).
When either k and −k differ by a reciprocal lattice
vector or k = 0, a double matching (superposition)
of the energy bands takes place. In crystals possessing a center of symmetry, if spin interactions
are taken into account, this occurs over the entire
k -space (see Group theory).

KRIVOGLAZ–CLAPP–MOSS FORMULA
(M.A. Krivoglaz, 1957; P.S. Clapp, S.C. Moss,
1966).

A formula expressing the intensity I of the diffuse scattering of X-rays by non-distorted solid
solutions in terms of the ordering energy of the solution, w(ρ), for various atom-to-atom distances
ρ among the pairs of interacting atoms. If I (q) is
expressed in electronic units (q is difference between wave vectors of the scattered and incident
waves) then the Krivoglaz–Clapp–Moss formula
for disordered solutions has the form

−1
χ(ρ) cos(q · ρ)
,
I (q) = N(fA − fB )2
ρ

where N is the number of sites in the lattice,
fA and fB are the atomic scattering factors for
atoms A and B in the A–B solid solution, χ(ρ) are
functions of w(ρ), concentration c, and temperature T . Explicit expressions for χ(ρ) are obtained
as expansions in powers of w(ρ)/(k B T ), or of c.
For example, χ(ρ) = w(ρ)/(k B T ) for ρ = 0, and
χ(0) = [c(1 − c)]−1 in the high temperature limit.
Using experimental data on the diffuse scattering of X-rays by single crystals of alloys for
various crystal orientations and various values
of q, and performing the Fourier transformation
of 1/I (q) in a unit cell of the reciprocal lattice,
one may use the Krivoglaz–Clapp–Moss formula
to determine values of w(ρ) for various values
of ρ. They permit one to calculate thermodynamic
characteristics of alloys using statistical theories
of alloy ordering.
KRONIG–PENNY POTENTIAL
See Periodic potential.

k -SPACE, reciprocal space
Space used for representing wave propagation
processes in a solid; its dimensionality coincides
with that of a wave vector: [k] = m−1 . In k-space,
propagating wave states (including quantum-mechanical ones), energy spectra of wave excitations,
and scattering processes are featured. The coordinate space periodicity (translational symmetry) of
an ideal crystal lattice is reﬂected in the reciprocal
lattice of k-space.

KULIK FACTOR
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The wave vectors k in crystals of ﬁnite dimension take on discrete values. Using the Born–von
Kármán boundary conditions, we obtain

KUBO–TOMITA METHOD (R. Kubo, K. Tomita,
1954)
A general formalism used to describe the linear
response of physical variables to a weak exter-

k = k1 b 1 + k2 b 2 + k3 b 3


m1
m
m
= 2π
b1 + 2 b2 + 3 b3 ,
L1
L2
L3

nal perturbation, AF (t). The change in a physical
variable B(t) produced by an external force F (t)
is expressed as

where b1 , b2 , b3 are the basis vectors of the reciprocal lattice; L1 , L2 , L3 are the number of direct
lattice unit cells in three coordinate directions;
m1 , m2 , m3 are integers taking on values, e.g.,
0  m1 < L1 , 0  m2 < L2 , 0  m3 < L3 . Thus,
the total number of discrete values of k is equal
to the number of crystal unit cells N = L1 L2 L3 .
As the quantity N is very large, the distribution of
wave vectors can be regarded as quasi-continuous,
and summations over k can be replaced by integrations carried out inside a Brillouin zone

k

V
··· =
(2π)3
=

V
(2π)3

t
B(t) =
∞

The function
1
Tr ρ A, B(t)
i
is called the system response, and ρ is the density
matrix. The system susceptibility or admittance
is a kinetic coef cient calculated as the limiting
Fourier transform of the response function:
ϕBA (t) =

χBA (ω) = lim

ε→+∞



ϕBA (t − t  )F (t  ) dt  .

∞
ϕBA (t) exp[−iωt − εt] dt.
0

. . . dk

dk1 dk2 dk3 . . . ,

where V is the crystal volume. By correlating elementary or collective excitations of an ideal crystal
with particular the wave functions ψk (r) it is possible to prove the Bloch theorem, which states that

As long as the reaction of the system to external
perturbations remains linear, then calculating the
susceptibility is reduced to calculating the time
correlation functions for the uctuations A − A,
B − B in the equilibrium state. In particular,
this formalism provided the basis for developing
the quantum theory of magnetic resonance, which
does not make use of a kinetic equation for the
density matrix.
KULIK FACTOR (I.O. Kulik)

ψk (r) = eikr uk (r),
where uk (r + l) = uk (r). Therefore, both the
wave function ψk (r) and any measured physical
attribute of a crystal in k-space are periodic functions of k with the period of the reciprocal lattice.
For particular conditions (e.g., for small perturbations, for long wavelengths, and in certain other
cases) the density of states, the energy spectrum,
and other factors are very little altered for imperfect crystals, ﬂuids and glassy-type materials.
KUBO THEORY

See Linear response.

A kinematic factor entering the microcontact
function of the electron–phonon interaction that
determines its dependence on the shape of the microcontact, on the orientation of crystallographic
axes of the metal in the near-contact region with
respect to the contact axis, and also on the average
path length of elastic scattering of electrons. For a
pure contact shaped like a circular hole in an inﬁnitely thin screen that is opaque for electrons, the
Kulik factor has the form
K(v, v  ) =

4|vz vz |
θ(−vz vz ),
|vvz − v  vz |

where v and v  are the velocities of the electron
before and after scattering, the z axis is parallel to the contact axis, and θ(x) is the theta

688

KURCHATOVIUM

function. For microcontacts made of an isotropic
(polycrystalline) metal the Kulik factor has the
form (1 − ϕ/ tan ϕ)/2 where ϕ is the scattering
angle (v, v  ). The Kulik factor accentuates the importance of large-angle scattering on the energydependent part of the microcontact resistance (see
Microcontact spectroscopy).

KURCHATOVIUM, Ku
See Transuranium elements.
KURDYUMOV–SACHS ORIENTATION
RELATIONS
See Orientation relations.

Ll
often called material coordinates and are used in
continuum mechanics. Lagrange coordinates were
introduced by L. Euler. An example of the Lagrange coordinates of a point in a medium under
deformation is the coordinates of that point in its
initial state.

LABELED ATOMS
See Tracers.
LABYRINTHINE MAGNETIC DOMAIN
STRUCTURE
A type of magnetic domain structure in a

highly anisotropic magnetically uniaxial ﬁlm, with
a quality factor exceeding unity, and the easy
magnetization axis normal to the growing surface. Such a structure is characterized by random
orientation of the magnetic domain walls. It is
observable in thin plates of hexaferrites, iron garnets, ferrite spinels, and in amorphous magnetic
lm s of d- and f -metal alloys (see Fig. on the
next page). The labyrinthine structure arises due to
two circumstances: the lack of a preferred domain
wall direction, and entropy production. Numerous
experiments performed on various samples have
demonstrated that a labyrinthine domain structure
develops when a uniformly magnetized state loses
its stability in an external magnetic ﬁeld parallel
to the easy magnetization axis, and the sample
temperature is not too close to the Curie point.
Moreover, if one artiﬁcially forms a regular striped
domain structure in a ﬁlm, the spatial ordering
in the domains keeps gradually fragmenting under the effect of uniform external factors. These
factors may include temperature effects, constant
or alternating magnetic ﬁelds parallel to the easy
magnetization axis, uniaxial extension or compression of the sample along that axis, etc., so that
the magnetic domain structure eventually transforms to a labyrinthine type.

LAMBDA PHASE
See Laves phases.
LAMBDA POINT (λ-point)

Transition temperature Tλ = 2.17 K of liquid

helium (4 He) from the normal (He I) to the superﬂuid (He II) state (see Super uidity). This is a
second-order phase transition. The term lambda

point arises from the resemblence of the plot of
the 4 He speci c heat versus the temperature in the
vicinity of Tλ to the Greek letter λ, as shown in
the ﬁgure. Such anomalous behavior of the speciﬁc heat (logarithmic singularity at T = Tλ ) is
related to the large critical uctuations over a broad
region near the λ-point.

LAGRANGE COORDINATES (J.L. Lagrange,
1788)

The coordinates of a point in a continuous
medium that characterize that point, are conserved, and remain speciﬁc for that point independent of any strain of the medium. They are

Lambda point of liquid 4 He.
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LAMBERT LAW

Labyrinthine magnetic domain structure.

LAMBERT LAW (J. Lambert, 1760)
See Re e ction of light.

LAMINATED CRYSTALS
See Quasi-two-dimensional crystals.

LAMÉ COEFFICIENTS (G. Lamé, 1852)
Coefﬁcients of the squared dilatation, u2ii , and

of the sum of squares of all the components of
the strain tensor, u2ik , in the expansion of the
free energy of a deformed isotropic body. The
free energy is represented in the form: F = F0 +
(1/2)λu2ii + μu2ik , where F0 is a constant and λ
and μ are the Lamé coefﬁcients. The coefﬁcient
μ is the shear modulus, while the combination of
two coefﬁcients K = λ + 2μ/3 is the bulk modulus (compressibility modulus). The quantities λ
and μ are expressed via Young’s modulus, E, and
the Poisson ratio, ν, as follows:
λ=

Eν
,
(1 − 2ν)(1 + ν)

LAMINA
See Plates.

μ=

E
.
2(1 + ν)

LANDAU DAMPING (L.D. Landau, 1946)

A collision-free damping of collective plasma
oscillations (waves) in a classical (nondegenerate)
electron–ion plasma, or in a quantum (degenerate)
electron–hole solid-state plasma.
Classic Landau damping occurs when waves
interact with resonance particles moving at velocities v that are close to the phase velocity of the
wave, ω/k. Faster particles that catch up with the
wave transfer some of their energy to it, while
slower particles that lag behind extract energy
from the wave. Since an equilibrium electronion plasma with a Boltzmann–Maxwell distribution f (v) (see Boltzmann distribution, Maxwell
distribution) has more slower particles (electrons,
holes) than faster particles (see Fig. 1(a)), and the
wave as a whole expends energy by accelerating
slow particles, its amplitude falls exponentially
with time, e−γL t . The decrement of Landau damping, γL , is proportional to the derivative ∂f/∂v of
the distribution function with respect to velocities

LANDAU DAMPING
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Fig. 1. Electron velocity distribution function (a) in an equilibrium Maxwell plasma, and (b) in a plasma pierced by an
electron beam. The region v1 < v < v0 corresponds to the kinetic beam instability.

at v = ω/k and is positive for ∂f/∂v < 0. The
latter condition is satisﬁed for every v in an equilibrium plasma. However, we can have ∂f/∂v > 0
in a certain velocity range in a highly nonequilibrium plasma (e.g., when an electric current
or charged particle beam propagates through the
electron-ion plasma (A. Akhiezer, Ya. Fainberg,
D. Bohm, E. Gross, 1949; see Fig. 1(b)). In
that case γL < 0, and an exponential build-up of
plasma waves takes place, resulting in the socalled kinetic beam (or current) instability. The
detection of this instability in a solid-state plasma
is hampered by strong relaxation (scattering) of
free charge carriers (conduction electrons, holes)
or vibrations (phonons) and point defects (impurities, vacancies) of a crystal lattice. However,
various dissipation instabilities become possible
in a nonequilibrium solid-state plasma.
A quantum analog of the Landau damping
takes place in the degenerate electron (hole) plasma of metals (semimetals). It results from the decay of collective (plasma) excitation quanta of the
boson type, i.e. plasmons. These decay into oneparticle electron excitations of the fermion type –
the electron–hole pairs that follow the conservation laws of energy and momentum. For the cases
of an isotropic three-dimensional (3D) degenerate
electron plasma, and of a two-dimensional electron
gas (2D) generated in inversion layers and stratiﬁed crystals (see Quasi-two-dimensional crystals),
the range of Landau quantum damping with a nonvanishing imaginary part of the dielectric constant

Im ε(q, ω) is determined by the condition (J. Lindhard, 1954; F. Stern, 1967):





q
q
− 1 < ω < qvF
+1 ,
max 0, qvF
2kF
2kF
where vF is the Fermi velocity, kF is the electron
Fermi momentum, and ω and q are the frequency
and momentum, respectively (see Fig. 2(a) with
the damping region hatched, where ωp is the
plasma frequency).
In a one-dimensional (1D) degenerate electron
gas found in thread-like crystals, the range of Landau quantum damping is deﬁned by the condition
(P. Williams, A. Bloch, 1974):


q
q
− 1 < ω < q vF
+1 ,
q vF
2kF
2kF
where q is the longitudinal component of momentum in the direction of the chains. Due to
shrinking of the phase volume available for the
process of plasmon decay, there exists a “transparency window” (see Fig. 2(b)) with Im ε(q, ω) =
0 in the range 0 < ω < q vF (1 − q /2kF ) for
q < 2kF .
Nonlinear Landau damping (R.K. Mazitov,
1965; O’Neil, 1965) takes place when the damping time, γ −1 , is longer than the oscillation period
of the resonance particles in the traveling wave
ﬁeld, −ϕ0 cos(kx − ωt). Phase trajectories of such
particles are shown in Fig. 3. The region inside
the separatrix corresponds to trapped particles, and
that outside it to transient ones. The characteristic
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Fig. 2. Plasmon spectrum, ω(k), and Landau quantum damping region (hatched) of a degenerate electron plasma (a) in
an isotropic 3D-metal, and (b) in a quasi-one-dimensional (chain-like) metal.

Fig. 4. Electron distribution function showing (a) formation of rapid oscillations, and (b) plateau region.
Fig. 3. Phase trajectories of electrons in a wave ﬁeld.

velocity of trapped particles and their oscillation
frequency are of the order of v = (eϕ0 /m)1/2 (e is
the charge and m the mass), and 
ω = k
v , respectively. The velocities of transit particles exceed
2
v in magnitude. The wave affects the electron
trajectories, so collision-free damping weakens,
compared to linear damping. The situation is that
the particles with different energies have different
oscillation frequencies in the wave ﬁeld: while the
frequency equals 
ω at the bottom of the well, it
tends to zero near the separatrix. Therefore, the
points in the phase plane rotate so that a mixing of the initial equilibrium distribution occurs in
the phase space. As a result, within several oscillation periods, a small-scale feature forms in the
distribution function within a 4
v interval near the
wave phase velocity vph = ω/k (see Fig. 4(a)).
Due to electron collisions, ﬁne oscillations of

f (vx ) vanish quickly and a plateau forms (see
Fig. 4(b)).
The nonlinear damping decrement, γ (t), oscillates with time. Let the ﬁeld be switched on
at t = 0. While the derivative ∂f/∂vx is negative, the decrement is positive and is numerically
equal to its linear value, γL . The resonance particles then extract the energy from the wave. During
the next half-period, the resonance particles release, on the average, their energy and we have
γ < 0. At t → ∞, when a plateau has already
formed in the distribution function, damping vanishes. The decrement never becomes zero in an
electron plasma with collisions, but is proportional
2π/ω, where a = (
ωτ )−1  1 is
to aγL for t
the ratio of the particle oscillation period to the
time τ of electron scattering. The numerical value
of γ (t) may be found by equating the work done
by the wave on the resonance particles to the depletion of wave energy.

LANDAU–LIFSHITS EQUATION
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The mechanism of nonlinear Landau damping
explains the lowering of the sound absorption coefﬁcient found in metals and semiconductors for
growing wave amplitudes.
LANDAU DIAMAGNETISM (L.D. Landau, 1930)
Diamagnetism of free electrons in an external
magnetic eld, B. The magnetic properties of an

electron gas in the ﬁeld result from the presence
of the intrinsic spin magnetic moment of the electrons (see Spin), and from changes in the nature of
the motion of free electrons in that ﬁeld. The magnetic ﬁeld bends electron trajectories in such a way
that their projections onto the plane normal to B
acquire the shape of closed trajectories (circular
orbits in a uniform ﬁeld B). The evolving quasiperiodic motion of electrons in orbits is quantized
and adds a diamagnetic component, χLD to the
magnetic susceptibility of the electron gas:
 
4mμ2 π 2/3 1/3
χLD = − 2 B
n ,
3
h
where n is the electron gas density, m is the electron mass, and μB is the Bohr magneton. The
spin magnetic moment of the electrons deﬁnes
the paramagnetic part of the susceptibility, which
exceeds the Landau diamagnetism by threefold.
Measured susceptibilities of paramagnetic metals provide the algebraic sum of the diamagnetic
and the paramagnetic contributions of both the
electron gas and the ions of the crystal lattice.
However, the technique of electron paramagnetic
resonance allows determining the paramagnetic
component alone, and hence the diamagnetic one
as well. At low temperatures, the magnetic susceptibility of metals (both dia- and paramagnetic)
follows an oscillatory dependence on B (see De
Haas–van Alphen effect).
LANDAU LEVELS
See Quantizing magnetic eld.
LANDAU–LIFSHITS DOMAIN STRUCTURE
(L.D. Landau, E.M. Lifshits, 1935)
A plane-parallel (stratiﬁed) magnetic domain
structure with domains of closure (see Fig.) that

the authors suggested for ferromagnets with a single easy magnetization axis. Apparently it is never
realized in uniaxial ferromagnets, but is found, as

Domain structure of a plate of a cubic ferromagnet with
its easy magnetization axis parallel to the (100) axis, and
its surface normal to the easy magnetization direction.
Arrows show directions of magnetization in the domains.

a rule, in cubic crystals with a positive magnetic
anisotropy constant. The energy expenditure for
the formation of domains of closure is related to
the magnetostriction, and the equilibrium dimensions of the Landau–Lifshits domain structure are
found from the condition of minimizing the magnetic domain wall plus magnetoelastic energy (see
Magnetoelastic interaction). The domain size, D,
is related to the size of the sample, d, and, in
the case of thin enough plates it is given by the
approximate relation D ∝ d 1/2 . With an increase
in the plate thickness the domains fragment and
branch (see Magnetic domain structure).
LANDAU–LIFSHITS EQUATION (L.D. Landau,
E.M. Lifshits, 1935)

An equation derived within the phenomenological approach to describe the dynamics of the
magnetization, M(r, t), of a ferromagnet. It is formulated in terms of the normalized magnetization
m = M/|M|, and used to describe the magnetic
domain wall dynamics at low velocities, the magnetic susceptibility of a ferromagnet with a domain
structure, and ferromagnetic resonance. It is the
basis of the phenomenological theory of magnetism, and is used to describe both ferromagnets
and multi-sublattice magnetics (antiferromagnets,
ferrimagnets). The Landau–Lifshits equations for
the magnetization vectors of magnetic sublattices
have the form:
∂M
= γ [MH eff ] + R,
∂t
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where γ = gμB /, g is the gyromagnetic ratio (g = 2 for spin magnetism), μB is the Bohr
magneton, H eff is the effective ﬁeld equal to
– δW/δM, and W (M) is the magnetic energy expressed as a functional of the magnetization. For
an n-sublattice magnetic material the equation for
the magnetization of the ath sublattice, M a , is
obtained by the substitution M → M a , H eff =
(a)
H eff = −δW (M 1 , . . . , M n )/δM a . The term R
provides for relaxation of the magnetization ﬁeld
energy. Within the nondissipative approximation
(R = 0), the Landau–Lifshits equation has the
following integrals of motion: energy W and momentum P ,

dr(My ∇Mx − Mx ∇My )

,
P=
2μB
M0 + Mz
of the magnetization ﬁeld. The length of the vector M is conserved, and has the Cartesian components
Mx = M0 sin θ cos ϕ,
My = M0 sin θ sin ϕ,
Mz = M0 cos θ.
The Landau–Lifshits equations have the following
forms in terms of the angular variables for M:
sin θ

∂θ
γ ∂W
=−
,
∂t
M0 ∂ϕ

sin θ

γ ∂W
∂ϕ
=
,
∂t
M0 ∂θ

where W = W (θ, ϕ) is the functional of magnetic energy expressed in spherical coordinates θ
and ϕ. In that form, the Landau–Lifshits Hamiltonian equations are: ∂q/∂t = δH /δp, ∂p/∂t =
−δH /δq for q = cos θ , p = ϕ and H = W . In
a one-dimensional case, when M = M(x, t), the
Landau–Lifshits equation for a ferromagnet, with
its energy quadratic in powers of the magnetization, can be integrated explicitly if dissipation
is ignored. It is equivalent to the method of the
inverse problem of scattering theory, has an inﬁnite series of conservation laws, and admits the
existence of many-soliton solutions satisfying the
asymptotic principle of superposition (see Soliton).

The dissipation term R is often written in the
Landau–Lifshits or the Gilbert (T.I. Gilbert, 1955)
form:
RLL = λγ M0 Heff − m(mHeff ) ,


α
∂M
,
RG =
M,
M0
∂t
where λ and α are dimensionless relaxation constants. For R = R LL and R G , the Landau–Lifshits
equations become equivalent under the substitution λ → α and g → g  = g(1 + α 2 ). The
Landau–Lifshits equations containing R LL or R G
exactly conserve the length of the magnetization vector |M| = M 0 = const, and provide a
way to write these equations in angular coordinates. In that case, the right-hand sides of the
equations for ∂θ/∂t and ∂ϕ/∂t involve the terms
α sin2 θ(∂ϕ/∂t) and ∂θ/∂t , respectively. However, the variable R in those forms describes
the phenomenon of relaxation only qualitatively,
coming into conﬂict with both microscopic calculations based on the method of Green’s functions,
and experimental data. Since this variable R fails
to account for the dynamic symmetries of interactions of the Heisenberg magnet, V.G. Bar’yakhtar
(1984, 1986) proposed a relaxation term in the
form R B = R e + R r , where R e and R r originate from exchange and relativistic interactions,
respectively.
The term R e = −λe a 2 M 0 ∇ 2 H eff describes
relaxation when the
 resultant magnetic moment
of a crystal, μ = M dr is conserved, where λe
is the exchange relaxation constant, and a is the
lattice constant. The structure of R r is essentially
deﬁned by the magnetic symmetry.
The Landau–Lifshits equation is widely used
to describe both linear and nonlinear dynamic
phenomena when a microscopic quantum analysis is either difﬁcult or impossible, such as for
spin waves in inhomogeneous or bounded magnetics (see Walker modes, Magnetostatic oscillations),
and nonlinear magnetization waves (see Magnetic
domain wall dynamics, Magnetic soliton).
LANDAU SUPERFLUIDITY CRITERION

The most general condition imposed upon the
dispersion law for single-particle and collective

elementary excitations in a superﬂuid quantum

LANDAU THEORY OF SECOND-ORDER PHASE TRANSITIONS
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Fig. 1. Spectrum of quasi-particles in (a) neutral and
(b) charged Bose-liquids.

particle system on the basis of the conservation
laws of energy, E(p), and momentum (quasimomentum), p. The Landau superﬂuidity criterion
has the form vc = min{E(p)/p} > 0 and constitutes a sufﬁcient condition for the E(p) spectrum
to satisfy. Provided the ﬂow rates of the quantum
system as a whole fulﬁll the condition v < vc ,
then all its intrinsic excitations resulting from interactions with other external systems (such as
capillary walls, the crystal lattice) remain forbidden. In other words, no exchange of energy or
momentum as well as no transitions of the system into excited states are possible. The Landau
superﬂuidity criterion characterizes the degree of
stability of the ground state of a superﬂuid component in a quantum system (the Bose condensate)
with respect to external excitations.
In a neutral Bose-liquid (4 He), the superﬂuidity criterion is also met because, on the one hand,
the acoustic dispersion law is valid for both singleparticle oscillations, and many-particle excitations
hybridized with the former at p → 0, while on
the other hand, a minimum in the E(p) plot is
present at p = 0 (see Fig. 1(a)). In a system of
charged bosons (e.g., bipolarons), The Landau criterion is satisﬁed for a ﬁnite gap, equal to the
plasma frequency ωp , in the spectrum of elementary excitations at p = 0 (see Fig. 1(b)). Such
a gap develops due to the Coulomb interaction.
For a Fermi system (e.g., conduction electrons),
the Landau superﬂuidity criterion is met when
an energy gap of 2Δ appears in the spectrum of
single-particle excitations (electron–hole pairs) at
the Fermi level (see Fig. 2). The critical velocity
then equals vc = Δ/pF , where pF is the Fermi
momentum, deﬁning the maximum critical current
in superconductors.

Fig. 2. Spectrum of quasi-particles in superconductors
(2Δ is the energy gap).

LANDAU THEORY OF SECOND-ORDER
PHASE TRANSITIONS (L.D. Landau, 1937)
A phenomenological theory of phase transitions based on the hypothesis that the nonequilibrium thermodynamic potential Φ may be expanded
in a power series of a variable η called the order
parameter :

Φ = Φ0 + Aη2 + Bη4 .

(1)

The value η = 0 is attained in the phase of the
highest symmetry, while for any η = 0 the symmetry of the state of matter is lower than that of the
symmetric phase, and corresponds to an unsymmetric phase. The expansion coefﬁcients in Eq. (1)
are temperature dependent with A = a(T − Tc ),
where Tc is the temperature of a second-order
phase transition. The equilibrium value of η is
obtained by minimizing Eq. (1), from which it
follows that the symmetric phase (η = 0) is stable at T > Tc , while for the unsymmetrical one
with η = 0 we have η2 = −A/(2B) ∝ (Tc − T ) at
T < Tc .
In a general case, the order parameter is a multicomponent variable (see Structural phase transition). When formulating the Landau theory, the
function of the change of crystal density δρ (or
some other physical variable) in an unsymmetric
phase is assumed to be expandable in the func(m)
tions ϕα that transform according to the αth
row of the mth irreducible representation of the
symmetric phase spatial symmetry group: δρ =
(m) (m)
(m)
α,m ηα ϕα . All coefﬁcients ηα are zero for
the symmetric phase, while some of them may be
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nonzero for an unsymmetric phase. Therefore, the
(m)
ηα coefﬁcients play the roles of order parameters. Since the potential should be invariant with
respect to the symmetric phase symmetry group,
the expansion in the powers of the order parameter assumes the form
 (m) 2

ηα
Am
+ Φ3 + Φ4 + · · · .
Φ = Φ0 +
m

α

(2)
Expansion (1) is a particular case of Eq. (2) for
a second-order transition under a one-dimensional
irreducible representation. Two limitations exist
for a second-order transition under a given irreducible presentation. The continuity of the transition requires that Eq. (2) contain no invariants
(m)
cubic in ηα that would correspond to one and
the same irreducible representation. The stability
of the emerging unsymmetric phase with respect
to the presence of nonuniform strains requires that
no invariants linear in the ﬁrst spatial derivatives
(m)
(m)
(m)
(m)
of the form ηα (∂ηβ /∂xi ) − ηβ (∂ηα /∂xi )
be present. The Landau theory provides a qualitatively correct description of a second-order transition. However, in the close vicinity of Tc (the
critical region), nonuniform ﬂuctuations of the order parameter (critical uctuations) start to play a
signiﬁcant role, and may qualitatively alter the results (see Ginzburg number).
LANDÉ g -FACTOR, magnetic splitting factor
(A. Landé, 1921)

The dimensionless gyromagnetic ratio factor
g L which is a measure of the ratio of the magnetic
moment to the angular momentum of an atom or
subatomic particle in the presence of spin–orbit
coupling. It is given by the Landé formula
gL =

3 S(S + 1) − L(L + 1)
+
2
2J (J + 1)

which provides the Zeeman splitting of atomic energy levels in a magnetic ﬁeld (see Zeeman effect).
The values of the Landé g-factor depend on the
electron conﬁguration, and are valid for Russell–
Saunders coupling. For a purely orbital moment
(S = 0, J = L), the Landé factor equals unity, and
for a purely spin moment (L = 0, J = S), it is 2.
A free electron has the value g = 2.0023. Crystalline electric ﬁelds in solids act on the orbital

motion of magnetic ions such as transition ions
and cause the g-factor to deviate from the Landé
value, sometimes to a considerable extent.
LANGEVIN–DEBYE FORMULA (P. Langevin,
P. Debye, 1912)

Formula describing the nonlinear orientation
polarization of noninteracting electric dipoles μ0
under the effect of an applied electric ﬁeld E. For
low ﬁelds a linear dependence on the ﬁeld is expected for the average moment μ = α D E, where
α D is the dipole polarizability given by the Debye
formula, α D = μ20 /(3k B T ). In relatively strong
electric ﬁelds the polarization saturates, becoming
nonlinear and described by the Langevin–Debye
function:


μ E
μ
,
=L 0
μ0
kBT
where L(x) is the Langevin function. Meanwhile,
the dielectric constant ε of a polar insulator in a
strong ﬁeld becomes weaker. For small x (in weak
ﬁelds), we have L(x) ≈ x/3, and the Debye formula follows. The Langevin–Debye formula is a
generalization of the Clausius–Mossotti equation
for polar insulators, and it accounts for the temperature dependence of ε.
LANGEVIN FUNCTION (P. Langevin, 1906)

A function deﬁning the value of the magnetization of paramagnets in the classical limit, i.e.
of paramagnets with large values of magnetic moments in their atoms (molecules)
L(x) = coth x −

1
,
x

x=

j μB gH
,
kB T

where μB is the Bohr magneton, g is the gyromagnetic ratio, and H is the magnetic ﬁeld. The
Langevin function may be obtained as the classical
limit of the Brillouin function Bj (x) for j → ∞.
LANGMUIR–BLODGETT FILMS (I. Langmuir,
K. Blodgett, 1937)

Films of organic materials of a speciﬁc type
formed by successive deposition of monolayers
on a substrate. Usually, the molecules of such
materials are elongated, and their opposing ends
have different chemical compositions, and differ
in the nature of their interaction with the substrate.

LANTHANUM

For example, a number of fatty acids and their
derivatives have molecules in the shape of long
hydrocarbon chains built of (CH2 )n groups that
exhibit hydrophobic properties (see Lyophilic and
lyophobic behavior), one end of such a molecule
having a hydrophilic group of atoms (amphiphilic
molecules). When placed on a water surface, such
a substance spreads into a monomolecular layer.
This layer may be in various states of matter
depending on the ambient conditions (see Monolayer). Molecules in a solid monolayer sit close
to each other in a parallel arrangement so that
their hydrophilic ends face the water surface and
their hydrophobic ends look outside. A monolayer structured this way may be transferred to
a solid substrate. By repeating the operation one
may form Langmuir–Blodgett ﬁlms of prescribed
thickness that consist of monolayers alternating
in a prescribed order. The structure, and the optical, magnetic, electric and other properties of
Langmuir–Blodgett ﬁlms have been widely studied, and their applications to microelectronics are
well developed, especially those associated with
the task of producing molecular level microelectronics.
LANTHANIDES (fr. lanthanum and Gr. ειδoς ,
type), general symbol Ln

Family of 14 chemical elements with atomic
numbers from 58 to 71, coming after La in the
periodic system; belonging, as does La, to the
rare-earth elements. Lanthanides include the elements: cerium Ce, praseodymium Pr, neodymium
Nd, artiﬁcially produced radioactive promethium
Pm, samarium Sm, europium Eu, gadolinium Gd,
terbium Tb, dysprosium Dy, holmium Ho, erbium
Er, thulium Tm, ytterbium Yb, lutetium Lu. These
elements occur rarely and widely scattered in nature. Based on their properties, lanthanides are
subdivided into the light cerium (from Ce to Gd)
and the heavy (Tb to Lu) subgroups. Electronegativity ranges from 1.2 to 1.3.
Physical and chemical properties of all lanthanides are similar to each other as a result of the
similarities of their electronic shell structures. The
conﬁgurations of the outer shells of the majority
of lanthanides are 5s 2 p6 6s 2 (except Ce, Gd and
Lu: each of which has one 5d electron). Electrons
added to atoms of the lanthanides with increasing atomic number enter the 4f -sublevel, hence
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the lanthanides are called f -elements). In chemical compounds, the atoms of lanthanides usually
loose three electrons for the oxidation state +3,
and some also form oxidation states +2 and +4.
With increasing atomic number there is a gradual
reduction of the radius of neutral atoms and ions
from 0.102 nm (Ce3+ ) to 0.080 nm (Lu3+ ), the
so-called lanthanide contraction.
In free form the lanthanides are silvery metals,
T melting decreases from 1073 (Ce) to 936 K (Lu).
The metals possess comparably low electrical conductivity, and most of them are paramagnetic.
Some lanthanides (Gd, Dy, Er) at low temperatures possess ferromagnetic properties. Upon fusion, lanthanides mix with each other yielding
solid solutions, the so-called mischmetal. Many
lanthanide compounds are used in the manufacture of special optical glasses, luminophors, crystallophosphors, laser materials; some lanthanides
are components in high-temperature superconductors.
LANTHANUM, La

A chemical element of Group III of the periodic system with atomic number 57 and atomic
mass 138.91, belongs to rare-earth elements.
A natural mixture consists of a stable isotope
139 La (99.911%) and a radioactive isotope 138 La
(0.089%), which decays by K-capture with halflife T1/2 = 1.1·1011 years. Isotope 139 La is
formed by ﬁssion of uranium (6.3% of mass of
all ﬁssion fragments) and is “the reactor poison”.
Conﬁguration of outer electronic shells is 5d 1 6s 2 .
Successive ionization energies are 5.577, 11.06,
19.176 eV. Atomic radius is 0.187 nm; radius of
La3+ ion is 0.114 nm. Oxidation state is +3, and
electronegativity is ≈1.1.
In a free form, lanthanum is a silvery-gray
metal. It has three allotropic modiﬁcations:
α-La, β-La, γ -La. The α-La form with a double hexagonal close-packed lattice and parameters a = 0.3770 nm, c = 1.2159 nm is stable at
temperatures below 533 K. In the range 533 to
1150 K β-La forms a face-centered cubic lattice
with parameter a = 0.5304 nm. At temperatures
above 1150 K β-La transforms to body centered γ -La with a = 0.426 nm. Density of α-La
is 6.162, of β-La 6.190, of γ -La 5.97 g/cm3 ;
T melting = 1193 K; T boiling = 3743 K. Heat
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of melting is 6.19 kJ/mole; heat of evaporation is 412.15 kJ/mole; and speciﬁc heat cp =
27.8 J·mole−1 ·K−1 . Coefﬁcient of thermal expansion is 4.9·10−6 K−1 (at 298 K). Thermal
conductivity is 13.8 W·m−1 ·K−1 (at 300 K).
Debye temperature of β-La is 146 K. Electric resistivity of α-La is 0.568 μ·m (at 298 K), of
β-La 0.98 μ·m (at 830 K), of γ -La 1.26 μ·m
(at 1160 K). Temperature coefﬁcient of electric
resistance of α-La is 2.18·10−3 (at 273 K). Superconducting transition temperature of α-La is
4.90 K, of β-La 5.85 K. Work function is 3.3 eV.
Lanthanum is a paramagnetic substance. Thermal neutron cross-section of 139 La is 9 barn.
At room temperature, normal elastic modulus is
≈6·104 MPa; Poisson ratio is 0.288. Yield limit of
a cast sample at the temperature 293 K is 125 MPa,
ultimate strength is 130 MPa, relative elongation
is 8%. Vickers hardness (at 293 K): of a cast sample 490, of an annealed sample 363, of a forged
sample 1180 to 1740 MPa. At room temperature,
sufﬁciently pure lanthanum is forgeable (manufacturing sheets is possible) and pressable, but it
does not possess sufﬁcient toughness. Ion-plasma
frequency is 8.70 THz. Linear low-temperature
electronic speciﬁc heat (Sommerfeld coefﬁcient)
is 10 mJ·mole−1 ·K−2 . Lanthanum is used in optical glasses, as a getter in alloys with Ni, as a
component of mischmetal.
LARMOR PRECESSION (I. Larmor, 1895)

Precessional rotation of a stable system of
identical (usually charged) particles with magnetic
moments located in a uniform constant magnetic
e ld, the ﬁeld direction serving as the rotation axis.
The Larmor theorem states that when a uniform
magnetic ﬁeld B is impressed upon a system of
such particles (e.g., electrons or atomic nuclei),
the equations of motion retain their form when
transformed to a system of coordinates in uniform
rotation about the direction of that ﬁeld at the Larmor frequency ωL = eB/(2m) (SI units). Here e
and m are the charge and mass of an electron,
respectively. The magnetic ﬁeld thus produces a
uniform precession of the orbit of each charged
particle around the ﬁeld direction. The Larmor
precession is caused by the magnetic component
of the Lorentz force upon charged particles, and is
similar to the precession of a gyroscope axis in a

uniform gravitational ﬁeld. The Larmor theorem
holds if ωL remains small compared with the normal frequencies of orbiting particles in the absence
of a magnetic ﬁeld. We have ωL ∝ 3·1010 s−1 for
electrons in a very strong magnetic ﬁeld (1 T),
while the electron orbiting frequency in an atom
is of the order of 1015 s−1 . Thus, the Larmor
theorem has an extremely wide application range.
As the result of this precession of charged particles, a macroscopic system acquires a magnetic
moment. Therefore, the Larmor theorem helps explain the phenomena of diamagnetism, the normal
Zeeman effect, and the Faraday effect (magnetic
rotation of light polarization plane).
LASER (acronym for Light Ampli cation by
Stimulated Emission of Radiation)

A source of coherent radiation generated during stimulated emission or light scattering by an
active medium located in a resonant cavity. Every
laser contains three principal elements: a laser
active medium, a system for pumping the active
medium (pumping system), and an optical resonant cavity (see Resonators). The active medium
can be either a gas, a liquid or a solid. To pump
this medium light from nonlaser sources can be
used, as well as an electric discharge, thermal
heating, etc. The simplest optical resonant cavity consists of two ﬂat mirrors placed parallel to
each other. To extract the radiation, one of the
mirrors is made semitransparent or has a special
opening. Typical lasers generate radiation within a
range from the UV to submillimeter frequencies,
and operate either by continuously emitting power,
or in a pulse mode. Some lasers operate at a ﬁxed
frequency, and others are tunable in their radiation frequency (dye lasers, etc.). Some continuous
power lasers can generate in excess of 1 MW, and
some pulse lasers can produce output powers exceeding 10 TW, providing energy ﬂux densities at
targets that exceed 1015 W/cm2 , with their pulse
energy reaching 10 kJ.
Lasers are used in research (spectroscopy,
holography, thermonuclear fusion, etc.), information technology (communications, data storage,
etc.), and technological applications (laser chemistry, isotope separation, semiconductor production, cutting, welding, smelting, etc.). Three directions of laser applications in the physics of solids

LASERS WITH DISTRIBUTED FEEDBACK

are: (a) studying interactions of laser radiation
with solids; (b) using the effects of such interactions to study the composition and properties of
solids (spectral analysis, mass spectrometry); and
(c) using laser radiation to process various materials and alter or improve their properties (surface cleansing, surface hardening, surface doping
and cladding, deposition of thin lms , etc.). Laser
types include solid-state lasers, gas lasers, excimer, plasma, and free-electron ones.
See also Electron beam pumped laser, Heterojunction laser, Holographic laser, Injection laser,
Lasers with distributed feedback, Semiconductor
lasers, Solid-state laser, Streamer laser, Tunable
lasers, X-ray laser.
LASER ACTIVE MEDIUM

A medium capable of amplifying electromagnetic radiation by the use of a laser energy transition. Active laser media are known in every state
of matter, including plasma. Among the most important such media are various solids including
crystals and glasses (see Active solid-state laser
materials) activated with ions of the transition
and rare-earth elements (ruby (Cr+3 ), yttrium–
aluminum garnet, Nd+3 , neodymium glass, etc.);
alkali-halide crystals with color centers, e.g.,
LiF: F+
2 ; artiﬁcially layered structures (heterostructures) for charge recombination, inhomogeneously doped semiconductor crystals, and heterogeneous structures. They are used in lasers
operating in every mode of generation from continuous emission to supershort pulses.
LASER ELEMENT, ACTIVE
See Active laser element.
LASER EPITAXY

A technique used to produce monocrystalline
semiconductor layers on oriented substrates using
laser pulse or scanning heating. A laser beam inci-

dent on a target evaporates atoms which fall onto a
substrate to form a thin lm . Laser epitaxy was ﬁrst
observed during pulsed annealing of semiconductor surface layers (Si, Ge, GaAs) transformed into
the amorphous state by ion implantation. Without
affecting the lower layers of a crystalline material, pulse heating can bring the temperature up to
Tmelt.a at which the amorphous layer starts to melt.
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At T < Tmelt.a , the process of laser epitaxy takes
place in the solid phase, and when T = Tmelt.a ,
it proceeds through the liquid phase (see Liquidphase epitaxy). Solid-phase laser epitaxy is triggered when amorphous layers are pulse-heated
within an interval of several microseconds, and the
liquid phase type within nanoseconds. Heating the
semiconductor by 6–8 ms long ruby laser pulses at
power densities of 40–60 J/cm2 brings the layer
up to the temperature 900–1100 K, and restores
the monocrystalline structure. Heating with 50 ns
long pulses at power densities over 3 J/cm2 melts
the amorphous layer all the way down to the substrate.
The mechanism of laser epitaxy is described
satisfactorily by the thermal model of pulse heating which assumes that the mean free path of
the charge carriers produced in the semiconductor by the light pulse is shorter than the thermal
diffusion length, and the carrier lifetime is shorter
than the pulse duration. These conditions provide
for the transformation into heat of energy of the
electron–hole plasma produced by the radiation.
Plasma phenomena appear during picosecond duration pulses. High crystallization rates attained
during laser epitaxy with melting impart semiconductor layers with concentrations of impurities
10–100 times higher than those acquired by crystallization under equilibrium conditions.
LASER MATERIAL, ACTIVE
See Active solid-state laser materials.
LASER RESONATOR, DISPERSION
See Dispersion laser resonator.
LASERS WITH DISTRIBUTED FEEDBACK
A type of laser with enhanced spectral selec-

tivity of the resonator cavity attained either by
periodic modulation of the laser active medium,
or from the optical waveguide along the radiation
direction of propagation. Such a modulation by
diffraction provides feedback resulting in a distributed radiation output from the cavity. The periodicity of the medium may be caused by changing its
volume or by modulating the transverse surfaces
of the waveguides, which are then corrugated by
etching. First used in dye lasers (see Solid-state
quantum electronics), the principle of distributed
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feedback has found its widest application in injection lasers, in those with optical pumping, and in
those excited by an electron beam. Periodic modulation of the waveguide thickness is effected either
inside the active zone with gain g (distributed
feedback lasers) or outside it (distributed Bragg
reﬂection lasers). Distributed reﬂection may be
combined with a cavity having concentrated endface mirrors. Distributed output makes it possible
to obtain a collimated beam with low divergence
determined by the length of the periodic output
structure. The direction of the scattered wave depends on the order m of the dispersing grating:
sin θi = 2i/m − 1, where θi is the angle of the
scattered wave front relative to the direction of
its propagation; and i is an integer. The separation of longitudinal normal frequencies (modes) of
the resonant cavity of a distributed feedback laser
depends on the length of the cavity L, i.e. the distance between the boundaries of the homogeneous
and the periodic media.
LASER TECHNOLOGY
Processing and welding technology applications of laser radiation in various materials.

The high directionality of laser radiation allows focusing a ray on a spot with a diameter
comparable to the wavelength of the radiation. The
energy density attainable is sufﬁcient to heat, melt
and evaporate any natural or artiﬁcial material,
so welding, boring, cutting and thermal processing are practable. Solid-state lasers and gas lasers
operating in both the continuous wave (CW) and
pulse modes are used.
The advantages of laser technology are manifold. The effects inﬂicted on materials are local
in nature; the heating remains very localized, and
there is no physical contact during processing.
It is also possible to process materials in any
transparent medium, or to work through transparent shields. These applications are widespread
in the electronic and radio industries, and lasers
with output powers of several dozen kilowatts are
routinely used in the machine building industry
(automobile manufacture and tool making).
At power densities of 105 –106 W/cm2 metals melt, which is the basis for laser welding,
and provides high-quality joints between stainless steel, nickel, molybdenum, Kovar, etc. It is

possible to weld metals with high thermal conductivities (aluminum, silver) as well as materials
of sharply differing properties, such as nonmetals
which resist welding by other techniques. At pulse
energies between 0.1 and 30 J, typical for solidstate lasers, the depth of the material melted is
0.05–1 mm. The efﬁciency of point welding is several dozen operations per minute, and a continuous
seam output is 1.5 m/min (for a depth of 0.5 mm).
Pulse laser welding applications include the manufacture of vacuum electronic and semiconductor
devices, sealing cases for integrated circuits and
quartz resonators, producing high precision mechanical devices, etc. Using 400 W/cm2 garnet
laser output power, continuous seam welding of
3 m/min is achievable at melt depths of 0.3–
0.4 mm. Carbon dioxide (CO2 ) laser output beams
with power levels of 10–20 kW can weld steel up
to 50 mm thick.
At power densities of 107 W/cm2 substances
begin to evaporate, making possible high-precision
laser processing. Laser drilling and cutting have
undergone rapid development. One can produce
holes from 0.005 mm in diameter in any material,
including those extremely resistive to processing
by other techniques (ceramics, diamond, corundum). Using laser drilling to produce diamond
dies, ruby watch stones, and components for electronic devices increased productivity by more than
tenfold. Laser cutting is widely used with ceramic
components, in particular for inscribing substrates
for semiconductor and hybrid integrated circuits.
Gas-laser cutters are actively employed in the machine building industry; the substance melted by
laser radiation being removed by a gas jet (usually air or oxygen). Garnet lasers with 100–500 W
output power, and CO2 lasers with 300–2000 W
output, function as power tools in laser cutters.
The material cut in this manner may be up to
10 mm thick, with cutting rates 0.5–10 m/min, depending on the thickness.
The manufacture of integrated circuitry and
other electronic devices involves the formation of
thin ﬁlm patterns, and the control of various ﬁlm
parameters through selective ablation of ﬁlm material.
Lasers are used for the laser heat treatment
of surfaces, predominantly for thermal strengthening of steels and cast irons by quenching, as well
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as for annealing and thermal-chemical processing. Radiation output power densities for heat
treatments reach 103 –104 W/cm2 . During laser
hardening it is possible to start cooling at extremely high temperatures, including the melting
temperature at the surface. Note that a high temperature gradient in a thin surface layer provides
extremely fast cooling rates (up to 106 deg/s) that
result in a ﬁne crystalline structure with a heavy
concentration of martensite and a high dislocation density. Cutting tools thus processed increase
their strength twofold, and stamping equipment increases in strength by a factor of three or more.
A CO2 laser with 1–10 kW output provides high
rate continuous hardening of large-area surfaces to
a depth of 0.7–1.0 mm. It also ﬁnds use in machine construction to attain higher wear resistance
of rubbing surfaces of machine parts.
Applications of laser heating in technology
include doping, producing amorphous metal layers, local activation of etching processes, thermochemical modiﬁcation of surface properties, evaporating substances in vacuo to produce thin lms ,
communication and manufacturing plates in printing, eye surgery, cosmetic surgery, other medical
applications, etc.
LATENT PHOTOGRAPHIC IMAGE

The immediate result of light exposure on
photographic material; modiﬁcation of the pho-

tographic material with no visible change. For
visualization the latent photographic image must
be converted to a visible one with the help of
some process for which the latent image plays
the role of the initiator, catalytic agent, etc. This
process cannot occur in the absence of this hidden
image. In the AgX (X = F, C1, Br, I) emulsion
layers of the silver halide process the latent image involves small atomic clusters generated by
the light exposure (most sensitive emulsions have
only 3 or 4 Ag atoms per microcrystal AgX). During the development the complete reduction of
Ag in the microcrystals takes place. The physical mechanism of latent image formation in AgX
microcrystals offered by R. Gurney and N. Mott
(1938) is still accepted with some modiﬁcations
and additions (Gurney–Mott model). According to
this model, the high AgX light sensitivity (ability to form latent photographic image) is based on
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the unique combination of two physical features:
high monopolar dark conductivity due to intersite
cations Ag+ (see Frenkel defect) and signiﬁcantly
smaller mobility of photo-generated holes relative
to photoelectrons from the Ag+ ions. In such a
compound a sequence of elementary reactions is
initiated, such as X− + hν → X0 + e− ; e− + T →
0
T e− (T is a deep trap); T− + Ag+
i → TAg ;
−
0
−
−
0
−
X + hν → X + e ; e + TAg → TAg ,
0
TAg− + Ag+
i → TAg2 , etc. This sequence leads
via quantum absorption to the formation of Ag0n
clusters of sizes sufﬁcient for catalyzing the development through the capture of electrons from the
developer without further participation of light.
See also Nonsilver photography.
LATERAL INTERACTION of adsorbed particles

Interaction of adsorbed atoms and molecules
on a solid surface, either immediate (direct for
high adsorbate density) or indirect (proxy, via
adsorbent or substrate) (see Adsorption). Several
types of lateral interaction are identiﬁed: van der
Waals (dispersion), deformation (distortions in
crystal structure of solid surface via chemisorption
forces), electrostatic (charged particles on insulator surfaces), direct exchange (overlap of particle
wave functions) and indirect exchange through
the electron gas of a metal or a semiconductor
substrate (type of oscillating Ruderman–Kittel–
Kasuya–Yosida interaction, RKKY interaction),
dipole–dipole interaction (image forces on metal
surface), and screened Coulomb interaction (see
Friedel oscillations).
LATTICE

A totality of points (sites) arranged regularly in
space with integer coordinates relative to a ﬁxed
coordinate system with its origin (main reference
point) at one of the lattice sites. Each of the three
vectors forming a primitive unit cell is called a
principal vector of the lattice. A vector connecting
any two sites of the lattice is called a lattice vector.
A parallel displacement through any lattice vector
converts the lattice into itself, i.e. it is a symmetry
transformation of this lattice. Each reference point
unambiguously deﬁnes the lattice, i.e. it may be regarded as the main reference point of the speciﬁc
lattice. The main reference point in a given lattice may be selected in an inﬁnite number of ways
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(see Primitive parallelepiped). The importance of
the concept of a lattice is associated with the fact
that the centers of particular atoms in any crystal
structure form one or several lattices, metrically
similar, and located in parallel, i.e. they form a
crystal lattice. For example, the compound CaF2
has a crystal structure, with the Ca and F atoms
each on their own individual lattice sites, i.e. on
sites of their own lattices.
LATTICE CONSTANT
See Crystal lattice constants.
LATTICE DESTABILIZATION
Approach to zero of the shear resistance for

a special plane and direction (correspondingly
the combination of elastic moduli (C11 − C12 )
tends to zero) during the variation of thermodynamic parameters (temperature, pressure, magnetic or electrical ﬁelds, etc.). The lattice becomes
mechanically unstable, and its rearrangement to
another structure takes place. Almost complete lattice destabilization towards shear {110}11̄0 was
discovered in the compounds V3 Si and Nb3 Sn in
the neighborhood of the temperatures of structural
phase transitions, and in the alloys InTl (28 to 39
at.% Tl) at the transition from a face-centered cubic to a tetragonal lattice. In other alloys (with the
body-centered cubic lattice) during a temperature
change only a partial reduction of the shear modulus and an increase of the degree of anisotropy of
crystals take place.
LATTICE GAS

A mathematical model that deals with the behavior of a system of N particles distributed
among N0 (where N < N0 ) sites of an undistorted
lattice. Only one particle may be located at an individual site, every particle is at some site, but not
all sites are occupied. The state of the system is determined by the distribution of the particles among
the sites. It is impossible to determine the kinetic
energy in such a system; yet, for a noninteracting
lattice gas there is an ideal gas equation of state
P V = RNT . If the energy of the particle interaction is known, one can simulate some structural
properties of alloys, and of substitutional and interstitial solid solutions.

LATTICE STATICS METHOD

A method for calculating static displacements
of atoms from their regular or ideal lattice sites
in a crystal containing defects. The lattice statics method involves the introduction of ﬁctitious
forces (Kanzaki forces). When applied to the
atoms of a defect-free crystal, these forces bring
about atomic displacements identical to those
caused by real defects. The Fourier components of
the distribution of the ﬁelds of static displacements
characterize the processes of diffuse scattering of
X-rays and neutrons by crystals that contain point
defects, dislocations, etc.
LATTICE, SURFACE
See Surface lattices.
LATTICE VIBRATIONS, SILENT
See Silent lattice vibrations.
LAUE CLASSES

Eleven classes of point crystal symmetry with
a center of symmetry. Classiﬁed by crystal system they are: triclinic (1), monoclinic (2/m), orthorhombic (mmm), tetragonal (4/m, 4/mmm),
trigonal (3, 3/m), hexagonal (6/m, 6/mmm), and
cubic (m3, m3m). Laue classes are classes of diffraction symmetry (deduced from diffraction patterns) higher than its point symmetry, as follows
from Friedel’s law. Each of the 32 point groups
falls into one of the Laue classes that results when
a center of symmetry and certain derivative elements of symmetry are added. The Laue classes
and diffraction symmetry are directly manifested
in Laue patterns (see Laue method) and in electron
diffraction patterns (see Electron diffraction analysis) of single crystals.
LAUE CONDITIONS, Laue equations

The relations between the directions along the
interference maxima for the X-ray diffraction pattern of a monocrystal:
a(cos α − cos α0 ) = H λ,
b(cos β − cos β0 ) = Kλ,
c(cos γ − cos γ0 ) = Lλ,
where a, b, c are the periods of the crystal lattice
of a monocrystal along the X, Y, Z axes; α0 , β0 ,

LAW OF CONSTANCY OF ANGLES
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The Laue method is used to determine the crystal
symmetry (i.e. its Laue class), the level of single

γ0 are the angles of the X, Y, Z axes with the
direction of the incident (primary) X-ray beam of
wavelength λ; α, β, γ are the angles of X, Y, Z
to the direction of the diffracted beam; H, K, L
are integers.

crystal perfection, its orientation, etc. The method
is used for the routine orientation of single crystals.

LAUE DIFFRACTION, Laue geometry (M. Laue,
1912)
A scheme of X-ray diffraction of crystals (also

LAVES PHASES, lambda phases (λ-phases)
(after Swiss scientist F. Laves)
A large group of intermetallic compounds with

electrons, etc.) with the diffracted beam exiting
on the side opposite to its entry face (see X-ray
diffraction). Two cases of Laue diffraction are identiﬁed; symmetric and asymmetric ones, when the
reﬂecting planes (hkl) are and are not perpendicular to the entry face of the crystal, respectively.
Several important effects have been observed during Laue diffraction. One is the periodic pumping
of energy of the passing wave into the diffracted
wave and back across the crystal depth with a
period equal to the extinction length (this occurs
for thicknesses, t , less than the absorption path
length, t abs , the so-called Ewald pendulum solution). Another effect is the anomalous passage of
X-rays (the Borrman effect) for thicknesses much
greater than t abs . Laue diffraction is used in solid
state physics to determine the diffraction symmetry of a material, and is often employed to orient
single crystals. Using fast electrons in the Laue
diffraction regime makes it possible to monitor the
structural state of extremely thin layers or lm s
(t = 1 μm), while X-rays probe less thin layers
(t = 0.1–1 mm). Thick samples (t  1–10 mm)
may be studied using γ -quanta (see Gamma diffractometry) and neutrons.

the formula AB2 that form between elements
(metals) with the ratio of atomic diameters d AA
and d BB within the range 1.1–1.6. Arguing from
geometric requirements, an ideal ratio is
d AA /d BB = 1.225. Lambda phases are crystals
with close-packed lattices. They fall into one of
three structure types: λ1 has structure type MgZn2
with a hexagonal lattice, λ2 has structure type
MgCu2 with a face-centered cubic lattice, and λ3
has structure type MgNi2 with a hexagonal lattice. Considering the positions of the large atoms,
all three structures involve an alteration of doubled layers with vertical pairs of A atoms forming
a hexagonal lattice. The difference between these
structures consists in the angle of the shift between
the alternating doubled layers relative each other.
The phases exhibit metallic conduction and high
hardness, but are brittle (see Brittle failure). Although the main factor responsible for the lambda
phase formation is geometric, the stability of one
or another modiﬁcation is attributed in part to the
interaction between the Fermi surface and Brillouin
zone boundary. See also Brass.

LAUE METHOD (suggested by M. Laue and
implemented by W. Friedrich and P. Knipping,
1912)

LAW OF CONSTANCY OF ANGLES,
Steno–Romé de L’Isle law
An empirical law of crystallography stating
that, in one crystal or in different crystals of the

A technique of retrieving a diffraction pattern formed by spectrally continuous radiation
diffracted by a monocrystal. Laue conditions are
met in an experiment with polychromatic X-rays
that vary continuously in wavelength from λmax
to λmin for any given set of single crystal lattice constants a, b, c with orientations α, β, γ ,
α0 , β0 , γ0 (see Laue conditions). The X-ray pattern is recorded on a planar X-ray sensitive ﬁlm
positioned normally to the incident beam behind
a single crystal (Laue pattern) or in front of it.

same polymorphic modiﬁcation of a material, the
area and shape of facets, their mutual arrangement
and number can change, but the angles between
corresponding facets (i.e. those which are parallel in compared crystals) remain constant. The law
holds with a great accuracy, up to fractions of
minutes. The law was discovered in quartz (SiO2 )
and haematite (Fe2 O3 ) crystals. In 1772, J. Romé
de L’Isle established the law’s validity for crystals
of all materials after carrying out a very large number of measurements.
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LAW OF RATIONAL INDICES

LAW OF RATIONAL INDICES, Haüy law, law of
integers (R. Haüy, 1783)
An empirical law of geometrical crystallography stating that, if any triad of non-coplanar
crystal edges is assumed as coordinate axes a,

b, c, the ratios of the intercepts on the axes by any
two crystallographic (cleavage) planes are equal
to the ratio of small (usually not exceeding ﬁve)
prime integers: (a1 /a 2 ) : (b1 /b2 ) : (c1 /c2 ) = h :
k : l. There are rules of “alignment” adopted for
each symmetry type (crystal system) for the selection of coordinate axes and individual planes
with parameters a1 , b1 , c1 . The validity of the
law of rational indices follows from the crystal
lattice structure and from the parallelism of edges
and planes to rows and networks of the lattice. The
smallness of the h, k, l integers is explainable by
physical factors: planes with high reticular (atom)
density, form a body with minimal surface free energy (see Surface energy). The law holds exactly
for microscopic portions of a surface; macroscopic
faces of a real crystal may fail to obey it due to an
atomic step-shaped relief or to structural defects
(see Atomic steps on a surface).
LAW OF ZONES, zone law, Weiss’ zone law
An empirical law of crystallography stating that

each plane, parallel to two actual or possible edges
or lines of a crystal, is an actual or possible crystal
face, while each direction parallel to the zone axis
is an actual or possible crystal edge. The zone law
is expressible via crystallographic indices of planes
and directions as hu + kv + lw = 0, where h, k, l
are Miller indices of a plane lying in a crystal zone,
and u, v, w are zone indices of directions (edges)
of the zone.
LAWRENCIUM, Lr
See Transuranium elements.
LAYER-BY-LAYER ANALYSIS

Method of investigating the structural state,
phase, elemental composition, and also concentration distribution of atoms of different elements
according to the depth of material. It is used in
the physics of metals, metal science, and another
areas of solid state physics. Layer-by-layer analysis is performed by the successive removal of
layers of the required thickness from the investigated object, by the investigation of an oblique cut

made at an angle from several minutes to several
degrees relative to the surface (destructive methods of layer-by-layer analysis), or by “looking
through” with the help of physical measuring tools
at the material state at ﬁxed depths without any
destruction of the sample. Layer-by-layer analysis is used in combination with the methods of
radioactive isotopes, Mössbauer spectroscopy, microprobe X-ray spectrum analysis, X-ray analysis,
etc. The removal of layers is performed mechanically, chemically, electrolytically, by ion and electron etching, by vacuum evaporation, etc. The accuracy of determining the thickness of a removed
layer in case of destructive layer-by-layer analysis does not exceed 0.1 μm, while nondestructive
testing techniques allow one to investigate layers
from 1 nm thickness and higher.
LAYERED STRUCTURE, ORDER–DISORDER
See Order–disorder layered structure.
LEAD (Lat. plumbum), Pb

A chemical element of Group IV of periodic system with atomic number 82 and atomic
mass 207.19. Natural lead consists of four stable
isotopes 204 Pb, 206 Pb, 207 Pb, 208 Pb. Electronic
conﬁguration of outer shell is 6s 2 6p2 . Successive
ionization energies are 7.37, 14.91, 31.97, 42.32,
68.8 eV. Atomic radius is 0.173 nm; radius of
Pb4+ ion 0.084 nm. Oxidation states are +2, +4.
Electronegativity is 1.55.
In a free form, lead is a bluish-gray metal. It
has face-centered cubic lattice with parameter a =
0.49495 nm, space group F m3̄m (Oh5 ). Density
is 11.344 g/cm3 ; Tmelting = 600.4 K, Tboiling =
2013 K. Heat of melting is 4.81 kJ/mole, heat
of evaporation is 178 kJ/mole; speciﬁc heat is
129 kJ·kg−1 ·K−1 (at 273 to 373 K). Thermal conductivity factor is 34.8 W·m−1 ·K−1 ; coefﬁcient
of linear thermal expansion is 27.56·10−6 K−1 (at
293 K). Coefﬁcient of self-diffusion is 7.32·10−16
m2 /s (at 500 K). Debye temperature is 95 K.
Adiabatic elastic moduli: c11 ≈ 48.1, c12 ≈ 40.7,
c44 ≈ 14.7 (GPa) at 298 K. Young’s modulus is
28.2 GPa, Brinell hardness is ≈40 MPa. Tensile
strength is ≈12.5 MPa, relative elongation is 55%.
Coefﬁcient of linear term in low temperature molar electronic speciﬁc heat is 2.98 mJ·mole−1 ·K−1.

LEBEDEV CRYSTALLITE HYPOTHESIS

Electrical resistivity is 20.68·10−8 ·m. Superconducting transition temperature is 7.17 K. Nuclear magnetic moment of 207 Pb is 0.584 nuclear
magnetons. Lead is used in the chemical industry,
in electronics, in semiconductor engineering, for
protection against radiation. Cases of wires and
cables are manufactured from lead. See also Lead
alloys.
LEAD ALLOYS
Alloys based on lead. They are characterized by
high density, by low strength, hardness, melting
temperature, by good antifriction properties, by

relatively high acid strength towards some dilute
acids (sulfuric, sulfurous, chromic, etc.). Dilute
and concentrated lead alloys (see Alloying) are
known. The ﬁrst group comprises lead alloys with
small additions of Fe, Cu, Sb, Cd or Ca, which
do not reduce, and in some cases increase the corrosion resistance of lead, and therefore increase
its creep limit and long-term strength. The second
group comprises lead alloys which contain considerable quantities of elements which increase
their strength, hardness and antifriction properties,
and lower the melting temperature and shrinkage upon casting. Lead alloys are obtained by
the melting of primary or secondary metals, and
also of their alloying elements. Those with sodium,
potassium and calcium are formed by an electrochemical method, i.e. by electrolysis of the melt
salts together with a liquid lead cathode. There are
antifriction alloys (see Antifriction materials), typographic alloys and solders. The majority of alloys
are soft, easily subjected to mechanical processing: to rolling, stamping, forging, etc. Lead alloys
are used as bearing materials, typographic and
other low melting temperature alloys.
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the wetting of the leaded surface the melted lead
should contain antimony, tin, copper, or zinc.
Electrochemical lead plating provides high purity coatings with better physical and mechanical
properties. A reliable protection of ferrous metals
in corrosion-active media is provided by pore-free
lead plating at least 200–300 μm thick. Electrolytes that contain lead salts, and are usable
for electrochemical lead plating, include ﬂuorine
borite, phenolsulfone, and other electrolytes containing lead salts.
LEBEDEV CRYSTALLITE HYPOTHESIS,
Lebedev glass structure hypothesis
(A.A. Lebedev, 1921)

A hypothesis on the structure of glasses. Initially, having measured the temperature dependencies that the coefﬁcients of refraction of light and
thermal expansion of dense silicate glasses feature within narrow regions of temperatures near
structural transformations in crystals of quartz,
tridymite and cristobalite, Lebedev supposed that
glasses had a ﬁnely dispersed crystal structure.
His later analysis (1933, 1948) included numerous
experimental data on temperature dependences of
their internal friction and data from X-ray structure
analysis. Summing it up, he concluded that glasses
contain regions of perfect short-range ordering,
0.7–1.5 nm in size, surrounded by molecular associations with less perfect ordering. That is, the
glass is structurally a random continuous network

LEAD PLATING

Coating of various pieces and units with layers of lead. It is used to manufacture lead storage
(automobile) batteries, to screen X-rays, and to
protect ferrous and nonferrous metals from corrosion that would otherwise result from the effect
of solutions of sulfuric acid or chromic acid and
their salts in chemical installations. To produce
lead plating the pieces are immersed into molten
lead (hot technique), or liquid lead is sputtered
onto their surfaces (metallization). To improve

Crystallite model of disordered solid (ordered phase areas are hatched).
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LED

featuring nonuniform shifting intermediate order
(see Fig.), in agreement with diverse experimental data on the structure of glass. See also Vitreous
state of matter, Polycluster amorphous solids.
LED

Acronym for Light emitting diode.
LEDEBURITE (after German metallurgist
A. Ledebur)
Structural compound of iron–carbon alloys
(mostly, cast irons) that is a eutectic mixture (see
Eutectics) of austenite and cementite. It forms
at a temperature below 1145 ◦ C (carbon content

is 4.3%). Ledeburite at room temperature consists of cementite and pearlite. In steels subjected
to alloying with chromium, tungsten, and other
carbide-forming elements, ledeburite appears at
low carbon content (0.7 to 1%) and is a eutectic
mixture of alloyed austenite and carbides of alloying elements.
LENNARD-JONES POTENTIAL
(J.E. Lennard-Jones, 1924)
A pairwise interaction potential between atoms
often used to describe the structure of the condensed state of matter and its dynamics:

U (r) = 4ε

 1/2  6 
σ
σ
,
−
r
r

where r is the interatomic distance, the parameter
σ characterizes the range of the interaction, and ε
is its magnitude (see also Van der Waals forces).
The attractive r −6 term arises from a ﬂuctuating
induced dipole–dipole interaction, and the r −12
term represents the ion core repulsion. The potential works well for inert gas (Ne, Ar, Kr, Xe)
crystals.
LEVEL POPULATION

The number of particles (atoms, molecules,
nuclei, paramagnetic impurities, etc.) occupying
energy levels of a quantum system characterizing
its various states. Provided there is no degeneracy,
the number of particles satisﬁes the Boltzmann
distribution for thermodynamic equilibrium at the
ith level, given by

−1


Ej
E
exp −
(1)
ni = N exp − i
kB T
kB T
j

where N is the total number of particles, and Ei
is the energy of the ith level. Thus, according to
Eq. (1), the level population decreases exponentially as its energy increases. An opposite situation
is found in the case of population inversion where
higher levels are more populated than lower ones.
This inversion is a necessary precondition for the
functioning of lasers and masers. The most typical way to produce inverted populations consists
in equalizing the populations of a pair of levels
i–k via external actions such as high power electromagnetic wave pumping (see Fig. in Quantum
ampli er). It may then happen that for a different pair of levels, i–j , such that Ei > Ej > Ek ,
one obtains ni > nj . Inverted populations during
magnetic resonance can be produced by causing
the system to undergo an adiabatic fast passage
through a resonance transition. The extent of inversion, viz., the number of particles at inverted
higher levels, depends on various external factors:
energy gaps, probabilities of relaxation transitions,
etc.
When the particles possess a magnetic moment
(i.e. spin), their distribution over magnetic sublevels is characterized by a spin temperature, Ts ,
which is determined via the Boltzmann distribution:


Ei − Ej
ni
= exp −
.
(2)
nj
kB Ts
Provided such particles (the spin system) are
in equilibrium with the lattice, one ﬁnds from
Eqs. (1) and (2) that Ts = T . Applying an external action, one may either cool the spin system
(Ts < T ) or heat it (Ts > T ). A spin system is
cooled when its energy gap Ei − Ej is adiabatically narrowed (see Adiabatic demagnetization
cooling) through application of alternating magnetic (electric) ﬁelds to a system of magnetic
(electric) dipoles (see Magnetoelectric effect), etc.
A characteristic example of a heated spin system involves populations ni and nj equalized
through saturation effects. Indeed, if ni = nj
(while Ei = Ej ), then, according to Eq. (2) we
have Ts = ∞. In the case of an inverted population, the distribution of particles (not necessarily
having spin) over the energy levels is characterized by a negative temperature. If ni > nj (while
Ei > Ej ), then we have Ts < 0 in accordance

LEVITATING ELECTRONS

707

with Eq. (2). The concepts of spin temperature
and negative temperature are used to describe effects resulting from deviations of level populations
from equilibrium values.
LEVELS, SHOCKLEY
See Shockley levels.
LEVITATING ELECTRONS
Electrons localized at surface levels formed

near a vacuum-dielectric interface with negative
electron af nity. They are produced under the effect of electrostatic image forces with an attractive
potential V (z) = −Λ/z, where
Λ=

e2 (ε − 1)
,
4(ε + 1)

(1)

ε is the relative dielectric constant, and z is the
distance measured from the insulator surface into
vacuum. The surface state spectrum has the form:
p2
Δ
,
El (p ) = − 2 +
2m
l
Δ=

mΛ2
,
22

l = 1, 2, 3, . . . ,

(2)
(3)

where p = (px2 + py2 )1/2 is the longitudinal twodimensional momentum in the surface plane. Levitating electrons with their spectrum (2) may exist
on the condition that the width of their localization
region, λl = 2 l 2 /(Λm), considerably exceeds
that of the interface, the latter being of the order
of an interatomic distance (a ∝ 10−8 cm). Such
a condition is met, e.g., when electrons are localized above the surface of liquid helium, for which
Λ ∼ 0.01. In that case, the electrons would “soar”
above the liquid surface in the gas phase (vapor)
at the quasi-microscopic height λl  10−6 cm,
justifying the term “levitating”. The lifetime of
levitating electrons increases when an additional
electric ﬁeld is switched on to press them to the
liquid helium surface. Fig. 1 shows the resonance
absorption of radiofrequency energy at a ﬁxed
frequency. This occurs by varying the clamping
electric ﬁeld strength, E, forcing the electrons to
jump between discrete surface levels, the distance
between the latter depending on E. Electrons scatter off the helium atoms (in the vapor) and off
thermal excitations at the liquid helium surface

Fig. 1. First derivative dA/dE of absorbed radiofrequency power, A, with respect to electric ﬁeld E versus
the potential V of the external clamping ﬁeld. Resonances correspond to electron transitions from the
ground energy level (l = 1) to excited levels (l  2) as
indicated by arrows.

(ripplons). They dissipate energy in the process to
produce a ﬁnite resonance width.
The two-dimensional electron system of ﬁnite surface density, ns ∝ 104 –109 cm−2 , above
the liquid helium is an ideal target for studying
various collective effects related to the Coulomb
interaction. It was in the system of levitating
electrons that two-dimensional plasma oscillations
were ﬁrst observed, and instabilities of the charged
surface of liquid helium were studied, including the formation of a two-dimensional honeycomb crystal (Fig. 2), and of charged bubbles
(bublons) in strong electric ﬁelds, and where the
two-dimensional electronic Wigner crystal (crystal
of levitating electrons) was ﬁrst discovered, with
its existence region corresponding to particular
values of the dimensionless parameter Γ satisfying the condition Γ ≡ e2 (πns )1/2 /(k B T ) > 137
(Fig. 3). At Γ = 137 during the liquid–crystal
phase transition a two-dimensional triangular lattice of identically charged electrons forms, the
ﬁrst known example of Coulomb crystallization.
The formation of the Wigner (electron) crystal is
detected by the appearance of speciﬁc energy absorption resonances in the electromagnetic ﬁeld,
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LEVITATION CRYSTALLIZATION

Fig. 2. A hexagonal honeycombed crystal on the surface of liquid helium in the clamping ﬁeld E (under lateral illumination with a laser).

that a system of levitating electrons at intermediate
values of Γ can form a correlated state with shortrange ordering similar to that found in a crystalline
phase (see Long-range and short-range order).

LEVITATION CRYSTALLIZATION

Fig. 3. Phase diagram of a two-dimensional system of
levitating electrons above the surface of liquid helium
1/2
in the ns versus T plane. The straight line indicates
the boundary of the Wigner crystal–liquid phase transition from the liquid phase below to the crystalline state
above.

and by other techniques. Speciﬁc electron–ripplon
interactions deﬁne the structure of resonances in
the crystalline state. There are grounds to believe

Technology of growing crystals in the regime
of microgravity (10−3 g) is achievable on board
long-time orbital space stations. Levitation crystallization practically eliminates mixing of liquid
layers by natural convection, and makes it easier
to obtain perfect crystals. It features stronger laminar mass transport to the crystallization front, and
prevents contamination of the growing crystals
by container wall material. Levitation suppresses
the effect of segregation when alloys with differing component densities crystallize, and broadens
the possibilities of capillary formation of various complex prescribed proﬁles (see Monocrystal
growth), even hollow shapes. See also Levitation
melting.

LIFETIME

LEVITATION MELTING
Melting of solid phase when gravity is either

totally absent or reduced to the levels of microgravity achievable onboard long-term orbital
space stations (10−3 g). To “suspend” the melting
briquette of stock and make it levitate, different
techniques are used. Ultrasound emission by appropriately oriented piezoelectric emitters can be
focused on the target. Melted metal can be suspended in an electromagnetic ﬁeld or placed in
an electrostatic ﬁeld generated by spherical electrodes around a spherical liquid droplet. Sufﬁcient
light pressure can be produced in the focus of
a parabolic or elliptic light concentrator (preferably, solar radiation in free outer space should
be used). Levitation melting allows smelting glass
and growing monocrystals at higher temperatures,
and provides for strict conformity to the prescribed
stoichiometry, with preclusion of contamination of
the melt with trace amounts of container (crucible,
ampoule) material, or process gas phase.
LIBRATIONS, librons

Vibrations of a molecule (ion) or a group of
atoms in a crystal lattice that involve hindered rotation, analogous to the oscillations of a pendulum;
the orbit is closed in the (q, p) (position, momentum) plane. An example is the oscillation of the
NO−
2 ion in an alkali-halide crystal lattice about
its [001] axis, such that its C2 axis does not leave
the (110) plane. Another example is C60 molecules in K3 C60 crystals. Typical libron vibrations
lie within the spectral range 100–300 cm−1 .
LIE GROUP
See Continuous
groups.

symmetry

transformation

LIFETIME of a system in an excited state

The average time τ of the existence of a system
in a given state, determined by the probabilities
of different processes of transitions to other states:
τ −1 = i τi−1 , where τi is lifetime of the system
with respect to independent transition channels
designated by the index i. The set of possible
transitions and, correspondingly, the lifetimes, are
speciﬁc for each type of excitation in solids. There
is a quantum-mechanical probability for a spontaneous transition from each excited state to all
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states which lie lower in energy. For an electron
in the excited level of a local electron center the
lifetime for a spontaneous transition within the
center accompanied by photon emission usually
lies in the range τn ∼ 10−6 –10−9 s. Such radiative
quantum transitions may occur with the participation of phonons (indirect transitions). Nonradiative
quantum transitions are possible, where the energy
of the excited electron is released in the form of
phonons (multiphonon transition); their characteristic lifetimes can be much longer than τn . The
thermal excitation of an electron to the conduction
band is also possible, and accounts for the intrinsic
conductivity of semiconductors.
An exciton lifetime is determined by the probability of its annihilation (electron–hole recombination of Wannier–Mott exciton), as well by the
probability of its dissociation into an electron and
a hole. The lifetime of electrons in the conduction band of semiconductors is characterized by
the probabilities of their recombination with holes
in the valence band, or their capture by defects
(recombination centers); it depends on the concentration of holes and unoccupied defects sites,
which in turn depend on the efﬁciency of electron and hole generation (see Generation of current
carriers). In the stationary non-equilibrium state
of a semiconductor the electron lifetime is given
by τn = n/λn , where n is the excess of electron concentration over the equilibrium value of n,
and λn is the rate of nonthermal generation of
electrons. A similar relation also applies to nonequilibrium holes, τp = p/λp . The quantities
τn and τp are called relaxation lifetimes. The
lifetime of minority current carriers, e.g., of the
holes in n-type semiconductors, under conditions
when it is possible to neglect variations of the
majority carrier concentration and the degree of
electron ﬁlling of the recombination centers, then
τp−1 = v i σi ni , where i designates the different
types of recombination centers, σi is the crosssection of hole trapping by ith type center not
occupied by holes, ni is the concentration of such
centers, and v is the thermal speed of the holes
in the valence band. The time τp is an important
material parameter for many electronic devices,
and varies for different semiconductor materials
from 10−3 to 10−8 s. The relaxation kinetics of
the non-equilibrium concentration of carriers from
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LIFSHITS MODEL

its initial value p0 is determined by the relation
p = p0 exp(−t/τp ). This expression becomes
more complicated in the presence of traps. One
should not confuse the lifetime of an electron
(hole) in a band with their relaxation times within
the band. The latter are determined by processes
of energy and momentum relaxation. In metals
the lifetime of an excited electron (time of thermalization) is determined by the electron–electron
scattering time (generation of electron–hole pairs),
and by the emission of phonons. The rate of
both processes strongly depends on the temperature, and is also sensitive to the amount of static
disorder (impurity scattering). In a similar way
the lifetime for other non-equilibrium particles
and quasi-particles in solids can be introduced,
e.g., for phonons, magnons, vacancies, interstitial
atoms, etc. For high concentrations of photons or
phonons, induced transitions (see Induced radiation) play the main role in determining the value
of the lifetime.
LIFSHITS MODEL (I.M. Lifshits, 1963)

A model of structural disorder (in amorphous
materials or liquids) which describes the motion of
electrons in a ﬁeld produced by randomly arranged
point scatterers (impurity centers). The Lifshits
model is employed to study the impurity band in
the energy spectra of electrons in disordered materials, a band arising due to the broadening of
a local electronic level. In the leading approximation (in the concentration of impurities) the energy
levels and quantum states of the impurity band
acquire in this model a descriptive geometrical formulation, in which wave functions are localized at
one or two impurity centers (although the energy
levels also depend on the positions of other centers), while the density of states and the spatial
correlations are represented on a certain scale by
universal functions. In the immediate vicinity of
the localized level, where within the framework of
the geometrical formalism the density of states has
a dip, other states become important, collectivizing a large number of centers, as a result of which
the dip ﬁlls up to a signiﬁcant extent. The structure
of the spectrum and of the states in the vicinity
of the edge of the initial spectrum was studied
on the basis of this model, and an expansion in
terms of the powers of the impurity concentration

was carried out for the density of states, and therefore, for all thermodynamic quantities. All of the
results mentioned were based on the idea of the
existence over a deﬁnite region of the spectrum
of representative uctuations, which provide the
main contribution to the density of states. This
idea proved to be especially fruitful for the construction of uctuation levels, where it developed
into an effective computational method for the optimal ﬂuctuation, which found wide application in
the theory of highly-doped semiconductors.
LIFSHITS–ONSAGER HAMILTONIAN
(I.M. Lifshits, L. Onsager, 1952)

A Hamiltonian describing the dynamics of conduction electrons in an external magnetic ﬁeld.

) is conThe Lifshits–Onsager Hamiltonian (H
structed on the basis of the dispersion law for free
electrons, ε(p) (p is the quasi-momentum), according to the following correspondence principle:
) ≡ ε(
 − eA(
 is the
ε → (H
p ), 
p=P
r ). Here P
generalized momentum operator, and A = ∇ × B
is the vector potential. The order of operation
of the mutually noncommutative components of
the kinematic momentum operator, 
p , is deﬁned
by the symmetrization rule: the periodic function
ε(p) is represented as a Fourier series, and the
 is made in the exponent of
substitution p → P
each term of that series. The Lifshits–Onsager
Hamiltonian is approximate, with terms of the order of χ = eBa 2 / (a is the reciprocal lattice
parameter) dropped from it. In ﬁelds of 1–10 T we
have χ ∝ 10−5 –10−4 . A limit to the applicability
of this Hamiltonian is related to the emergence of
band-to-band transitions in strong magnetic ﬁelds
(see Magnetic breakdown).
LIFSHITS–ONSAGER QUANTIZATION RULES

Rules of quasi-classical quantization of energy levels of conduction electrons in a uniform magnetic ﬁeld B. Lifshits–Onsager quantization rules appear when the quasi-classical Bohr–
Sommerfeld quantization rules are applied to the
Lifshits–Onsager Hamiltonian, and provide the relation S(E, pz ) = 2πeB(n + 1/2). Here S(E, pz )
is the area bounded by a closed curve in momentum space that a classical electron traces in
a magnetic ﬁeld B at its energy E, and the projection pz of its momentum on the magnetic

LIGANDS

ﬁeld direction, where n
1 is a positive integer
(I.M. Lifshits, 1951; L. Onsager, 1952). For conduction electrons in a magnetic ﬁeld at ﬁxed n, this
expression prescribes an approximately equally
spaced set of energy levels (each level is inﬁnitely degenerate). The existence of these levels
is observed as macroscopic oscillations of various kinetic and thermodynamic characteristics of
a metal, with the inverse magnetic ﬁeld having the
period e/S ext , where S ext is the extremal crosssection of the Fermi surface in the pz = const
plane.
LIFSHITS POINT (I.M. Lifshits, 1930)
A point in the phase diagram of a crystal at
which three phases are in equilibrium: disordered,

ordered (uniform), and ordered incommensurate
(modulated). At the Lifshits point it is found that
thermodynamic potentials expressed as functions
of the order parameter involve terms linear in the
gradient of the order parameter. When moving
away from the Lifshits point toward the ordered
phase, a superstructure with varying wave vector
K S develops in the crystal. Changes in K S sometimes occur stepwise, resulting in a sequence of
transitions of the order–disorder type, forming the
so-called “devil’s staircase”. Various types of Lifshits points are possible, differing from each other
in the type of anomaly in the physical quantities (susceptibility, speci c heat, structure period,
etc.) at these points. Lines of various types of
phase transitions meet at Lifshits points. Usually, the transitions from the disordered to the
uniform ordered or modulated phases are secondorder phase transitions, while those of the order–
disorder type between differing ordered phases
are rst-order phase transitions. Lifshits points
are observable in ordered alloys, magnetically ordered crystals, systems with charge density waves,
etc. Examples of substances that exhibit Lifshits
points in their phase diagrams are BaMnF4 , CeSb,
K2 SeO4 , MnP, NaNO2 , NbSe2 , and VO2 .
LIFSHITS TRANSITION (I.M. Lifshits, 1960)

A transition of the 2 12 th order, an electronic
topological transition. A change in the topology
of the Fermi surface (breaking of a bridge, appearance of a new split-off cavity) under the effect
of various external factors such as a uniform compression. For low enough temperatures in a metal
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that undergoes the Lifshits transition from the side
of lower Fermi surface connectivity, its thermodynamic potentials involve singular terms of the
form |z|2.5 , where z is a continuously changing
parameter that characterizes the proximity of the
system to its transition point. If we let T → 0 in
the absence of electron scattering, there should be
square root singularities in the density of states,
speci c heat, magnetic susceptibility, conductivity,
superconducting transition temperature, and certain other characteristics of a metal at the transition
point (z = 0). Meanwhile, the linear expansion coefﬁcient, thermal pressure coefﬁcient, and thermal
electromotive force should feature singularities of
the form |z|−1/2 due to the appearance of groups
of electrons with abnormally low velocities near
the Lifshits transition. At ﬁnite temperatures, and
in the absence of electron scattering, the Lifshits
transition ceases to be a phase transition in the
strict sense of the word, since the Fermi surface of the metal is “eroded”, and the anomalies
in the above characteristics appear as broadened
asymmetric steps and peaks. A typical example of
the Lifshits transition is found during anisotropic
strain of single crystals of Bi0.9 Sb0.1 in which the
electrons from one ellipsoid of the Fermi surface
“pour over” into the other two ellipsoids. In the
vicinity of the critical deformation point, when the
ellipsoid is completely empty, smoothed breaks
are observed in the conductivity, and in the coefﬁcient of sound absorption, and a peak appears
in the thermal electromotive force at low enough
temperatures.
LIGANDS

Donor particles, anions (Cl− , CN− , C2 O2−
4 ,
etc.), or neutral molecules (H2 O, NH3 , etc.) located around the central atom in a particular
order within an inner coordination sphere of a
coordination compound. Ligands are usually attached to the central atom via donor atoms, and
their number can be one (monodentate ligands,
Cl− , H2 O, NH3 ), two (bidentate ligands, C2 O2−
4 ,
NH2 (CH2 )2 NH2 ), or many (polydentate ligands).
Bidentate and polydentate ligands form complexes
that are more stable than the monodentate type
(the so-called chelate effect). A ligand may act as
a bridge if linked to two metal atoms, e.g., as is the
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LIGHT ABSORPTION

case of two Cl− ions in the molecule

The nature of the chemical bond between ligands and the central atom and its effects upon the
magnetic, spectral, and other properties of complex compounds are the subject of ligand ﬁeld theory and crystal eld theory. The reaction capability
of complex compounds depends signiﬁcantly on
the mutual effects of ligands within their inner
sphere; in particular those produced by ligands in a
straight line, with the central atom on its opposite
sides.
LIGHT ABSORPTION by solids

Decrease in intensity of radiation due to transfer of radiation energy to the medium, through
which this radiation propagates. Quantum-mechanical processes of light absorption by solids
involve the of annihilation of light quanta, with
the energy transferred to electrons, phonons, excitons and other quasi-particles, and to defects.
Therefore, the investigation of light absorption by
solids can provide information on energy bands
of crystals, the density of electron states, the energy spectrum of phonon and exciton excitations
(see Band theory of solids), on electronic and
vibrational states of impurity centers and other
defects, and on the interaction between quasiparticles. At high radiation intensities, processes
of many-photon absorption are possible (see Optical spectroscopy, Nonlinear optics, Two-photon
light absorption, Infrared spectroscopy).
LIGHT DEFLECTORS

Devices for the smooth or discrete deviation of
a light beam direction to a given angle. Many light
deﬂectors use the natural or induced (electrical
or mechanical) ﬁeld variation of birefringence of
electro-acousto-optical crystals, or of transparent
ceramics. They are employed in projection devices
for the optical processing of information, for the
synthesis of electronic integrated circuit topology,
in computer optical storage devices, etc.
There exist electrooptical deﬂectors of the
analogue type (deviation changes smoothly with
variation of control voltage) and discrete deﬂectors (deviation changes in steps determined by

the number of the applied cascades of polarization switching, each consisting of a separating
element, a crystal with high birefringence (e.g.,
calcite CaCO3 , calomel Hg2 Cl2 ) and an electrooptical polarization switch, see Electrooptical
effect). Acoustooptical deﬂectors produce the light
deviation at a dynamic diffraction grating, formed
within the acoustooptical element by a connected
piezoelectric vibrator operating at a tunable ultrasonic radiation frequency (see Acousto-optics).
Traditional light deﬂectors meet most modern
requirements except for fast response. The latter
has been considerably improved (up to the order of
nanoseconds) by the transition to integral-optical
versions of light deﬂector design, which are characterized by the simultaneous reduction of energy
consumption by three or more orders of magnitude.
LIGHT DISPERSION
See Dispersion of light.
LIGHT EMITTING DIODE (LED)

An optical (visible wavelength) transformer of
electrical energy into incoherent light emission. It
consists of a semiconductor junction to which a
voltage (Vg = 1.2–2.5 V) is applied in the conducting direction. To operate the unit one has to inject secondary current carriers (e.g., electrons) into
the contact via a homogeneous or heterogeneous
p–n junction, so that the injected carriers recombine with the principal carriers at the base (e.g.,
holes). The energy thus released, eVg , is partially
dissipated by the diode body as heat (emission-free
recombination, see Nonradiative quantum transition), and most of the remainder transforms into
light (emission recombination). This emitted radiation Phν has an ampere–watt (or ampere–
brightness) proﬁle Phν (j ), that depends on the
injection current density. Typical values of j
and Phν lie within the limits 5–500 A/cm2 and
0.2–0.5 mW, respectively. Light emitting diodes
are characterized by their internal, ηi , and external, ηe , efﬁciencies. The internal efﬁciency ηi
gives the relative share of emission recombination, while ηe = ηi F . Here F = 0.04 ÷ 0.06 is
the aperture coefﬁcient accounting for radiation
losses during emission from the LED. Depending on the design and the material efﬁciency,

LIGHT SCATTERING

the ratio Phν /(Ig Vg ) (here Ig is the LED current) may reach 0.5–2, the corresponding values
of ηe being 10–12% for 50% < ηi < 100%. The
probability of emission recombination is higher
in semiconductors with direct band gaps, compared to that for semiconductors with an indirect
band gap (see Indirect transitions). Therefore, such
LEDs are normally more efﬁcient. The principal materials used for LEDs are of the AIII AV
type. These are binary (GaAs, GaP, GaN), ternary
(Alx Ga1−x As, GaAs1−x Px , Gax In1−x As), and
quaternary (Gax In1−x Asy P1−y ) compounds, as
well as AIV BIV compounds (e.g., SiC). They are
doped with corresponding impurities to achieve nand p-type conductivity and the desired radiation
spectra from blue (470–483 nm, GaN, SiC) to red
(690–780 nm, GaP, ZnO, AlGaAs) and IR (from
820–910 to 1300–1700 nm, AlGaAs, GaInAs,
GaInAsP). To obtain the required emission color
a double transformation may also be used, when
one combines an IR LED and an anti-Stokes luminophor. To increase ηe and color contrast, and
to form the desired phase function, both polymer and glass lenses are used. The LED current
Ig ∝ exp[eVg /(kB T )] is controlled by an external
limiting resistance and remains within 10–100 mA
for crystals 400 × 400 μm2 in size. Light emitting
diodes on the market are offered both with and
without special casing. They serve as indicators,
small-scale data presentation devices, are used in
optoisolators, function in read-out devices that use
magnetic tapes for data storage, in short-range
ﬁber optic communication lines, sensor elements,
etc.
LIGHT GENERATION
See Parametric light generation.
LIGHT PIPE

Dielectric waveguide (see Integrated optics) in
the optical range. See also Fiber optics.
LIGHT POLARIZATION
See Polarization of light, Self-induced light polarization change, Rotation of light polarization
plane.
LIGHT REFRACTION
See Refraction of light.
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LIGHT SCATTERING

Phenomenon taking place during the propagation of light through various optically inhomogeneous media. The light wave experiences diffraction of light by inhomogeneities, thereby deviating
from its initial direction of propagation. The principal quantitative characteristics of light scattering
are the differential scattering cross-section dss (ratio of the radiation ﬂux dIs , scattered into an
elementary solid angle dΩ, to the incident ﬂux I0 :
dss = dIs /I0 ); the scattering phase function (dependence of scattered intensity on scattering angle), the frequency spectrum, and polarization of
light.
Physical causes producing optical inhomogeneities are quite diverse. The medium may become inhomogeneous, e.g., when one material,
differing in its refractive index, is included in another. The scattering phase function depends on
the ratio between the inhomogeneity size and the
light wavelength λ0 . Light scattering may also be
observed in macroscopically homogeneous media
(i.e. containing no impurities) due, e.g., to random thermal motion of the material’s particles. In
that case, the reason for the optical inhomogeneity
is ﬂuctuations of the dielectric constant produced
by different excitations of the medium. When the
light wavelength λ0 differs considerably from the
wavelengths of the normal mode frequencies of
the medium, then we have σs ∝ λ−4
0 (Rayleigh
law). However, as λ0 approaches the wavelengths
of the normal modes of the medium, the Rayleigh
law is no longer satisﬁed, and the intensity of the
scattered light may be strongly enhanced (resonance light scattering).
From the quantum point of view light scattering is treated as the absorption of the incident
photon, its energy ω0 , momentum k0 and polarization e0 , by the medium, a process accompanied
by the simultaneous emission of another photon
with energy ωs , momentum ks and polarization es . Provided the emitted photon frequency is
equal to that of the absorbed one (ω0 = ωs ) the
light scattering is called elastic or Rayleigh scattering of light, and when ω0 = ωs it is inelastic
scattering. Meanwhile, the corresponding energy
difference |ω0 − ωs | = ω is transferred to the
medium, so the medium transforms to a different quantum state. Light scattering may take place
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LIGHT SCATTERING IN LIQUID CRYSTALS

Scattering processes: (1) Rayleigh; (2) nonlinear Rayleigh (hyper-Rayleigh); (3) inelastic Stokes; (4) inelastic antiStokes; (5) nonlinear inelastic (hyper-Raman) Stokes; and (6) nonlinear inelastic (hyper-Raman) anti-Stokes.

when the scattered photon energy is either lower
than the energy of the incident photons, ωs <
ω0 (Stokes scattering), or greater than that energy, ωs > ω0 (anti-Stokes scattering). Inelastic
light scattering in a solid may be accompanied
by either the generation or annihilation of various types and numbers of quasi-particles. Typical
examples of such processes are light scattering
by acoustic phonons (Brillouin scattering), optical
phonons, magnons, surface and bulk polaritons,
etc. (see Raman scattering of light).
With the development of powerful sources of
coherent radiation (lasers), it also became possible to study nonlinear light scattering processes
during which a single quantum of scattered light
is produced by two or more light quanta incident
upon the medium (see Fig.). Lasers make it possible to use the techniques of active spectroscopy
as well. In addition, as is also the case with light
emission, induced light scattering becomes possible along with spontaneous light scattering during
intense laser excitation involving already scattered
photons.
See also Induced light scattering, Photoinduced
light scattering.

The direction of the optical axis of the liquid
crystal, as deﬁned by the predominant orientation of its molecules, then changes. Scattering
in smectic liquid crystals is usually weaker than
in nematic types, since the stratiﬁed structure of
the smectics hinders the development of ﬂuctuations of the optic axis direction. At the same time
inhomogeneities at the surface of liquid crystals
and defects (e.g., disclinations, confocal domains)
introduce perturbations into their structure, and
result in light scattering that exceeds the scattering from thermal ﬂuctuations. Besides, smectics
of the C-type, in which the molecules are tilted
with respect to the layer planes, are as opaque as
nematics, because of ﬂuctuations of the azimuth of
the molecular inclination. Studies of the characteristics of light scattering provide information on the
most important parameters of liquid crystals, their
elastic moduli, viscosity factors, energy of interaction with the substrate, etc. These parameters are
important for the design of liquid crystal displays
(LCDs).

LIGHT SCATTERING IN LIQUID CRYSTALS

LIGHT WAVE SELF-ACTION
See Self-action of light waves.

This process strongly differs from light scattering in other media due to the presence of the
large-scale orientational order of molecules, and
the absence of translational ordering. A layer of
a nematic liquid crystal only several millimeters
thick is already opaque. Light scattering in it is approximately 106 times stronger than in a layer of
ordinary liquid of identical thickness. The causes
of such strong scattering are thermal ﬂuctuations
of the orientations of the liquid crystal molecules.

LIGHT WAVEGUIDE
See Optical waveguide.

LIMITING SYMMETRY GROUPS, Curie groups
Point groups of symmetry which have inﬁnite symmetry axes (∞). These limiting groups

are subgroups of the (full) orthogonal group in
three dimensions O(3) = ∞∞1 = ∞∞m which
describes the symmetry of uniform tensor ﬁelds
of homogenious material media, and of geometrical ﬁgures in three-dimensional Euclidean

LINEAR HARDENING OF CRYSTALS

Reference ﬁgures with symmetries of Curie groups.

space. A uniform isotropic ﬁeld and a sphere
cut from it, whereby any diameter is a rotation axis for an arbitrary angle ϕ, including an
inﬁnitely small ϕ, ∞ = (2π /δϕ)|δϕ → 0, corresponds to the group O(3). The inversion operation
at the center of symmetry 1 is the third generator of the O(3) group. The special subgroup
O + (3) = SO(3) = ∞∞ of pure or proper rotations (no inversion) describes the symmetry of a
continuous medium which allows rotation of light
polarization plane in any direction.
Other subgroups of O(3) (see Fig.) have a selected rotation direction ∞ or ∞ = ∞ × 1 =
1 × ∞, which is combined with operations of mirror reﬂections in symmetry planes m, and with
rotations around second-order axes 2 (180◦ rotation), such as: the group ∞ of a rotatable cone
(of a collinear superposition of electric and magnetic ﬁelds), ∞m of a resting cone (of an electrical
ﬁeld), ∞/m of a rotatable cylinder (of a magnetic ﬁeld), ∞2 of a “twisted cylinder”, which
allows turning in opposite directions (the selected
direction allows the rotation of the plane of polarization), ∞/mm of a resting cylinder (uniform
uniaxial ﬁeld of a mechanical stress).
LIMITING VELOCITY
See Slonczewski limiting velocity.
LINEAR COMBINATION OF ATOMIC
ORBITALS, LCAO method

One of the techniques used to calculate the
wave functions and energies of electrons in crystals. It is close to the tight binding method in the
theory of molecules. In the LCAO method, the
crystal potential is represented as a superposition
of individual site potentials

Vi (r − Ri ),
V (r) =
i

where Ri is the coordinate of the ith site in the lattice. The basis functions used for band structure
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calculations are Bloch sums composed of sitecentered functions similar to Wannier functions.
The LCAO method proper uses solutions of the
Schrödinger equation for each respective Bloch
sum and V (r) term. As site functions become delocalized, the complexity of the solutions yielded
by the LCAO method quickly builds up. Therefore, use is made of various modiﬁcations and
approximations of the LCAO method when the
site functions are artiﬁcially localized, as well as
related techniques, such as linear combinations of
Gaussian, Slater, and other orbitals.
LINEAR DICHROISM
See Polaroid.
LINEAR DISLOCATION TENSION

A force acting upon the elements of a dislocation loop that is deﬁned by the dependence of the
intrinsic energy of the loop on its length. To compute the energy of dislocation conﬁgurations, the
linear dislocation tension approximation is used,
adapting the model of a stretched string (see Dislocation string). The energy increment per unit
increment of length of such a string is of the order of the Burgers vector squared multiplied by the
shear modulus. More accurate expressions include
a factor determined by the local value of the angle of the Burgers vector to the dislocation line,
and also a logarithmic factor depending on the
length of the curved section or curvature radius.
The approximation of linear dislocation tension
yields good results if these values are much larger
than the magnitude of the Burgers vector. By minimizing expressions for the energy that are found
within this approximation one may obtain equilibrium conﬁgurations of dislocations under their
intersection or in the ﬁeld of external stresses, the
scale of the inhomogeneity of the latter along the
line of dislocations being much larger than the
Burgers vector length.
LINEAR HARDENING OF CRYSTALS
Strain hardening that manifests itself in larger

values of the deforming stress σ needed to develop
plastic deformation ε of a prescribed rate ε̇ = const

in a crystal. Three ranges (stages) of hardening describe the σ (ε) dependence for monocrystals with
face-centered cubic (FCC), body-centered cubic
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Table 1. Coefﬁcient of hardening
Metal

Lattice type

θ lhc per unit modulus

Cu
Fe
Zn

FCC
BCC
HCP

≈3·10−3
≈2·10−3
≈2·10−4

(BCC) and hexagonal close-packed (HCP) lattices: easy slip, linear hardening of crystals, and
dehardening. As compared to others, the stage of
linear hardening of crystals features a linear dependence of σ on ε, and the highest value of the
coefﬁcient of hardening, θ lhc = dσ/dε. Crystals
with FCC, BCC and HCP lattices have different
values of θ lhc , some of which are cited in Table 1 (at T = 300 K). The value of θlhc depends
signiﬁcantly on the type of strain (stretch, compression, shear), on the crystal orientation, and
only weakly on T and ε̇. The duration of the stage
of linear hardening of crystals depends on the temperature, T . The transition from the stage of easy
slip to that of linear hardening is related to activation of intersecting slip systems, to the appearance
of moving dislocations, and to the fact that interaction with the latter needs much higher σ for
dislocations to move. Long-range ﬁelds of σ control the resistance to the motion of dislocations at
the stage of linear hardening.
LINEAR METHODS OF BAND STRUCTURE
COMPUTATION

A group of methods differing from classic
band structure computation methods (Korringa–
Kohn–Rostoker method, Augmented plane waves
method, etc.) in that their basis functions are en-

ergy independent. The energy dependence is either
ignored, or an expansion is carried out about
one or several energy reference points. Different
variants of the method are often applied to different regions within the crystal (e.g., close to
or far from nuclei). These methods provide an
accuracy of band structure of several mRy, i.e.
they stay within an error margin typical for constructing the crystalline potential. However, linear
methods are computationally 10–100 times faster
than classical ones. Most computations are done
with the help of, ﬁrst, the linear mufﬁn-tin orbital (LMTO) method and, second, the augmented

spherical wave method. The LMTO method is derived by linearizing the Korringa–Kohn–Rostoker
method with some additional changes. Several
modiﬁcations of the linearized augmented plane
waves (LAPW) method are obtained by different forms of linearization. The LMTO method is
faster, conceptually simpler, and more convenient
for self-consistent operations. The advantage of
the LAPW method is that it may be more easily generalized to cover potentials of an arbitrary
shape (see Muf n-tin potential).
LINEAR PYROELECTRIC

A crystal with spontaneous polarization (see
Ferroelectricity) that exists in the absence of an ex-

ternal electric ﬁeld. The primitive cell has a nonvanishing electric dipole moment, and the direction
of the spontaneous polarization cannot be reversed
by applying an external electric ﬁeld, even if it
is as strong as the breakdown value. Examples
of linear pyroelectrics are the mineral tourmaline and lithium sulfate Li2 SO4 . Their pyroelectric
coefﬁcients exhibit a very weak temperature dependence over a wide range of temperatures. Since
pyroelectric coefﬁcients in linear pyroelectrics are
much smaller in magnitude than those in nonlinear ones, the former ﬁnd practically no use as
sensitive elements in pyroelectric radiation detectors. In some cases (e.g., tourmaline) the polarization is masked by neutralizing ions that collect
on the surface from the atmosphere, and heating
causes these ions to evaporate, with an observed
increased in polarization, hence the origin of the
name pyroelectricity.
LINEAR RESPONSE

A reaction of a physical system to a weak perturbation. External forces Fi (e.g., electric or magnetic ﬁelds) that affect the motion of individual
particles may induce a linear response, so-called
mechanical perturbations. An electric current may
originate in a solid under their effect, its dielectric
polarization (see Polarization of insulator) or magnetization may change. For small values of Fi , a
linear relation holds between small deviations of
the respective variables from their equilibrium values Ai (t) and Fi (t) (t is time):
 t
Ai (t) =
ϕij (t, t  )Fj (t  ) dt,
j

−∞

LINE (LEVEL) WIDTH

where ϕij is the linear response function, independent of Fi . The linear relation between Ai (t)
and Fi (t) is a cause and effect one, i.e. Ai (t)
depends on values of Fi (t  ) only if t  < t . In
other cases the linear response may be caused by
a weak spatial nonuniformity of the system, e.g.,
a nonuniform temperature or concentration of its
current carriers. Linear response may then be expressed as ﬂuxes of matter, momentum or energy
that act to restore a uniform state of the system.
Such perturbations are called thermal perturbations. Although the latter differ quite noticeably
from mechanical perturbations on a microscopic
level, the linear response itself has the same form.
Spatial derivatives of the perturbed parameters of
the system, e.g., temperature, particle density, etc.,
can act as external forces. The Kubo linear response theory relates the system response function
to mechanical perturbations to the correlation functions of equilibrium uctuations of microcurrents
in a solid (see Kubo–Tomita method). For the case
of a perturbation of the form V (t) = i Bi Fi (t),
where Bi are functions of the coordinates and
momenta of the particles, or of the corresponding operators, Kubo theory introduces a response
function expressed in terms of a two-time retarded
Green’s function



ϕij (t, t  ) = Ai (t)Bi (t  )


≡ θ(t − t  ) Ai (t), Bj (t  ) ,
where . . . denotes averaging over the equilibrium distribution,

1 for t > 0,
θ(t) =
0 for t < 0,
and {. . .} are Poisson brackets (commutator
1/(i)[A(t), B(t  )] in the quantum case). A remarkable feature of the linear response function is
that the value of the linear response (a nonequilibrium characteristic) is expressed via the average
over the state of statistical equilibrium. No such
general theory exists for thermal perturbations,
although relationships, similar to the Kubo formulae, may be obtained for speciﬁc cases through
solving the kinetic equations or the Liouville equation.
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LINE BROADENING
See Inhomogeneous broadening, Homogeneous
broadening.
LINE INTENSITY

A spectroscopic parameter (ordinate of a curve)
characterizing the absorption (transmission) intensity of a sample (see Absorption index). The line
intensity versus frequency dependence determines
the line shape, and this provides the spectral line
intensity (i.e. line intensity at a given frequency),
and the integrated line intensity (i.e. the area under
the line contour).
LINE (LEVEL) WIDTH, level broadening

A measure of the energy uncertainty of a
quantum-mechanical system interacting with an
ensemble of particles (quasi-particles) that have a
continuous or quasi-continuous energy spectrum,
which makes the quantum states of the system
not rigorously determined. The concept of level
width permits the approximate description of the
states of a closed system by exact wave functions when, strictly speaking, the system does
not possess them. For the energy Ej of a closed
system, the stable state wave function is
ψj (t) = ψj exp[it (Ej /)]. The interaction broadening of the level may be taken into account
by introducing the modiﬁed wave function
ψj (t) = ψj exp[it (Ej / + i/τj )], where the energy E has a random magnitude described by the
distribution function gj (E) with its maximum near
E = Ej , and τj is the average duration (lifetime)
of the system in the given state j . The ﬂuctuations
of Ej for the quantum system ensemble are determined by the statistical distribution of external
ﬁelds, which may either be stationary or ﬂuctuate with time. If the interaction mentioned above
is described as a random process then τj−1 is determined by the sum of probabilities of quantum
transitions from the state with the energy Ej to
all states with Ek = Ej . If the uncertainty of the
energy Ej ≈ gj (Ej )−1 due to the distribution
gj (E) exceeds τ −1 , then there is an inhomogeneous level width Ej . If τ −1 > Ej , the
level width is determined by the uncertainty principle involving energy and time (homogeneous
broadening). The mechanisms involving homogeneous and inhomogeneous (see inhomogeneous
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LINE SHAPE

broadening) contributions to the level width are

determined, as a rule, by different interactions,
but they could involve the same interaction (e.g.,
electron–phonon interaction for electron impurity
states).
The intrinsic level widths are related to the
experimentally measured line width Ej k for
transitions between energy levels Ej and Ek in
accordance with the expression Ej k  Ej +
Ek . The spectral line recording always involves
an additional (applied perturbation) interaction
V (t) giving rise to the transitions. For example,
for electric dipole transitions V (t) is the dipole
moment operator er interacting with the oscillating electric ﬁeld vector of an incoming electromagnetic wave. There are also magnetic dipole,
electric quadrupole, and higher-order multipole
transitions. The width depends on the method of
recording the response to V (t), such as the scanning frequency or magnetic ﬁeld, and it can also
depend on the strength or intensity of the exciting
radiation. Some typical situations are:
(1) The spectral line width reﬂects the level width
only partly when V (t) excites transitions in
such a manner that transition frequencies ωj k
do not depend on the parameters broadening
the energy levels. Electron paramagnetic resonance (EPR) of a shallow donor, whose levels
are broadened by the ﬂuctuating electric ﬁelds
of charged impurities, may be an example of
this type. Such a broadening may mount up to
several meV and be observed in optical spectra, while the EPR spectral lines of shallow
donors are broadened by only several μeV,
through much weaker magnetic interactions
with nuclear and electronic spins.
(2) If a frequency of the quantum transition responsible for the spectral line is exposed to
the inﬂuence of time varying (ﬂuctuating) parameters (ﬁelds), then the spectral line width
will reﬂect their distribution function gj (E)
only when the transition frequency ωj k =
|Ej − Ek |/ exceeds the reciprocal of the correlation time τc of the ﬂuctuating ﬁelds. For
the case ωj k < τc−1 an averaging of the ﬂuctuating action takes place, the so-called dynamic
line narrowing effect. This case, which is not
unusual, occurs in various types of magnetic
resonance.

(3) If V (t) strongly disturbs the equilibrium of the
quantum system, then the spectral line width
may reﬂect changes in the spectral line due
to the new equilibrium. For instance, optical
transitions associated with the recharging of
impurity centers may affect the quantity of
the recharged ions, and hence result in an additional broadening of the spectral line. The
inverse situation is possible (e.g., in highresolution NMR), when the disturbance cools
the quantum subsystem, which is responsible
for the spectral line, leading to the suppression of ﬂuctuations which cause broadening.
The equilibrium can also be disturbed when
the exciting signal is a high-power pulse.
Experimentally the spectral line width is determined by the energy spacing (or that of another parameter such as wavelength or magnetic
ﬁeld B which is scanned) between the points,
where the line intensity has dropped to one-half
of its maximum value (Δ1/2 ). When the spectrum
is recorded as a ﬁrst derivative, the spectral line
width is characterized, as usual, by its peak-topeak value (ΔPP ) which is the spacing between the
extrema of the derivative recording. For most lineshapes the peak-to-peak width is less than the half
amplitude width (Δ1/2 /ΔPP = 31/2 = 1.7321
for Lorentzian shaped lines, and Δ1/2 /ΔPP =
(2 ln 2)1/2 = 1.177 for Gaussian lines).
The proper theoretical calculation of the spectral line width requires a knowledge of its line
shape. However, in the case of homogeneous
broadening, its width is calculated from the knowledge of its corresponding relaxation times. In the
case of inhomogeneous broadening the spectral
lines are sometimes characterized by moments of
spectral lines.
LINE SHAPE

Distribution of spectral line intensity as a function of the variable according to which the spectrum is recorded (wavelength λ, frequency ν, magnetic ﬁeld B, etc.); it corresponds to the form factor
of the line. Experimental line shapes are affected
by instrumental settings as well as by physical factors, so line shape studies can provide information
about the nature of the broadening mechanisms.
The line shape may be characterized by a mathematical expression, or by a set of moments. The

LIQUID-CRYSTAL DISPLAYS, LCD

most common line shapes F (x) are a Gaussian
shape, a Lorentzian shape, and also their convolution (see Line shape convolution):


FG (x) = exp −x 2 ln 2

(Gaussian),

1
FL (x) =
1 + x2

(Lorentzian),

where x = (ω0 − ω)/Δ, the center frequency of
the resonance is ω0 , and Δ is the half-width at
half-amplitude.
Speciﬁc line shapes can be due to orientational
line broadening, and also due to the action of speciﬁc physical mechanisms (Dyson shape, Holtsmark shape). A line shape can arise from several
sources of inhomogeneous broadening (hyper ne
interaction, superhyperﬁne interaction, unresolved
ﬁne structure, etc.), or it can result from the superposition of overlapping lines. For the best resolution and analysis the ﬁrst, second and third
derivatives of the line are recorded. Also mathematical analogues of complex lines, calculated
with the help of a computer, can be ﬁt to experimental spectra with the proper choice of one or
more variable parameters.
LINE SHAPE CONVOLUTION
A composite line shape that results from the

simultaneous effect of two or more spectral distributions. The line shape function of a resonance
absorption line in a paramagnetic system is deﬁned by the spectral distribution of absorption
probability for each separate paramagnetic center,
I1 (ω − ω), and the spectral distribution of the
number of particles with a given energy,
I2 (ω − ω0 ). Depending on the nature of the interaction of a paramagnetic particle with its environment, the function I1 (ω − ω) may be described
by various distribution laws. The ones most often
encountered in practice are the Lorentzian shape


(ω − ω)2 −1
L(ω − ω) = π −1 1 +
Γ2
and the Gaussian shape

(ω − ω)2
,
G(ω − ω) = π −1/2 exp −
Γ2


where Γ is the linewidth. The function
I2 (ω − ω0 ) is usually Gaussian, G(ω − ω0 ). The
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resulting line shape function is a convolution of I1
and I2 , so that
I (ω − ω0 ) = I1 × I2
∞
=

I1 (ω − ω)I2 (ω − ω0 ) dω .

−∞

In the most common and simplest case I (ω − ω0 )
is a convolution of a Gaussian and a Lorentzian
shape
I (ω − ω0 ) = G × L
∞
=

G(ω − ω)L(ω − ω0 ) dω .

−∞

LINE SHAPE, HOLTSMARK
See Holtsmark shape.
LINE SHAPE, STATISTICAL THEORY
See Statistical theory of line shape.
LIQUATION

Separation (segregation) of a homogeneous
(single-phase) multicomponent liquid (solution,
melt) into two or more phases differing in composition. This can be done, e.g., by heating an
alloy to melt the more fusible matter. New phases
that form during liquation may be either liquid
or solid (vitreous or crystalline). Liquation plays
an important role during vitri ca tion of multicomponent supercooled (metastable) highly viscous
liquids. Sometimes, though rarely, the term “liquation” is used to denote the process of separating
new phases from the initial one that differ from it
only in structure.
LIQUID CRYSTAL, CHIRALITY
See Chirality in liquid crystals.
LIQUID-CRYSTAL DISPLAYS, LCD

Devices for visualizing information in the form
of letters, numbers, symbols, lines, etc. based on
a liquid crystal as an operating agent. The action
of a liquid crystal display is based on the ability
of a liquid crystal to change its optical properties under the action of an external electric ﬁeld
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LIQUID CRYSTAL, LIGHT SCATTERING

(or temperature). The ﬁeld causes either a coordinated rotation of liquid crystal molecules (see
Electrooptical effects in liquid crystals) or a strong
liquid crystal ﬂow (see Electrohydrodynamic instabilities). In the ﬁrst case, the optical axis changes
its direction; in the second case, a strong spatial
nonuniformity of the effective refractive index develops. Both effects are reversible; they can be
used for controllable modulation of the intensity of
light passing through the liquid crystal layer. Dyes
are introduced into a liquid crystal to bring about
a color change.
Two types of liquid-crystal media suitable for
displays are ferroelectric liquid crystals (providing
a high switching rate) and liquid crystals dispersed into polymer arrays. These media have
good prospects for the creation of TV screens, and
of ﬂexible wide-angle displays. There are also displays based on a thermal method of information
recording. A laser beam that scans across the layer
of a smectic liquid crystal introduces local changes
due to melting, whereby its refractive index is
changed. The stored information is erased by an
electric ﬁeld which restores the initial structure
of the liquid crystal. Due to their simple manufacturing technology, high economic efﬁciency
and functional variability, liquid crystal displays
are widely used as alphanumeric indicators, TV
screens, as well as in electronic watches, calculators, etc.
LIQUID CRYSTAL, LIGHT SCATTERING
See Light scattering in liquid crystals.
LIQUID CRYSTAL MODULATION
See Wave-like modulation.
LIQUID CRYSTAL ORDER
See Degree of order, Order parameters in liquid
crystals.
LIQUID-CRYSTAL POLYMERS

Macromolecular analogs of common liquid
crystals: typical of molecules or their fragments
(e.g., lateral groups of ﬂexible-chained comb-like
molecules) in liquid-crystal polymers is the presence of orientational order. Liquid-crystal polymers occupy an intermediate position between
amorphous and crystalline polymers. They are divided, like low molecular weight liquid-crystal

polymers, into thermotropic (formed by change in
temperature) and lyotropic (formed by change in
concentration) types, and they form smectic, nematic and cholesteric mesophases. Liquid-crystal
polymers might be used for ﬁlm dichroic polaroids, and color indicators based on them.
LIQUID CRYSTALS

Thermodynamically stable states of matter with
physical properties intermediate between those of
a liquid and a solid crystal. Liquid crystals are
composed of molecules or groups of molecules
(e.g., micelles) often unsymmetrical in shape.
Their most general features are the presence of
long range orientational order in the arrangement
of the asymmetric molecules, and the complete or
partial absence of translational order of the locations of the centers of mass of the molecules.
Liquid crystals can be thermotropic and lyotropic. Thermotropic liquid crystals form during a temperature change: during melting a solid
crystal may, before entering the isotropic liquid
state, pass through one or more mesomorphic
(intermediate) phases or mesophases. Lyotropic
liquid crystals form when dissolving asymmetric objects in suitable solvents. Proceeding from
rod-like to disc-like shaped component molecules,
liquid crystals are subdivided into calamitics and
discotics; and those formed from polymer macromolecules are called liquid-crystal polymers. According to the manner of ordering, mesophases
are divided into nematic, cholesteric, smectic and
columnar (these do not exhaust the classiﬁcation,
see also Blue phases). The most widely studied types are thermotropic calamitics of the nematic liquid crystals, cholesteric liquid crystals and
smectic liquid crystals consisting of low-molecular
weight organic materials with the common molecular formula
,
i.e. molecules with two benzene rings connected
by a double or triple A–B bond, terminated by
short chains R and R  at the ends. Such molecules are about 2 nm long and about 0.5 nm thick.
Nematics are characterized by the total absence
of translational order in the arrangement of the
molecular mass centers, and the presence of a

LIQUID–GLASS TRANSITION

preferable orientation of the longer axis of rodlike molecules (or of normals to the planes of
disc-like molecules) along some direction denoted
by the unit vector n, which is called the director.
A cholesteric can be pictured as a twisted nematic:
when moving along an axis perpendicular to n
the director n traces a spiral. Cholesterics consist
of chiral molecules, i.e. those without planes of
symmetry. Smectics have a unidimensional translationally ordered laminated structure. The best
known are smectics A, B and C. The longer axes of
the molecules are perpendicular to the plane of the
layer in smectics A and inclined to it in smectics C.
The mass centers of the molecules within the layer
in both cases are positioned randomly. The layers can slip relative to one another, so smectics A
and C resemble crystals in one direction, and liquids in the other two directions. The orientation
of the molecules in smectics B is the same as that
in the A-phase, but there is some translational and
orientation ordering (see Smectic liquid crystals).
Columnar phases are two-dimensionally ordered
columns of disc-like molecules. There is no translational order in the arrangement of molecular
mass centers within the columns; i.e. there is twodimensional crystalline order in combination with
one dimensional liquid order (see Discotics).
During an increase in temperature the best
known mesophases replace each other in the following sequence: Crystal ↔ Smectic B ↔ Smectic C ↔ Smectic A ↔ Nematic (or Cholesteric)
↔ Isotropic liquid (some mesophases can be absent for a particular substance). The regions of
the existence of mesophases (from fractions to
some tens of degrees) may fall into the temperature range 60–400 ◦ C. Phase transitions between
the mesophases can be either of ﬁrst or second
order. Between cholesteric and isotropic liquids
(in a narrow temperature range) sometimes blue
phases occur with exotic and seldom-investigated
properties. The types of ordering of lyotropic liquid crystals are mostly the same as in the case of
thermotropic liquid crystals. However, the macromolecules or micelles can act as structural units
of lyotropic liquid crystals, which renders some
speciﬁcs to their ordering. For instance, an analog of smectic phases is lamellar phases, where
the lipid structural units form, within the solvent
(water), double layers similar to biological membranes. This similarity establishes the connection
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between liquid crystals and biological substances.
Thus, the term “liquid crystal” encompasses a
wide class of systems – from single-component,
low molecular weight organic substances to complex biological structures. The term is attributed
to the German physicist O. Lehmann (1890) who,
at the request of the Austrian botanist F. Reinitzer
(1888), the discoverer of liquid crystals, carried
out the ﬁrst systematic studies of liquid crystals.
The orientational order in liquid crystals underlies the anisotropy of their physical properties: optical, electrical, magnetic, elastic, etc. (see
Anisotropy of liquid crystals). The theoretical description of liquid crystals employs the methods
of statistical physics and hydrodynamics as well
as the language of the order parameter, accepted
in the theory of ordered systems (see Order parameters in liquid crystals and Elasticity of liquid crystals). Liquid crystals are systems with interesting
topological properties giving rise to various defects and textures that exist in the ﬁeld of the order
parameter (director), and can be easily observed
experimentally (see Defects in liquid crystals, Domain wall in liquid crystals). Thus, for example, the
term “nematic” (fr. Gr. νημα, a thread) originated
from the microscopic observation of disclinations
looking like dark threads ﬂoating in the sample.
Numerous electrooptic, hydrodynamic, and other
effects are observed in liquid crystals (see Wavelike modulation in liquid crystals, Twist effect, Frederiks transition, Electrohydrodynamic instabilities
in liquid crystals, Guest–host effect). These effects underlie different practical applications (see
Defectoscopy, Liquid-crystal displays, Thermography, Thermal indicators). Liquid-crystal polymers
serve as the source material for the manufacturing of super-durable ﬁbers. Some lyotropic liquid
crystals are suitable for the simulation of biological objects such as membranes.
See also Cholesteric liquid crystal, Lyotropic liquid crystals, Smectic liquid crystal, Ferroelectric
liquid crystal, Nematic liquid crystal.
LIQUID CRYSTALS, MAGNETOOPTICAL
EFFECTS
See Magnetooptical effects in liquid crystals.
LIQUID–GLASS TRANSITION
See Vitri ca tion.
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LIQUID METALS

LIQUID, QUANTUM
See Quantum liquid.

the elastic and chemical energies, the composition
of the phase deposition changes when the liquid
phase composition is varied (effect of composition stabilization). Besides, the composition of the
layer being deposited depends on the presence of a
region of restricted solubility of the solid solution
components. These circumstances impose restrictions on the possibility of producing ﬁlms of solid
solutions of predetermined compositions.

LIQUID-PHASE EPITAXY

LIQUID SEMICONDUCTORS

An epitaxial deposition of a material from a
liquid phase, i.e. from melt or solution (see Epitaxy). Liquid-phase epitaxy was originally used
by H. Nelson (1963) in manufacturing germanium
lm s for tunnel diodes. Now it is widely used
to produce epitaxial ﬁlms of III–V compounds
and their solid solutions when creating heterogeneous structures to be the basis for lasers, light
emitting diodes and photodetectors, and for the
deposition of magnetic lms. The essence of the
technique is the material deposition on a substrate
from a saturated melt or from a solution during its
cooling. Compared to other methods of epitaxial
growth, this method has several advantages, such
as: simple equipment, high deposition rates, broad
possibilities of doping ﬁlms with different impurities, and the absence of the chemically active,
toxic and explosion-prone gases used in gas phase
epitaxy.
To deposit these epitaxial ﬁlms, installations
with an inclining furnace as well as those with a
vertical one are used. In the former, the contact of
the substrate with the solution is achieved by tilting; while in the latter, the substrate is immersed
into the solution. To obtain multilayer epitaxial structures a multisection arrangement places
the substrate into the depression of the movable
graphite plate which serves as a bottom of cells
ﬁlled with different melts. When depositing solid
solution layers from a melt, the composition of the
layer does not necessarily correspond to that of the
dissolved substance. This is because the composition not only depends on the minimum system
free energy arising from the chemical components,
but it also depends on the mismatch of the of ﬁlm
and substrate crystal lattices, and this gives rise to
internal stresses and an associated elastic energy.
Therefore, as a result of the correlation between

Materials possessing semiconductor properties
in the liquid state. The process of melting oxides, sulﬁdes and selenides (e.g., Bi2 O3 , Sb2 O3 ,
Sb2 S3 , Sb2 Se3 , etc.) does not cause them to lose
their semiconductor properties, but their electrical conductivity does continue to increase with
increasing temperature. Semiconductors with the
diamond and zinc blend structures (e.g., Si, Ge,
III–V compounds) do lose their semiconducting
properties upon melting, since they experience a
sharp increase of their electrical conductivity to
values typical for liquid metals. With increasing
temperature, some liquid semiconductors (e.g.,
Te–Se alloys, rich in Te) gradually lose semiconducting properties and acquire those of metals,
while others, such as Se-rich Te–Se alloys, retain
their semiconductor properties over a broad temperature range.
In liquid semiconductors, the energy region
near the minimum of the density of states in
the electron energy spectrum acts as a band gap.
Given a sufﬁciently deep minimum, there appears in its vicinity a region of almost localized
charge carrier states with low mobility (pseudogap). With an increase in temperature the pseudogap may disappear, with the liquid semiconductor
transforming into a metal.

LIQUID METALS

Opaque liquids with electrical conductivity
σ  5·105 (·m)−1 . Liquid metals are the melts
of metals and their alloys, as well as melts of some
intermetallic compounds, semimetals, and semiconductors.

LIQUID STATE MODELS

Descriptions of liquids as systems of ordered
microscopic regions. Either a solid or a gas can be
taken as a basis for elaborating liquid state theory.
Both approaches attempt to explain the ordered
state of microscopic regions, or the short-range
order (see Long-range and short-range order) of
atomic arrangements, which have been proven by
numerous X-ray structure analyses. Liquid state
models generally follow the ﬁrst approach. The

LITHOGRAPHY, ION

second approach deals with statistical relationships for the model of a dense gas, and lacks much
substantiation.
Problems of liquid state models that remain to
be solved concern the structure of microscopic regions, their lifetime, nature of boundaries, and the
formation mechanism for the regions (melting).
There are two points of view regarding the structure of microscopic regions. One hypothesis asserts that the liquid consists of crystal “fragments”
(microcrystallites) that retain a crystal structure.
According to the second concept, a liquid is composed of cybotaxes (three-dimensional arrangements of molecules) that are intermediate between
crystalline and gaseous states in their structural aspect.
There are no boundaries between microscopic
regions in the cybotaxic model. In the microcrystallite model, crystal-like regions must have
boundaries, but there is scarcely any evidence for
their presence. It is clear that much of the heat
of melting in this case goes into the generation
of these boundaries. Frenkel thoroughly examined
plausible reasons for the generation of boundaries
and found them reducible to density uctuations,
generation of vacancies, and systems of microcavities and microcracks (see Cracks). Yet, the
monotonic increase of the number of crystal defects with increasing temperature is inconsistent
with the abrupt change of viscosity and density
at melting. Microcrystallite boundaries are likely
to arise as a result of the anomalous thermal expansion of a crystal surface (and at locations of
defects). There, the lattice parameters increase
more rapidly than they do inside the bulk of the
crystal, and shear resistance vanishes at the melting temperature. The crystal turns into a liquid
owing to the small value of the shear modulus
along boundaries.
LITHIUM, Li

Element of Group I of the periodic system with
atomic number 3 and atomic mass 6.941; it is an
alkali metal. Natural lithium is a mixture of stable
isotopes 6 Li (7.42%) and 7 Li (92.58%). Electronic
conﬁguration is 1s 2 2s 1 . Successive ionization energies are 5.39, 75.64, 122.42 eV. Electron afﬁnity
energy is 0.59 eV. Atomic radius is 0.157 nm;
ionic radius of Li+ is 0.068 nm. Oxidation state
is +1, electronegativity is 0.95.
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In a free form, lithium is a plastic, very soft
silvery-white metal. It has a body-centered cubic lattice with parameter a = 0.35023 nm (at
20 ◦ C), at 78 K it transforms to a hexagonal lattice. Density is 0.539 g/cm3 (the lowest among all
metals) at 273 K. T melting = 453.7 K, T boiling =
1600 K. Heat of melting is 3.0 kJ/mole; heat
of evaporation is 133.7 kJ/mole; speciﬁc heat
cp = 24.85 J·mole−1 ·K−1 , coefﬁcient of thermal conductivity is 71 W·m−1 ·K−1 (from 273 to
373 K). Debye temperature is 370 K. Resistivity
is 0.0812 μ·m (at 273 K), the average coefﬁcient
of resistance is 4.5·10−3 K−1 . Mohs hardness is
0.6, Brinell hardness is 5 MPa; tensile strength
is 115 MPa; relative elongation is 50 to 70%.
Adiabatic elastic moduli of lithium: c11 = 13.42,
c12 = 11.30; c44 = 8.89 GPa at 298 K.
Metallic lithium is paramagnetic and its compounds are diamagnetic; magnetic susceptibility
is +2.04·10−9 (at 293 K). It is used as an alloying addition to various alloys. The most important area of lithium application is nuclear power.
Lithium compounds are used in manufacturing
special glasses, thermostable porcelain and ceramics, etc.
LITHOGRAPHY (fr. Gr. λιθoς , stone, and
γραϕω, am writing)

Historically, a printing technique that uses patterns etched in stone. Modern lithography techniques are used to etch systems of conducting
and insulating regions on the surfaces of semiconductor plates to form integrated circuits. The
surface of the plate is coated with a uniform layer
(or several layers) of a resist sensitive to various types of radiation (accordingly, one speaks of
X-ray photolithography, electron lithography and
ion lithography). The intensity and spacial distribution of the irradiation controls the conﬁguration of
the protective mask remaining on the surface after
processing the plate. It also controls the distribution of impurities in subsequent doping of the plate
through the processed surface or the surface relief
resulting from etching. The mask then has to be
removed.
LITHOGRAPHY, ION
See Ion lithography.
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LITTLE–PARKS EFFECT

LITTLE–PARKS EFFECT (W. Little, R. Parks,
1962)
A periodic variation T c in the critical temperature, T c , of a thin walled superconducting

cylinder or thin ﬁlm wire loop that appears during
variations of a magnetic ﬁeld B applied parallel
to the cylinder axis. The conditions on the wall
thickness d for observing the Little–Parks effect
are d  R, ξ(T ), λ(T ), where R is the cylinder
radius; ξ(T ) is the coherence length, and λ(T ) is
the penetration depth of magnetic eld into the superconductor. The Little–Parks effect results from
the quantization of ux. The value T c (B)/T c
is proportional to (n − Φ/Φ0 )2 , where Φ is the
magnetic ux through the cylinder cross-section,
Φ0 = h/2e is the ﬂuxoid or ux quantum, and n is
an integer. For a given B, there is a value of n that
minimizes the super uid velocity vs . According to
estimates, max{ T c (B)} ≈ 10−3 K.
LOADING, MICROSHOCK
See Microshock loading.
LOCAL ANALYSIS

Procedures for determining the chemical composition of microvolumes or thin layers of a solid.
They are usually applied to retrieve the elemental
composition of microphases, of individual inclusions, of micropatches or of thin layers of the solid
surface. Both the basic components of the sample and impurities (10−2 –10−4 %) are identiﬁed.
Various instrumental techniques are used that feature low detection thresholds (10−11 –10−14 g)
and allow carrying out a multicomponent analysis.
These techniques are characterized by a certain locality L (i.e. size of area or volume within which
the analysis may be conducted with a given accuracy). One may distinguish longitudinal locality
L (depth of analyzed region), and transverse locality L⊥ (measured along analyzed surface).
Highly sensitive local analysis techniques
(L < 1 μm3 ) are the X-ray spectrum, laser, cathode luminescence, ionic probing microanalysis,
Auger spectroscopy, characteristic energy loss
spectroscopy, etc. Layer-by-layer local analysis is
conducted at various depths with a layer step of
about 0.1 μm. Beside the above techniques, various others are also applicable, such as atomic absorption, luminescence, radiation activation, etc.

They are employed after thin layers of the sample
are subjected to chemical or electrochemical dissolution, and the components to be identiﬁed are
concentrated.
LOCAL BARRIERS for dislocations

Obstacles (stoppers) to interactions which result in a haphazard quality of displacements, and
slow down the velocity of dislocation motion.
Local barriers are typical of materials with low
Peierls barriers (see Peierls relief), especially for
alkali-halide crystals, and they also have an effect upon the mobility of dislocations in crystals with high Peierls barriers. The local barriers usually include vacancy–impurity complexes
(see Vacancy, Impurity atoms), small-size impurity
and vacancy clusters, peaks of internal uncompensated stress ﬁelds (see Internal stresses) of
dislocations and sometimes of vacancies, interstitial atoms, impurity atoms, precipitates of foreign
phases, and microscopic dislocation loops. The
nature of local barriers has been studied most thoroughly in silicon. The so-called A and B swirl
defects were found there. According to electron
microscopy data, B-defects form during crystal
growth, and are agglomerates of implanted silicon atoms with an admixture of other elements,
e.g., carbon, which regulate the growth kinetics
and stability. A-defects form by way of restructuring the B-defects, and are dislocation loops of
an intrusion type. One may consider interactions
of dislocations with both mobile and immobile local barriers. The immobility of local barriers stems
from their large size and the low temperature of the
experiment, when the diffusional motion of atoms
is hindered (see Diffusion). Local barriers related
to peaks of internal dislocation stresses are immobile in principle. Immobile local barriers usually
have random positions throughout the crystal bulk,
although some ordering can occur. Dislocations
penetrate local barriers in either an activated or
nonactivated manner during a ﬁnite time. The actual physical mechanisms of penetration depend
on the barrier nature, and in many cases have
not yet been studied. Spatially large local barriers (e.g., dislocation ﬁelds of internal stresses)
are often avoided by being by-passed (Orowan
mechanism). According to electron microscopy
data, small local coagulation barriers may disintegrate under the forceful action of dislocations.

LOCAL ELECTRIC FIELD

The mathematical formalism of local barrier penetration is based on geometrical statistics, i.e. on
statistical characteristics of a dislocation line conﬁguration. They include probability distributions
of the lengths of dislocation segments, and of the
angles of coverage of individual local barriers by
a dislocation. Simultaneous interactions of a dislocation with a large number of randomly positioned
local barriers introduce statistical features to its
motion.
LOCAL CORROSION
The corrosion of spatially localized regions of
a material. Corrosive failure may, depending on the

properties of the metallic material and the level of
hostility of the environment, localize at separate
regions of the surface, with other areas remaining
practically intact. The characteristic types of local
corrosion are contact, crevice, pitting and intercrystalline. Contact corrosion appears in a device
constructed from alloys differing in their electrochemical properties. It may also be observed in a
single homogeneous material containing welds or
areas of different structural states (stressed, tempered, etc.). Crevice corrosion involves an intense
selective destruction in a crevice (slit) at the juncture of different parts of a construction, between
gaskets and metal, etc. During pitting (point) corrosion, some metal spots dissolve at high rates,
deeply enough to form penetrating sores. Intercrystalline corrosion (the most dangerous of all)
develops selectively along the grain boundaries
and results in the loss of strength and plasticity of
the construction material.
LOCAL DENSITY APPROXIMATION

An approximate method for calculating the
exchange-correlation energy Exc of an inhomogeneous electron gas, assuming that it depends on the
local charge density ρ(r). More speciﬁcally, the
value of Exc is expressed through the exchangecorrelation energy density εxc of a homogeneous
gas at the given point: Exc = drρ(r)εxc (ρ(r)).
The local density approximation is at present the
main one employed in the practical application
of density functional theory. Formally, the local
density approximation is of zero order in the expansion of Exc in the gradients of the electron
density, but the overall area of its applicability
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is far broader. A drawback of this approximation
is the irregular (nonzero) limit for the electron–
electron interaction energy when the number of
electrons converges to one, and also the exponential, rather than power law, fall off of the effective
potential at large distances from the system (the
so-called problem of image forces). This approximation often gives good results for ground state
properties like cohesive energies and charge densities of valence electrons, but the results are poorer
for excitation energies.
LOCAL ELECTRIC FIELD

The internal ﬁeld produced by a sample polarization that affects an atom (or ion). Calculating
the local ﬁeld (E loc ) is an important problem
in the theory of insulators, in particular of ferroelectrics, and also the theory of magnetism. This
electric ﬁeld arises from ﬁxed charges outside the
body (external electric ﬁeld, E0 ) and the sum of all
ﬁelds of charges within the body itself, taking into
account the sample polarization (see Polarization
of insulator). The local ﬁeld acting upon an atom
at a point r0 differs signiﬁcantly from the macroscopic electric ﬁeld, E, the latter being derived
from the values of electric ﬁelds averaged over
the volume of a unit cell. For instance, consider
the center of symmetry point in a cubic environment assuming that the crystal itself is spherical
in shape. We then have E = E0 − P /(3ε0 ) (the
negative term represents the depolarization arising
from the crystal shape). Meanwhile, E loc = E0
owing to the mutual compensation of dipole ﬁelds
in the sample, so that E loc = E + P /(3ε0 ). Since
E for certain
P = (ε − 1)ε0 E, we have E loc
crystals with large relative dielectric constants ε
(e.g., ferroelectrics). For a lattice point with an
environment other than cubic, the local ﬁeld is
E loc = E + γ P /(3ε0 ), where γ is the Lorentz factor (see Lorentz eld). Such a ﬁeld may strongly
differ both in value and sign from site to site in
a crystal. The Lorentz model used to derive the
above expressions for E loc fails to account for the
ﬁeld produced by the molecule under consideration, i.e. for the self-action of the molecule on its
environment (reactive ﬁeld in the Onsager theory).
Taking into account the reactive ﬁeld causes the
formula for E loc to differ from the above. Both
models yield consistent results only when the electric dipole moments are induced by an external
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LOCAL ELECTRONIC LEVELS

electric ﬁeld. Note that the ﬁeld acting upon a
free carrier always agrees with the macroscopic
ﬁeld, whereas E loc = E in the general case for
localized electrons (e.g., electrons associated with
impurities). That ﬁeld depends on the radius of the
localized electronic state.
LOCAL ELECTRONIC LEVELS

Localized states in the energy spectrum of
a semiconductor, which correspond with certain
discrete levels in the band gap and resonance
(quasi-discrete) levels in allowed bands. As to
their capability for either accepting an electron
from the valence band or releasing it into the
conduction band, the local electronic levels are
divided into acceptors and donors. Certain impurities are amphoteric (see Amphoteric centers)
and may behave either as donors and acceptors.
The local electronic levels in crystalline semiconductors are generated by atoms at substitutional
or interstitial positions in the lattice as well as
by complexes comprising several impurity atoms,
and by formations involving other lattice defects
(vacancies, stacking faults) beside impurities. Impurity levels are divided into shallow levels and
deep levels depending on their positions relative
to the edges of the band gap, and of the properties
of the impurity potential.
LOCALIZATION, ANDERSON
See Anderson localization.
LOCALIZATION OF PLASTIC DEFORMATION

Result of a nonuniform distribution of plastic shape changes within the bulk of a deformed
material. Localization of plastic deformation accompanies plastic deformation of most crystalline
bodies, and reﬂects the deformation behavior of
the regions with highest plasticity. Different scales
of localization of plastic deformation are found,
characterized by the corresponding linear dimensions:
(1)
(2)
(3)
(4)
(5)

submicroscopic (10−9 –5·10−9 m);
microscopic (5·10−9 –5·10−8 m);
mesoscopic (5·10−8 –3·10−7 m);
quasi-macroscopic (optical) (3·10−7 –10−5 m);
macroscopic (above 10−5 m).

Electron microscopy techniques are commonly
used to observe directly the localization of plastic
strain at the ﬁrst three levels. Using transmission
electron microscopy, nonuniformities in the distribution of defects are commonly observed, while
replicas and scanning electron microscopes make
it possible to analyze microrelief that develops
at the free surface of a target under plastic deformation. The localization of the fourth class,
observable by an ordinary optical microscope,
usually appears as bands that vanish during polishing and further etching, the so-called shear bands
or persistent slip bands. The latter type is typical of nonstationary regimes of loaded targets.
The ﬁfth category of localization, called geometric localization of plastic deformation, appears as
patches of more pronounced changes of shape observable by the naked eye. Such patches in the case
of stretching are usually called necks. If these deformations develop, substances may deform over
great distances without signiﬁcant strain localization. Superplasticity is often observed in such
substances. When plastic strain localizes as a result of changes in material structure or loading
regime, or when a cellular dislocation structure
appears (see Fragmentation), there is usually an
accompanying loss of superplasticity. The most
dangerous case is the ﬁfth degree of localization
since the appearance of a neck sharply lowers the
level of deformation which leads to failure. The
cause of the localization lies in the spatial heterogeneity of crystalline materials, which results not
only from the presence of defects and impurities,
but is also closely connected with the crystalline
structure of a perfect crystal.
LOCALIZATION, SCALING THEORY
See Scaling theory of localization.
LOCALIZATION, SELFSee Self-localization.
LOCALIZATION THRESHOLD
The same as Mobility edge.
LOCALIZATION, WEAK
See Weak localization.

LOMER–COTTRELL BARRIER

LOCAL SYMMETRY

Relations of a lattice defect with its surrounding ideal crystal (molecule) which remain unchanged during particular rotations, reﬂections,
inversions and rotations with inversions. The set of
such transformations constitutes a local symmetry
group (see Defect symmetry group).
LOCAL SYMMETRY GROUP
A symmetry point group with operations which

leave the interactions of a lattice defect with a
crystal (molecule) unchanged. The local symmetry group for a point defect coincides with the point
group of the lattice site where the defect is located.
For more complex defects the operators of the local symmetry group provide for the invariance of
interactions within the complex, as well as those
of the complex as a whole with the crystal. The
local symmetry groups of interactions of a defect
with nuclei (ions) of the environment retain the direction of the defect–nucleus axis, and are always
subgroups of its symmetry space group, but not
always those of its point group or symmetry class.
All local symmetry groups for each of the 230
space groups are systematized in the International
Tables for Crystallography (see also Local symmetry).
LOCAL VIBRATIONS

Impurity-induced modes of vibrational states
in imperfect crystals. The frequencies of such
modes lie outside the spectral vibrational bands of
the unperturbed crystal. When the frequencies lie
in the forbidden region between the optical and the
acoustic vibrations, they are called gap vibrations.
The amplitudes of local vibrations fall off exponentially as the distance from an impurity atom,
while the radius of its state grows as the frequency
of local vibration nears one of the band edges. In
three-dimensional crystals local vibrations occur
when the masses of the impurity atoms or their interatomic interactions differ signiﬁcantly from the
corresponding values for the surrounding lattice or
matrix. When the spring constants describing the
interaction are similar, the impurity atom must be
lighter than the lattice atom).
Vibrational, rotational, and librational modes
of impurity molecules in a crystal may also be
treated as local vibrations. The basic mechanism
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to control the spectral broadening of local vibration frequencies is the decay of local vibrations
into acoustic phonons of the unperturbed crystal, and also phonon scattering by local vibrations
(modulation broadening).
If the vibrational frequencies of the impurity
fall within the phonon spectrum of the unperturbed crystal, their broadening is small, and the
respective modes are called quasi-local vibrations
or resonances. Such vibrations result in the appearance of rather sharp peaks in the density of
states. Provided the concentration of quasi-local
vibrations is high enough, a complete restructuring of the phonon spectrum in the corresponding
frequency range may take place.
Local and quasi-local vibrations can result in
the appearance of new effects in imperfect crystals
(e.g., maxima in the impurity speci c heat), and
are found in many diverse types of crystals during studies of the cross- section of inelastic neutron
scattering, IR absorption, and Raman scattering of
light.
LOMER–COTTRELL BARRIER (W.M. Lomer,
A.H. Cottrell)
A sedentary dislocation consisting of three partial dislocations, b1 , b, b2 linked by stacking faults

(wavy lines in the ﬁgure) in intersecting planes P1
and P2 . Such a barrier forms due to the reaction
between two parallel dislocations with Burgers
vectors b1 and b2 belonging to two different split
dislocations b1 = b1 + b1 and b2 = b2 + b2 . The
product of that reaction, the dislocation b = b1 +
b2 , is called a vertex dislocation or stair-rod dislocation. For example, in a face-centered cubic
lattice, the Thompson tetrahedron notation for the
reaction of dislocations b1 = Aδ + δB in the d
plane and b2 = Bα + αD in the a plane yields a

Lomer–Cottrell barrier.
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LONDON PENETRATION DEPTH

Lomer–Cottrell barrier Aδ + δα + αD, the respective stair-rod dislocation δα having its Burgers
vector b = (a/6)[101]. Since the Lomer–Cottrell
barrier cannot slip in either of the planes P1 or P2 ,
it blocks both planes. The formation of this barrier
is an efﬁcient means of strain hardening of crystals
for the case of multiple slips.
LONDON PENETRATION DEPTH
See Penetration depth of magnetic eld.
LONG-RANGE AND SHORT-RANGE ORDER

Order and symmetries (or correlations) in the
spatial location of the elements of a solid structure (atoms, molecules, atomic groups of particular conﬁgurations, etc.) or the space correlations
of values of physical parameters (e.g., magnetization M, polarization P ). The pair correlation function in coordinate space RΦ (r) = Φ(x),
Φ(x + r), where Φ(x) is a physical quantity
(atomic equilibrium position, local value of magnetic moment, etc.) and the angular brackets mean
averaged over the coordinates x, is often used for
describing the order. The degree of ordering is
characterized by the correlation radius r c , by the
symmetry properties of RΦ (r), and by the values
of the order parameters. The correlation radius determines the average size of the area where RΦ (r)
is not negligibly small. If limr→∞ RΦ (r) = 0
then rc → ∞, and the structure has long-range
order with respect to the property Φ. If rc ∼ a
(a is the average interatomic distance) then only
short-range (or local) ordering exists. If rc has a
ﬁnite value, considerably exceeding a, then the
structure has intermediate order. If Φ(x) has some
symmetry properties, then RΦ (r) inherits these
properties. The structure with lower symmetry
is considered to be more ordered. The structure
of RΦ (r) with a single-axis of symmetry, e.g.,
where there is invariance with respect to rotations
around some space axis, is more ordered, than an
isotropic structure (RΦ (r) which depends only on
|r|). The part of RΦ (r) which does not disappear
a (r)) may be
at r → ∞ (let us designate it as RΦ
the superposition of functions which differ by their
symmetry types, or belong to the same symmetry
types but with different parameters of the syma (r) = a R a (r) + a R a (r) +
metry group RΦ
1 Φ1
2 Φ2
a
· · · , where RΦk (k = 1, 2, . . .) are normalized

functions. The coefﬁcients ak are called longrange order parameters, or simply order parameters. The structural order is usually determined
a (r) of the lowest symmeby the function RΦk
try. The values of the order parameters ak are
measures of ordering. Among the structures with
the same symmetry properties the one with the
larger order parameter is more ordered. In the
case of the same composition but different symmetries the structural states of the solid are called
phases. In addition to long-range order parameters, sometimes short-range order parameters are
introduced which reﬂect the measure of correlations over short distances (usually within the ﬁrst
coordination sphere). The order parameters are
usually determined by atom-to-atom interactions,
and depend on temperature (T ), pressure (P ),
speciﬁc volume (V ) and external forces. A jumpwise changing of the order parameters (or their
derivatives) with variations of P , T , V or external forces is accompanied by jumpwise variations
of different physical values, and this is called a
phase transition. The values of P , T , V or those of
applied external forces are called critical parameters. At a rst-order phase transition a jumpwise
variation of the order parameter occurs, and at a
second-order phase transition some order parameter equals zero at one side of the critical point,
differs from zero to the other side of it, and tends
toward zero at the critical point itself.
Topological order is described by the correlations in the mutual locations of atoms. If Φ(x)
is a function of the distribution of atoms, then
RΦ (r) = ρ 2 + fρ (r), where ρ = Φ(x) is the
average density of the atoms, and the function
fρ (r) = Φ(x) − ρ, Φ(x + r) − ρ describes
the correlations of deviations from the average
value. In liquid and amorphous solid phases the
second term tends toward zero as r → ∞, and
its behavior at low r determines the short-range
and intermediate order. In the ordered crystalline
phase fρ (r) = 0 at r → ∞, and its symmetry is
determined by the lattice symmetry. The variation of this symmetry is associated with a phase
transition. For the analysis of order in solids the
isotropic part of RΦ (r), or the radial atomic distribution function, is often used.
Compositional order is determined by the correlations of the mutual ordering of atoms of dif-

LONG-TERM HARDNESS

ferent types in polycomponent solids. The variations in compositional order may occur without
variations or with negligibly small variations of
topological order, e.g., in ordered alloys (see Alloy
ordering). Let us consider the alloy Cu–Zn with
equal concentrations of copper and zinc atoms,
with a simple cubic lattice and therefore topologically ordered at temperatures below the melting
temperature. At a temperature close to zero the
alloy is compositionally ordered: each atom of
copper is surrounded by six atoms of zinc and each
atom of zinc is surrounded by six atoms of copper, so there is short-range order. Besides this,
the atoms of copper and zinc individually form
cubic sublattices of a doubled (compared to the
source lattice) period, i.e. there is also long-range
compositional order. It is possible to introduce parameters to specify the long-range and short-range
orderings. Let us designate by indices α and β the
values related to the sublattices of copper and zinc
(respectively). Let us assume that wαCu , wαZn
are the probabilities of locations of copper and
zinc atoms, respectively, on the α-sublattice, with
wβCu , wβZn those values for the β-sublattice. The
parameter for the long-range order η is determined
in the following way:




1
1
= 2 wβZn −
.
η = 2 wαCu −
2
2
It can be seen that for wαCu = 1 and wβZn = 1
we have η = 1 so all the points of the α-sublattice
are occupied by the copper atoms, and the points
of the β-sublattice are occupied by the zinc atoms.
This might be the state of maximum long range order at absolute zero temperature. With increasing
of temperature there will be interchanges of atoms
of both types from one sublattice to the other,
and at temperatures above some value T c (the
critical point) wαCu = wαZn = wβCu = wβZn =
1/2, so η becomes zero and the alloy becomes a
compositionally disordered solid solution with the
conservation of topological order.
Magnetic ordering. The magnetic moment of
the atom M(x) located at point x interacts with
the magnetic moments of the other atoms, due
to which magnetic ordering can occur. When the
correlation radius of the magnetic moment tends
to inﬁnity and RM (r) = M(x), M(x + r) = 0

729

there exists long-range magnetic order. For unia = M(x)2 = S 2 in peform magnetization RM
a (r) =
riodic modulated magnetic structures RM
S 2 + ak2 fk (kr), where fk is a periodic function
with period 2π . The quantities S and ak are order
parameters, and k is a parameter of the translation
group. At S = ak = 0 the body is magnetically
disordered. The temperature at which S becomes
different from zero is called the Curie point. Magnetic ordering can occur in topologically ordered
crystalline phases, as well as in amorphous materials which lack topological order.
The ordering of the polarization vector P (x) in
ferroelectrics is similar to the ordering of M(x) in
magnetic substances. Orientational order is displayed in the correlations of vectors which determine the orientations of structural elements (e.g.,
molecules) which form a solid. Orientational order
may be present together with topological disorder,
as occurs in quasi-crystals. Besides this, topological ordering of molecules may coexist with their
orientational disordering (e.g., the orientationally
disordered molecular crystal N2 ).
LONG-TERM HARDNESS, long-term
high-temperature hardness

An auxiliary method for estimating the potential high-temperature strength and other hightemperature mechanical properties of a material
from the time dependence of the imprint size
during the measurement of high temperature hardness under permanent load at constant temperature. This depends on the surface state of the
material. For measurements below 2300 K, the
method of static indention is applied. An indenter
in the form of the regular four-face pyramid with
the angle 136◦ between opposite faces is made
of sapphire (Al2 O3 ) for use up to 2000 K, and
of boron carbide (B4 C) for higher temperatures,
where for the latter HV = 1.854P /b2 , where P is
the load at the indenter, and b is the arithmetic
mean of the diagonals of imprint after release.
Above 2300 K the hot strength is determined by
the method of one-sided ﬂattening of a conical
sample (cone angle 120◦ ) on the plane surface of
the punch. Hc = 1.273P /d 2 , where d is the mean
diameter of the imprint. The long-term hardness H
was found to vary linearly with the long-term
strength for a series of alloys. Three subsequent
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LONG-TERM STRENGTH

tests of high temperature hardness, performed with
a factor of ten increase in exposure time at each
sequential test (0.5, 5 and 50 min), provided indention curves or curves of hardness versus time.
If H = ar n , where a and n are the material constants dependent on its nature, n being the rate
index, then one can compare the characteristics of
long-term strength using the data on the long-term
hardness.
LONG-TERM STRENGTH
The material strength sustained under applica-

tion of permanent, long-term stress. As a characteristic of long-term working ability of, mainly,
metallic materials, this is particularly important in
thermal power engineering, gas-turbine construction, materials for aircraft and spacecraft engineering, and construction (concrete). A principal
working characteristic of materials for long-term
service life is their ultimate long-term strength σlT
(here T means the temperature, l is longevity)
which provides a numeric value of stress that produces a fracture at working temperature within a
given time. There is no theoretical limit of longterm strength. Its characteristics are determined
from laboratory tests of standard samples under
the conditions of single-axis tension by special test
machines which maintain constant load and temperature during the test (104 h and more). The test

results are approximated graphically by curvilinear or rectilinear (with turning points) diagrams
in the coordinates “stress versus logarithm of time
prior to fracture”, and they are then extrapolated
using temperature–time techniques from the theory of plasticity to the longevity corresponding to
the working conditions (105 h and more). During
the process of creep that precedes fracture one can
observe a signiﬁcant change in the structure, the
phase composition, and the dislocation substructure of a metal. This makes it difﬁcult to construct
physically justiﬁable equations for the conditions
of long-term loading and elevated temperatures.
Therefore, the predictions of long-term strength
made on the basis of shorter duration tests remain
very approximate, and can be misleading.
LONSDALITE (after English crystal-chemist
Dame Kathleen Lonsdale)
An allotropic form of carbon which was syn-

thesized in 1965 and found in an iron meteorite
in 1967. Density of lonsdalite is 3.51 g/cm3 .
A framework of tetrahedrically coordinated carbon atoms bound to each other by sp3 -hybrid
orbitals may be obtained in two ways. One of
these yields a diamond-like cubic lattice where
the packing order of atomic layers in the direction
111 follows the sequence ABCABC (Fig. 1(a)).

Fig. 1. Projection of atomic grids of the cubic diamond (a) and lonsdalite (b) lattices.

LORENTZ FORCE
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Fig. 2. Unit cells of the cubic diamond (a) and lonsdalite (b) lattices.

By changing the sequence of atomic layer packing to ABAB (Fig. 1(b)), the cubic structure is
transformed to a “hexagonal” wurtzite-like modiﬁcation. Concerning its interatomic bonds and
their spatial arrangements lonsdalite is close to the
cubic modiﬁcation of diamond (Fig. 2(a)), but in
the cubic modiﬁcation all layers built of tetrahedra
are oriented in the same direction, while in lonsdalite each successive tetrahedric layer is turned
by 60◦ relative to the previous one. The lattice of
lonsdalite may be thought of as a combination of
two hexagonal close-packed sublattices displaced
relative to one another by 3/8 of the lattice parameter c (Fig. 2(b)).
Lonsdalite, with symmetry space group
4 ), crystal lattice constants a =
P 63 /mmc (D6h
2.51 Å, c = 4.12 Å, is unobtainable in pure form.
Its content in natural impact diamonds is as high
as 50%, in compression-synthesized ones it is up
to 50%, and in those formed by static the compression of graphite it is up to 90%. Lonsdalite
transforms to graphite at far lower temperatures
than diamond; hence, to obtain lonsdalite through
synthesis under dynamic conditions, effective heat
withdrawal is necessary.
LORENTZ FIELD (H.A. Lorentz, 1934)

An electric ﬁeld that acts upon an atom of an

constants is an artiﬁcial mathematical tool which
enables one to calculate the ﬁelds from the dipoles
present inside the cavity, and the ﬁelds that result
from the remainder of the sample by integrating over the effective surface charge density. The
Lorentz ﬁeld E L turns out to equal to P /(3ε0 )
for the simple case when the neighbors around
a given point in the lattice have cubic symmetry
(see Cubic system). Here P is the polarization
or dipole moment per unit volume of the crystal. Then the local electric eld acting upon the
atom is E loc = E + P /(3ε0 ) (Lorentz formula,
where E is the average macroscopic ﬁeld). In view
of the relation P = (ε − 1)ε0 E between P and
E, we ﬁnd that E L = (ε − 1)E/3, and E loc =
(ε + 2)E/3. For highly polarizable crystals
E and E loc ≈ E L . For crystal
(ε 1), E L
ﬁeld symmetries lower than cubic the Lorentz formula is more complicated: E loc = E + γ P /(3ε0 ),
where γ is the Lorentz factor, with sign and magnitude depending on the lattice angle. The Lorentz
ﬁeld plays an important role in explaining the nature of ferroelectric phase transitions. Thus, the
interactions of ions from different cells that seek to
displace the atoms in a single direction reduce to
the difference between the total ﬁeld acting upon
an ion and the macroscopic ﬁeld averaged over the
cell in the Lorentz ﬁeld potential.

insulator, and is derived from polarization charges

at the surface of a ﬁctitious spherical cavity centered at the atom under consideration. Introducing
such a cavity with a radius of about 10 lattice

LORENTZ FORCE

The force F acting upon a particle of charge e
that moves at the velocity v in an electromagnetic
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LORENTZIAN SHAPE

ﬁeld:
F = e(E + v × B),
where E is the electric ﬁeld strength and B is
the magnetic ux density. The effect of magnetic
ﬁelds upon moving charged particles results in
the redistribution of current across the conductor
cross-section, giving rise to various thermomagnetic phenomena and galvanomagnetic effects.
LORENTZIAN SHAPE, Lorentzian

A spectral line proﬁle described by the expression I (x) = I m δ 2 /(δ 2 + x 2 ), where I m is
the maximum amplitude (for x = 0), and δ is
the half-width at half-maximum. When presenting
the line proﬁle via ﬁrst or higher order derivatives, the Lorentzian shape is described by the
corresponding derivatives of the above expression.
As a rule, various physical mechanisms result in
a Lorentzian shape and produce homogeneous
broadening of lines (e.g., exchange interactions in
solids, and Brownian motions in liquids). Odd moments, n = 1, 3, 5 . . . , vanish from symmetry, and
even moments (x − x0 )n  are inﬁnite for n  2.
To avold this inﬁnity one sometimes uses a socalled truncated Lorentzian shape which is ﬁnite
within the interval −a  x  a, where a δ, and
zero otherwise.

LOW-ENERGY ELECTRON DIFFRACTION
(LEED)

The phenomenon of coherent scattering of
electrons with energy of about 10 to 100 eV (
the length of the de Broglie wave is approximately
0.1 nm), widely used for the structural analysis of
solid surfaces. The physical cause of its high sensitivity is the fact that the mean free path of the
electrons due to their low energy is 0.5 to 1 nm
due to inelastic scattering (with the formation of
plasmons). For observation of low-energy electron diffraction usually the reﬂection system of an
electronograph (see Electron diffraction analysis)
with grids and screen is used (see Fig.). Electrons
which lose energy are ﬁltered out and do not reach
the screen. Thus the observed diffraction picture
is formed by the electrons that are scattered elastically from the several atomic planes closest to
the surface. Like the case of diffraction from a
planar lattice, the LEED picture is observed for
any value of the electron energy. However, the intensity of diffraction beams is a maximum when
the scattering angles and energy satisfy the Laue
conditions for a three-dimensional lattice. Analy-

LOSCHMIDT NUMBER, Loschmidt constant
(J. Loschmidt)

The number, NL = 2.68676·1025 m−3 , of
molecules in 1 m3 of a substance which form
an ideal gas under normal conditions (pressure
P = 101325 Pa = 760 mm Hg = 1; temperature
T = 273.15 K = 0 ◦ C). The Loschmidt number
is proportional to the Avogadro number, NL =
NA /V0 , where V0 = 22414.1 cm3 is the molar
volume, or the volume of one mole of an ideal gas
under normal conditions.
LOSSEV EFFECT (O.V. Lossev, 1923)
The effect of electroluminescence produced by
radiative recombination during injection of non-

equilibrium current carriers into a semiconductor
via a metal–semiconductor junction, or via a semiconductor junction.

Sketch of low-energy electron diffraction arrangement:
(1) electron gun, (2) primary beam, (3) crystal, (4) scattered beams, (5) screening grid, (6) ﬁltering grid,
(7) screen.

LOW-FREQUENCY ENHANCED MAGNETIC RESONANCE ABSORPTION

sis of the geometry of LEED pictures allows a
simple determination of the symmetry and the periods of the surface lattice. To obtain the chemical
composition of the unit cell and of the coordinates of its atoms in the general case requires the
analysis not only of the positions but also of the
intensities of the diffraction beams. This may be
performed only on the basis of the dynamic theory of LEED because, due to the high probability
of elastic scattering of low-energy electrons and
the effects of multiple scattering, the usual kinematic theory of diffraction which neglects these
effects is practically inapplicable. The measured
dependences of the diffracted beams on the electron energy is compared with those calculated for
various hypothetical positions of atoms in the surface lattice, while the generation of the theoretical
curves requires time-consuming calculations that
can be carried out only for the simplest cases.
In spite of these difﬁculties, the LEED method
ﬁnds its wide application in studies of the physics
and chemistry of surfaces. With its help the phenomenon of surface reconstruction has been developed, namely the formation at the surface of a
lattice, that differs from the one in the bulk. Also
surface phase transitions are successfully investigated (at clean surfaces, and in adsorbed layers),
as well as the dynamics of thermal vibrations of
surface atoms, the processes of formation of thin
lm s, and other surface phenomena. The discovery of LEED by C.J. Davisson and L.H. Germer
(1927) was the ﬁrst experimental proof of the existence of the wave properties of microparticles.
LOW-ENERGY IONS

Ions with energies 104 eV used in the ion
implantation doping method for modifying the
properties of thin subsurface layers to produce
contacts, superﬁne p–n junctions (in radiation detectors, solar photoconverters, etc.), elements of
chips, conducting and insulating coatings, and
control for the height of Schottky barriers. The
low-energy ions possess quite short mean free
paths (100–10 nm or less) and, accordingly, small
statistical dispersion of the paths. This is of importance when producing miniature integrated circuits
with high packing density by ion doping. In view
of the reduced probability of formation of a socalled disordered region, point defects are the
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prevailing type of radiation-induced damage below a certain value of the energy transferred at
collisions of ions with target atoms. In the case
of crystalline targets, the decrease of the bombarding ion energy lowers the probability of the
ions to enter lattice channels, and increases the
critical angles for channeling. There is interest in
low-energy ion doping because of the need to produce submicron elements with gaps between them
in modern chips, and also in connection with the
development of molecular beam epitaxy. In some
cases (e.g., manufacture of low-cost solar photoconverters, or doping of metals and amorphous
semiconductors), low-energy ion implantation can
be carried out with a gas discharge, or with the
help of the simplest high-current ion guns without
mass separation, which makes the technology easier and cheaper. Low-energy ion bombardment of
heated targets causes an accelerated impurity diffusion which can be used as an independent method
of ion doping (ion injection).
LOWER CRITICAL FIELD, rst critical eld

The temperature dependent maximum value
of the external magnetic ﬁeld strength, at which
the full Meissner effect may still be observed in
type II superconductors. The value of the lower
critical ﬁeld (Bc1 ) at absolute zero (T = 0 K)
is given in the BCS theory by the expression
Bc1 = [Φ0 ln(λ/ξ )]/(4πλ2 ), where Φ0 is the u x
quantum, λ is the penetration depth of magnetic
e ld into the superconductor, and ξ is the coherence length. Since λ > ξ in type II superconthermodynamic
ductors, Bc1 is smaller than the √
critical magnetic eld Bc = Φ0 /(2 2πλξ ), which
in turn is smaller than the upper critical eld Bc2 =
Φ0 /(2πξ 2 ).
LOW-FREQUENCY ENHANCED MAGNETIC
RESONANCE ABSORPTION
A combined technique of resonance and nonresonance absorption. When a paramagnetic resonance is saturated with a high-frequency mag-

netic ﬁeld B1 (while energy is simultaneously
absorbed from a low-frequency magnetic ﬁeld parallel to the external static magnetic eld B0 ), there
can develop, due to a change in the spin–spin
reservoir temperature of the paramagnetic system (see Dipole–dipole reservoir), quite a strong
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ampliﬁcation effect in the low-frequency absorption and dispersion that can reach two to three

LOW-TEMPERATURE ANOMALIES in
amorphous solids

orders of magnitude. This technique can be employed to study low-frequency internal motion
(spin–spin interactions, energy level crossings,
cross-relaxation, etc.), and also to determine the
temperatures of low-frequency heat sinks associated with local ﬁelds.

Signiﬁcant differences of thermal properties,
and such characteristics as propagation velocity,
sound absorption, and internal friction in amorphous solids compared to related parameters in
crystalline solids at low temperatures (usually below 1 K). Low-temperature anomalies, observed
in both insulating and metallic amorphous materials, point to certain structural features that
are typical of all disordered solids, and that remain insensitive to the nature of their interatomic
bonds.
The speci c heat cp of dielectric (insulating)
glasses and metallic glasses in their superconducting state (when the contribution of electrons
to the speciﬁc heat is negligible) is proportional
to the ﬁrst power of the temperature, T , rather
than to T 3 , as is the case for crystals in which
phonons provide the main contribution to the speciﬁc heat. The thermal conductivity is proportional
to T 2 . The temperature dependence of the sound
velocity (longitudinal and transverse) follows a
ln T relation. In addition, resonance absorption
of ultrasound is observed, and at low sound intensities the absorption factor is proportional to
ν tanh[hν/(2kB T )] (ν is the sound frequency).
Resonance absorption becomes saturated at high
sound intensities (absorption factor decreases with
growth of intensity). The characteristic value of
the intensity at which sound is absorbed is noticeably higher for metals than it is for dielectric
(insulating) glasses. Nonresonance absorption in
metallic glasses is proportional to ν and independent of T , while that in dielectric glasses is
proportional to T 3 .
The above low-temperature anomalies can be
explained by the presence of low-energy excitations of a speciﬁc type in amorphous materials, and such excitations are related to two-level
systems (TLS). The latter are atomic conﬁgurations with closely lying energy levels (spaced by
10−4 eV) capable of communicating with each
other via tunneling. Differences between the temperature dependences of the nonresonance absorption factors of sound in metallic and dielectric
glasses are explained by the fact that in metals conduction electrons play a signiﬁcant role in interact-

LOW-SPIN COMPLEXES
See High-spin complexes.
LOW-SYMMETRY EFFECTS in magnetic
resonance

The totality of low-symmetry effects observed
in the angular dependences (see Angular dependence of spectra) of the generalized spin Hamiltonian of electron paramagnetic resonance,
electron–nuclear double resonance, nuclear magnetic resonance, and nuclear gamma ray resonance (see Mössbauer effect) spectroscopies. The
signs of low symmetry in electron paramagnetic
resonance are as follows: transition-to-transition
disagreement between the extrema in the angular
dependences of the resonance magnetic ﬁeld, B0 ;
nonorthogonal orientations of the constant magnetic ﬁelds corresponding to extrema of one and
the same transition; asymmetry in the angular dependences of B0 ; frequency dependences of the
asymmetry parameter and of the shifts of extrema;
mismatch between the extrema found in the angular dependences of B0 that correspond to one and
the same transition for different centers occupying
identical crystal lattice sites; mismatch between
the extrema in the angular proﬁles of B0 and those
of line widths, intensities or spin–lattice relaxation
times; mismatch between the extrema in the angular dependences of any spectral characteristic,
and the speciﬁc crystallographic directions determined through either radiography or optical techniques. The resonance frequencies of electron–
nuclear double resonance and nuclear magnetic
resonance also display similar features. The study
of low symmetry effects makes it possible to determine all the parameters of a generalized spin
Hamiltonian. It also permits magnetic resonance
spectroscopy techniques to evaluate which of 11
sets corresponds to the symmetry group of the spin
Hamiltonian of a given paramagnetic center.

LOW-TEMPERATURE PHYSICS

ing with TLS. The features of the atomic structure
responsible for various low temperature anomalies in amorphous materials remain mostly obscure. The free volume model relates the presence
of TLS to the appearance of regions containing
free volume, while polycluster amorphous solids
may have cluster boundaries with unmatched cross
links partially occupied by atoms.
LOW-TEMPERATURE DEFORMATION

Deformation at temperatures below the Debye
temperature (usually at 77, 20.4, 4.2 K), carried
out under conditions of suppression of dynamic
recovery, involving an appreciable accumulation
of crystal lattice defects, and a build-up of the
latent energy of strain. Low-temperature deformation is a source of information on the mechanical properties of solids at low temperatures (see
Low-temperature physics), and a powerful tool
used to inﬂuence the defect structure and physical
properties of samples (including high-temperature
strength). With temperatures decreasing and approaching absolute zero, the mechanical properties of certain metals (Al, Cu, etc.) improve, while
other metals (Fe, Mo, etc.) become brittle (see Brittle failure). Besides, such features as mechanical
twinning, stepwise ﬂow, interaction of dislocations with the electron system, all become more
prominent. Finally, the speed of dislocation motion decreases, plastic deformation becomes more
and more controlled by quantum mechanical tunneling (see Tunneling phenomena in solids) and
zero-point vibrations of dislocations, rather than
by thermally activated processes. Related to lowtemperature deformation are the conditions for the
development of a high-strength crystalline state
with a strength 1/3 of its theoretical limit, attained
with the ability to withstand signiﬁcant elastic
strains (up to 1%). Certain phenomena are typical
for low-temperature deformations: polymorphism,
low-temperature recrystallization, depletion of dislocations during creep, anomalies in the yield limit,
dehardening during transition to the superconducting state (see Superconductivity), slip along
the boundaries of twins (see Twinning of crystals),
etc.
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LOW-TEMPERATURE LUBRICANT

A layer of material spread over the friction
surfaces of moving joints in machines and mechanisms operating at low temperatures (below
120 K). It has low shear resistance at low temperatures, decreases the friction force and rate of wear
of joined surfaces within the full operating temperature range (from room to low), and withstands
multiple cooling and heating. Widely used are:
ﬁlms of soft metals, mostly those having a facecentered cubic lattice (gold, silver, nickel, etc.);
solid lubricating composite coatings with a hexagonal close-packed lattice (graphite, disulﬁdes and
diselenides of Mo, W, Nb. etc., and others), in
combination with polymer binders; coatings produced by chemical heat treatment of the surface (sulfurizing, selenizing, etc.); metal–polymer
coatings (porous metal layer saturated with ﬂuoroplastic or other polymers); magnetic powder
materials (mixtures of antifriction and magnetic
powders), etc.
LOW-TEMPERATURE LUBRICATION

Techniques for transferring lubricants to lowtemperature friction joints in order to prevent gripping and to ensure reliable operation of machines
and mechanisms at low temperatures. Widely used
are the preliminary application of a lubricant to a
friction surface; offset-duplicator feeding of lubricant during the operation proper; manufacturing
elements of friction joints from composite materials containing a lubricant; bringing the lubricant
to and applying it at the friction surface by magnetic forces.
LOW-TEMPERATURE PHYSICS

A branch of condensed matter physics involving the investigation of phenomena and properties
of materials at low (cryogenic) temperatures. (The
13th Congress of the International Low Temperature Institute (1971) recommended calling temperatures below 120 K cryogenic.) Investigations
of liquid and solid helium, of superconductivity,
of cryocrystals and cryogenic liquids, of electronic properties of metals and semiconductors,
of low-temperature magnetism etc. are considered as low-temperature physics. The boundaries
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of low-temperature physics have not been universally established, but depend on the phenomenon
under consideration. Very often low-temperature
properties are observed under conditions when
the investigated interaction energy appears to be
higher than, or at least comparable to, thermal energy. Experiments carried out under this condition
often provide the most dependable data for understanding many phenomena.
The reduction of the temperature leads to a
lessening of the thermal motion of atoms and
molecules, and at absolute zero, all materials appear to be in the ground state, characterized by
zero entropy, and by a minimum value of their
internal energy. The approach to this basic state
creates conditions for the direct manifestation of
the quantum nature of matter in the properties
of various materials. The discoveries of many
unusual phenomena, caused by the action of quantum effects at the microscopic level: super uidity,
superconductivity, Josephson effects, quantum diffusion, etc., result from this fact.
Increasing the temperature can be accompanied by the appearance of strong excitations.
The main methods of low-temperature physics
are based on the involvement of weakly excited
states, the thermal behaviour of which can be
close to the properties of elementary excitations
(quasi-particles). For the description of particular low-temperature systems corresponding types
of quasi-particles are often used: phonons and rotons in liquid helium; electrons and holes in metals
and semiconductors; excitons and librations (see
Cryocrystal) in insulators; magnons in magnetic
materials, etc. Their energy spectrum is the main
parameter of the quasi-particles, i.e. the dependence of the energy on the momentum (quasimomentum). If the energy spectrum of all the
quasi-particles of a system is known, its thermodynamic properties may be calculated directly by the
methods of statistical physics of ideal or weakly
non-ideal gases. Taking into account the interactions of quasi-particles clariﬁes our understanding
of the kinetic properties of low-temperature systems.
Many methods developed in low-temperature
physics often have a very general character, and
they are widely used in other areas of physics.

LOW-TEMPERATURE PUMPING METHODS

Pumping methods for producing high vacuum
that are based on the capability of cooled surfaces
to retain incident gas molecules by way of condensation or adsorption (cryopumping). Working
elements of such pumps are cryopanels cooled
to low temperatures. In the simplest cases, acting as cryopanels are the container walls made
of high thermal conductivity materials (copper is
often used) and ﬁlled with the necessary cooling
agent. As for condensation pumps, the temperature of their cooling agent should be such that
saturation vapor pressure of the evacuated gases
at that temperature remains lower than the ﬁnal
residual pressure prescribed for the evacuated volume. To reach a vacuum of about 10−5 Pa, cooling
with liquid nitrogen (∼77 K) sufﬁces when water
vapor, carbon dioxide or ammonia are evacuated,
while N2 , O2 , CH4 , Ar require liquid hydrogen
(∼20.4 K), and H2 and Ne need liquid helium
(∼4.2 K) cooling. Cryopanels used in adsorption
pumps are coated with a layer of adsorbent, with
the needed temperature and amount retrieved obtained from adsorption isotherms. The latter are
the dependences yielding vapor pressure above adsorbent surface versus the amount of gas adsorbed
for a given temperature. Highly active adsorbents
(such as charcoal, silica gel, zeolites) quite actively adsorb the majority of gases even at liquid
nitrogen temperature, and only when one needs to
evacuate Ne, H2 or He are lower temperatures required.
A combined adsorption-condensation pumping method is also available. It employs cryogenic
trapping that involves easily condensable gases
and high saturation vapor pressure gases condensing together at a given temperature, e.g., He or H2 .
Layers of the forming condensate are porous and
capable of holding volatile molecules, which are
then conﬁned inside these pores while precipitation proceeds at the surface. Thus, a high vacuum
may be achieved even when noncondensable components are present in the gas mixture.
Maximum evacuation rates are achieved when
a cryopanel is placed directly into the evacuated volume. The pumping rate V of a condensation pump depends on the area of its cryopanel, the gas temperature, T , the molecular
mass, M, and the probability for the gas molecule

LOW-TEMPERATURE YIELD LIMIT ANOMALIES

to stick to the surface (accommodation factor), α.
In most cases α ≈ 1, and the rate of pumping
per unit area is approximated by the expression
V = 36(T /M)1/2 m/s, and pumping rates up to
∼100 m/s appear quite feasible. Estimates show
that at such rates cryogenic pumps ﬁtted out with
built-in liqueﬁers become economically superior
to traditional pumps. An additional merit of lowtemperature pumping techniques is the attainability of a “clean” vacuum, i.e. pumping may be done
under conditions that fully preclude external impurities from entering the evacuated volume.
LOW-TEMPERATURE RECRYSTALLIZATION
The appearance of new grains in a metal deformed at low (4.2 K) temperatures (see Lowtemperature deformation) after being heated to

T < 0.4Tmelt . Lowering the temperature of deformation to that of liquid helium (4.2 K) noticeably
changes the characteristics of the recrystallization
process: it lowers the initial recrystallization temperature (even down to room temperature) and the
effective activation energy of the process, while
accelerating grain growth. Low-temperature recrystallization stems from a higher latent energy
of strain and more pronounced metastability of
the crystal lattice produced by deformation at
cryogenic temperatures. The mechanism of nucleation during low-temperature recrystallization,
the process completeness, the nature and properties of the structure resulting from annealing,
all depend on the type of deformation, the level
of its uniformity across the volume, and the rate
of the processes that restructure the dislocations.
The energy of stacking faults, the level of internal strains, and the homologous temperature
of annealing control them. The nucleation during low-temperature recrystallization is believed
to result from either the polygonization that occurs
when mobile large-angle boundaries are formed,
or from fragmentation of the complex dislocation
walls. A ﬁne grain structure results from lowtemperature recrystallization (1–3 μm grains) that
features high mechanical characteristics and thermal stability. The phenomenon of low temperature
recrystallization opens a way to study recrystallization diagrams of metals and their physical
properties, taking into account the low temperature regime of activated deformation.
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LOW-TEMPERATURE X-RADIOGRAPHY

Application of X-ray diffraction techniques
to the study of solids at low temperatures (see
Low-temperature physics). Currently, the principal objects of low-temperature radiography are
the structure of cryocrystals, low-temperature r storder phase transitions, and second-order phase
transitions (polymorphic, magnetic, ferroelectric,
etc.), structural instabilities in superconductors,
electric and magnetic effects in solids, certain aspects of crystal lattice dynamics, radiation damage
of crystals, etc. The scope of tasks of low temperature radiography noticeably expands when crystals
are simultaneously exposed to low temperatures
and/or electric and magnetic ﬁelds (plotting E–T
and B–T phase diagrams, studying phase transitions, the evolution of magnetic domain structures, etc.). Using powerful X-ray sources for
low-temperature radiography purposes (such as
synchrotron radiation, rotating anode tubes) introduces the possibilities of studying the atomic
magnetic structure of solids with the aid of radiography.
LOW-TEMPERATURE YIELD LIMIT
ANOMALIES

A signiﬁcant deviation of the temperature dependence of the yield limit of crystals from the dependence that results from thermally activated elementary processes usually operative in plastic deformation (see Fig.). Low-temperature yield limit

Schematic presentation of the temperature dependence
of the yield limit, τ0 over a wide temperature range:
I, athermic range; II, range of strong temperature dependence τ0 (T ) following from the concept of thermal
ﬂuctuations; III, low-temperature range where various
anomalies are observed in τ0 (T ) (curves 2–5).
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anomalies were experimentally discovered in the
late 1950s, and have been observed in numerous
metals, alloys, and ionic crystals at temperatures
below that of liquid nitrogen (T < 77 K). Detailed
studies of such anomalies in face-centered cubic
(FCC) and hexagonal close-packed (HCP) metals
and alloys have demonstrated that their appearance and properties depend signiﬁcantly on the
concentration of impurities (see Impurity atoms)
and on the value of the initial strain. Also of
importance is the state of the sample surface.
Theoretical explanations of those anomalies differ signiﬁcantly for various speciﬁc mechanisms
of plastic deformation. When the decisive factor
controlling the motion of dislocations is local barriers (FCC and HCP crystals, ionic crystals with a
CsCl lattice), the appearance of the anomaly is explainable by the role of thermal inertial properties
of dislocations (see Dislocation model of plastic
deformation). This means that the importance of
thermal uctuations in those crystals decreases
with a drop in temperature, while the inﬂuence of
dynamic effects increases, and the sensitivity of
deformations to structural inhomogeneities grows.
When the role of Peierls barriers is decisive (see
Peierls relief) (body-centered cubic metals and alloys, and ionic crystals with the NaCl lattice), the
anomaly is explainable by quantum-mechanical
tunneling of dislocations and other quantum effects of dislocation motion. From a practical point
of view, these anomalies are quite detrimental to
cryogenic technologies.
LS -COUPLING
See Russell–Saunders coupling.
LUBRICANT, LOW-TEMPERATURE
See Low-temperature lubricant and Low-temperature lubrication.
LUMINESCENCE

Radiation that exceeds the thermal radiation of
a medium and lasts signiﬁcantly longer than the
light frequency period. The phenomenon of luminescence is typical of optical processes taking
place in various states of matter. Luminescence in
solids is observed in luminophors, materials which
contain luminescent centers.
The process of luminescence proceeds in three
successive stages: excitation, energy migration or

relaxation of the center from its excited state,
and emission of a quantum of light. As to the
excitation type, one may identify photoluminescence (excited by light); radioluminescence (excited by penetrating radiation, e.g., by an electron beam, see cathodoluminescence); electroluminescence (excited by electric ﬁeld); triboluminescence (excited under mechanical action);
chemiluminescence (generated during chemical
reactions); acoustoluminescence (excited by an
acoustic wave).
Of importance in solids is the second stage
of luminescence, when the excitation energy absorbed by a luminophor is transferred (migrates to)
a luminescent center. Mechanisms of energy migration in which free energy carriers (electrons or
holes) take an active part are as follows: exciton
mechanism, Auger mechanism involving bound
current carriers (see Auger effect); intercenter tunneling of immobilized carriers. Energy migration
results in a time lag between the processes of excitation and emission, which may be studied by
measuring the kinetics using pulse excitation, and
monitoring the thermal and spectral emissions. Included in the second stage of luminescence are
relaxation processes during emission from the excited state. This involves the partial transformation
of the excitation energy into thermal energy of
the crystal, i.e. emission in the form of phonons.
The relaxation process may be concurrent with the
emission of an optical quantum of luminescent radiation, so that hot luminescence is observed. In
many cases, the migration of energy to the luminescent center may only occur at high enough
temperatures. That is linked with the trapping of
free electrons (holes) by attachment centers, the
probability of their ionization being proportional
to exp[−E a /(k B T )], where E a is the activation
energy. When the ionization temperature of attachment centers increases, it results in thermoluminescence. The phenomenon of energy migration
makes luminescence qualitatively distinct from
various kinds of light scattering and reﬂection,
or the parametric transformation of the radiation
wavelength that is encountered in nonlinear optics
(see Parametric light generation). The third stage
of luminescence consists in the act itself of light
emission. Depending on the mechanism of the elementary emission we can identify the following

LUMINESCENCE

processes: band-to-band luminescence (radiative
recombination of free electrons and holes), involvement of excitons (electrons coupled to holes
via the Coulomb interaction), and impurity luminescence. In the latter case, the emission may occur via three types of mechanisms. The intracenter
mechanism consists in a direct electron transition
from the excited state of a luminescent center to its
ground state. The intercenter mechanism involves
a recombination of the nonequilibrium electron
and hole localized at spatially separated defects in
crystals (e.g., donor–acceptor pair in a semiconductor). Under a recombination mechanism, one
of the carriers is free, i.e. it is in the conduction
band (electron) or in the valence band (hole).
To identify the type of luminescence, one may
study simultaneously the static and kinetic properties of luminescence and photoconductivity of a
crystal, and also quantitatively analyze the basic
characteristics of the radiation. The latter includes
emission and excitation spectra (in the case of
photoexcitation), the kinetics of afterglow (its temporal dependence), the temperature dependence,
the dependence on the intensity of exciting radiation, and the polarization. For example, the
kinetics of intracenter luminescence is described
by an exponential dependence: I = I0 exp(−t/τ ),
where I0 is the initial radiation intensity, τ is the
inverse probability of an optical transition, t is the
afterglow duration. The kinetics of recombination
luminescence may be described by a hyperbolic
excitation law I = I0 /(1 + pt)α , where p and α
are constants. The speciﬁc type of kinetics may
vary depending on the experimental conditions,
e.g., the temperature, and the intensity of the excitation. However, only through a combination of
techniques can one obtain reliable data on the elementary mechanisms that are operative.
Stokes’ rule usually holds for photoluminescence of solids. It states that the energy of the
excitation quantum exceeds that of the luminescence one, since a part of the excitation energy
is transferred to the vibrational energy of crystal
lattice atoms. Violation of that rule results in the
so-called anti-Stokes luminescence in which the
energy deﬁcit is compensated by lattice phonons.
A particular form of anti-Stokes luminescence
is cooperative luminescence when several coherently excited centers accumulate energy to transfer
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it to a single emission center. To determine the
symmetry and structure of luminescent centers
in a solid one can analyze polarization properties of luminescent emission arising from an
external anisotropic factor acting upon the crystal, and several such external factors are known.
These are piezospectroscopy (uniaxial compression along certain crystallographic directions); the
Zeeman effect or Faraday effect (a magnetic ﬁeld)
and the Stark effect (an electric ﬁeld); polarized
luminescence (excited by either linearly or circularly polarized light). Applying these techniques,
one may identify the orientation of the absorbing
and emitting dipoles relative to crystallographic
axes, the multipolarity of transitions, and the point
symmetry group of the luminescent center. A technique, especially informative from the point of
view of the chemical nature and microstructure
of the luminescent center, is that of optically detected magnetic resonance (ODMR). It consists
in recording variations in the intensity of photoluminescence (absorption) under simultaneous
action of optical excitation and microwave radiation upon a crystal placed in a magnetic ﬁeld. The
ODMR technique combines the principal advantages of luminescence spectroscopy and the methods of radiofrequency or microwave spectroscopy
for studying crystalline defects, namely, their high
selectivity and concentration sensitivity, as well as
the possibility to obtain qualitatively new results.
For example, one can study the electron paramagnetic resonance in both the ground and excited
states of the luminescent center, analyze the spatial
distribution of paramagnetic centers, and study
the chemical nature of luminescent centers in thin
ﬁlm structures.
The phenomenon of luminescence in solids has
found wide engineering applications. It underlies
the functioning of visible and IR semiconductor
lasers in the ﬁeld of optoelectronics.
Electroluminescence is used in light emitting
diodes fabricated on the basis of epitaxial ﬁlms
of GaAs, GaAlAs, GaP, SiC, ZnSe, etc. Radioluminescence is used in scintillation counters of
α-, β-, and γ -rays to convert the energy of these
rays into the optical spectral range. Anti-Stokes
luminophors are used to convert IR range images into visible light in order to prepare visual
images of variously heated targets (night viewing devices). The high sensitivity and the relative
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simplicity of implementation resulted in developing a technique of luminescence analysis designed
for detecting minor concentrations of luminescent
materials. This technique found various applications in microelectronics to measure impurities and
defects in semiconductor crystals.
See also Acoustoluminescence, Anti-Stokes luminescence, Cooperative luminescence, Electroluminescence, Exciton luminescence, Hot luminescence, Radioluminescence, Negative luminescence, Secondary luminescence, Thermally stimulated luminescence, Triboluminescence, X-ray luminescence.
LUMINESCENCE ACTIVATOR
See Luminescent centers.

LUMINESCENCE QUENCHING, extinction of
luminescence
The decrease or quenching of the luminescence yield, which occurs under the action of

various factors: heating (temperature quenching),
increased concentration of luminescence centers
(concentration quenching), application of an electric ﬁeld, exposure to light (optical quenching),
friction, ultrasonic radiation, etc. The phenomenon of quenching of luminescence is due to the
fact that exposure of the system to these above
mentioned factors causes or enhances competitive processes involving nonradiative dissipation
of excitation energy, or decreases the likelihood of
luminescent centers becoming excited.
LUMINESCENCE QUENCHING BY METAL

LUMINESCENCE DURING RADICAL
RECOMBINATION
A particular type of chemiluminescence that
takes place during the recombination of free radicals. In solids this effect occurs mainly in semiconductors at the material surface after the adsorption of free radicals. Their recombination process

develops mainly as a monomolecular reaction,
with an activation energy speciﬁc for each given
material. To excite this luminescence there should
be a source of free radicals, such as a chemical
reaction, e.g., a reaction of burning (cathode luminescence), a photolytic electric discharge, thermal
dissociation of molecules. Beside the principal
bands which are typical for other types of luminescence, the radical recombination spectra also
contain additional bands speciﬁcally related to
surface emission centers of luminophors, to centers formed during adsorption of the radicals, and
to chemiluminescence. The intensity of radical recombination luminescence grows almost linearly
with the partial pressure of the radicals, and passes
through a characteristic maximum with increasing temperature. The quantum yield (ratio of the
number of photons to the number of molecules
formed during the recombination of radicals per
second) is low (3·10−3 –10−6 ). Radical recombination luminescence is used during studies of
adsorption, catalysis, and electronic processes that
take place at solid surfaces (e.g., with a crystal
phosphor), and also for physico-chemical control
of luminophors.

Decrease of intensity, broadening, and shift
of exciton luminescence band in an insulator or
a semiconductor, which borders a metal ﬁlm. In
addition to the processes of absorption and light
scattering in the metal, the metal quenching of
luminescence is caused by the destruction of excitons near the interface, with the excitation of
plasma oscillations and electron–hole pairs in the
metallic ﬁlm.
LUMINESCENCE YIELD

The ratio of some characteristic factor of the
light emitted during luminescence, to the same
characteristic of the exciting light. Ordinarily energy is chosen as the characteristic factor, and the
luminiscence yield is called the energy yield of luminescence. In other cases the excitation can be
characterized by the value of the current (current
yield), by the number of ionizing particles (yield
per particle), etc. See also Quantum yield.
LUMINESCENT ANALYSIS

A combination of research techniques, monitoring and testing methods applicable to various
substances and structures that are based on recording luminescence (intensity, spectral features, dependencies on various factors, time, spatial distribution, etc.). Typical problems of luminescent
analysis include those of detecting small amounts
of speciﬁc impurities and structure defects, monitoring substance inhomogeneity and geometric
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ﬂaws. Luminescent analysis combined with scanning electron microscopy offers wide capabilities
and diverse approaches to solving such problems.
LUMINESCENT CENTERS

Local structural elements in solids (impurity
atoms, dislocations, etc.) which cause radiative
quantum transitions between their states to be observed as luminescence. When producing luminophors, luminescent centers are intentionally generated in them using various techniques, e.g., by
introducing particular selected impurities (luminescence activators).
LUMINESCENT INDICATOR
A material with luminescence sensitivity to

some physical or chemical factor, so that one may
detect that factor and assess its characteristics (see
Luminescent analysis). The term is also applied to
a device for data presentation based on luminescence (usually electroluminescence).
LUMINOPHORS (fr. Lat. lumen, light, and
Gr. ϕoρoς , carrying)

Materials which produce luminescent radiation (see Luminescence), and are used in various
lighting, visualization, and X-ray recording devices, in indicators, in systems for transmission
and transformation of video information (oscilloscopes, television, computer displays, etc.). Many
luminophors are synthetic solid-state materials
which can be either inorganic or organic in composition. In widest use are inorganic crystalline
luminophors (phosphors), that are found in ﬂuorescent lamps, TV and oscilloscope cathode-ray
tubes, electric luminescent panels, etc. Depending on their speciﬁc purpose, luminophors have to
meet widely differing requirements in their radiation color, afterglow time, sensitivity to this or that
excitation method, operating temperature range,
etc. These requirements are met by appropriate selection of luminophor composition and methods of
activation for particular luminescent centers.
LUTETIUM, Lu

A chemical element of Group III of the periodic system with atomic number 71 and atomic
mass 174.97; it belongs to the lanthanides. Known
isotopes have mass numbers 151, 153 to 156, 162,
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164 to 180, the most abundant in nature (97.40%)
being the stable isotope 175 Lu. Electronic conﬁguration of ﬁlling outer shells is 4f 14 5d 1 6s 2 .
Successive ionization energies are 5.426, 13.9,
20.96, 45.19 eV. Atomic radius is 0.1737 nm; radius of Lu3+ ion is 0.0848 nm. Oxidation state
is +3, and electronegativity is ≈1.28.
In the free form lutetium is a silvery-white
metal. It has a hexagonal close-packed crystal
lattice with parameters a = 0.35052 nm, c =
0.55494 nm at room temperature, space group
4 ). There is a polymorphic transP 63 /mmc (D6h
formation at ≈1820 K to a body-centered cubic
modiﬁcation with parameter a = 0.390 nm upon
hardening, space group I m3m (Oh9 ). Density is
9.84 g/cm3 , T melting = 1935 K, T boiling is about
3685 K. Bonding energy is −4.4 eV/atom at
298 K. Heat of melting is 18.85 kJ/mole, heat
of boiling is 356.6 kJ/mole, heat of sublimation is 377 kJ/mole; speciﬁc heat cp = 26.56
J·mole−1 ·K−1 . Debye temperature is ≈185 K;
linear thermal expansion coefﬁcient of lutetium
monocrystal is 19.0·10−6 K−1 along the 6 principal axis and 5.2·10−6 K−1 perpendicular to this
axis at 273 to 301 K. Adiabatic elastic moduli of
lutetium monocrystal: c11 = 86.23, c12 = 32.0,
c13 = 28.0, c33 = 80.86, c44 = 26.79 (in GPa)
at 300 K; isothermal bulk modulus is 41.1 GPa,
Young’s modulus is 84.3 GPa, shear modulus is
33.8 GPa, Poisson ratio is 0.233. Vickers hardness of annealed lutetium is 77 HV. Lutetium
is easily amenable to mechanical treatment. Effective thermal neutron capture cross-section is
108 barn. Electrical resistivity of lutetium polycrystal is ≈73 n·m at 298 K, thermal coefﬁcient
of the electrical resistance is 0.0014 K−1 . Electron
work function of polycrystal is ≈3.0 eV. Lutetium
is a paramagnet within the overall temperature
range because its atomic 4f -shell is completely
full; the magnetic susceptibility is 0.102·10−9 ;
nuclear magnetic moment of 175 Lu is 2.9 nuclear
magnetons. Lutetium is a prospective material as
a getter (see Gettering).
LUTTINGER HAMILTONIAN (J.M. Luttinger,
1956)
A Hamiltonian involving the method of effective mass generalized to include the case of degen-

erate bands. It is often employed to represent the
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valence band dispersion in diamond and in zincblende (ZnS) semiconductors. The band energy
extremum in cubic semiconductors is attained
in their valence band at the center of the Brillouin zone. Bloch functions (see Bloch theorem)
at that point transform as p-functions, their angular momentum being j = 1, or j = 3/2 (taking
into account the spin–orbit interaction in the latter
case). A matrix Hamiltonian describes the motion
of holes in the vicinity of the zone center:


5
H(k) = − γ1 + γ2 k 2 I
2
 2 2

+ 2γ2 Jx kx + Jy2 ky2 + Jz2 kz2

+ 4γ3 [Jx Jy ]kx ky + [Jy Jz ]ky kz

+ [Jz Jx ]kz kx


+ k(J · B) + q Jx3 Bx + Jy3 By + Jz3 Bz ,
where the J are matrices that satisfy the angular momentum commutation relation J × J = iJ ,
k is the operator of quasi-momentum of a hole in
the magnetic ﬁeld B, while the constants deﬁne
the effective masses and the g-factor. The Luttinger Hamiltonian gives a good description of cyclotron resonance, acceptor states (see Acceptor)
in p-Ge, p-Si, and intermetallides of the AIII BV
type. This is the ﬁrst example of a Hamiltonian
applicable to the method of effective masses and
written in the form of a sum of invariants. This
approach has proved fruitful for constructing the
equations of motion in other semiconductors (see
Group theory).
LYDDANE–SACHS–TELLER RELATION
(R. Lyddane, R. Sachs, E. Teller)

The relationship between the frequencies of the
long-wave (k → 0) transverse, ωTO , and longitudinal, ωLO , optical phonons in cubic crystals:
2
 ωLO

i

2
ωTO
i
i

=

ε0
,
ε∞

where ε0 is the low-frequency (static) and ε∞ is
the high-frequency (optical) relative dielectric constant (permittivity) of a crystal. The product in the
above relation is taken over all the optically active
dipole oscillations.

LYOPHILIC AND LYOPHOBIC BEHAVIOR (fr. Gr.
λυω, am dissolving, ϕιλoς , love, ϕoβoς , fear)

A characteristic of the interaction of molecules
of a solid substance (or particles of a colloidal
system) with a contacting liquid. Depending on
the sign of the interaction one may identify substances which are lyophilic (strongly attracting),
and lyophobic (repelling) suspensions in a liquid.
Materials displaying lyophilic properties with water are called hydrophilic, and those displaying
lyophobic behavior are called hydrophobic. Materials exhibiting such behavior in oil are called
oleophilic (lipophilic) and oleophobic (lipophobic), respectively. Substances lyophilic with respect to one liquid may be lyophobic with respect
to another. One may quantitatively characterize
the degree of lyophilic versus lyophobic behavior by the edge angle, or by the heat of swelling
(or heat of solution). Changes in lyophilic versus lyophobic behavior (lyophilization or lyophobization of substances, bodies, or surfaces) may
occur during chemical transformations or physicochemical interactions. For example, modi cation
by adsorption, a process involving surface-active
agents, makes it possible to intentionally switch
between the lyophilic and the lyophobic states
during ﬂotation (separation of ﬁne particles of different substances) and during the manufacture of
composite materials.
LYOTROPIC LIQUID CRYSTALS

Crystals formed during the course of dissolving certain organic compounds in water or in nonpolar liquids. Molecules in low molecular weight
lyotropic liquid crystals are amphiphilic, i.e. they
have a polar and a nonpolar part. Salts of long
chain acids, such as potassium laurate, exemplify
such molecules. A lyotropic liquid crystal structural unit is a micelle, a conglomerate of 102 –103
molecules. Micelles may be normal, with polar
parts of their molecules at the outside surface, or
inverted with the polar parts inside. High molecular weight compounds have structural units that
may be relatively short rigid fragments of a chain,
e.g., a section of a DNA molecule about 300 nm
long. The rigidity of such a fragment results from
its interaction with the solvent.
In terms of structural organization, lyotropic
(as well as thermotropic) liquid crystals are divided

LYOTROPIC LIQUID CRYSTALS

into nematics, cholesterics, and smectics. The latter are lamellar phases. Low molecular weight nematics are built of anisometric micelles (cylinders
or disks). Cholesterics have twisted cylindrical or
discotic micelles due to the presence of chiral
molecules (see Chirality). Lamellar phases often
feature double layers, with molecules of the solvent located between them. Textures and physical
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properties of lyotropic liquid crystals are similar to
those found in thermotropic ones. However, long
relaxation times (minutes to hours) are typical for
lyotropic liquid crystals owing to their considerable viscosity, 1–103 Pa·s. The lyotropic liquid
crystal type structure is an attribute of many systems of biological origin.
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ways to determine macrohardness are as follows:
Meyer hardness (E. Meyer), or contact pressure
H = P /A, where P is the load on the indenter,
A is the projected area of the indentation; Brinell
hardness (J.A. Brinell) is determined when penetration is carried out with a steel ball; Vickers
hardness is measured using a regular tetrahedral
diamond pyramid with an angle of 136◦ between
opposite faces. In both latter cases, H = P /A.
Rockwell hardness (S.P. Rockwell) is determined
using a diamond cone by the depth of plastic
impression at a given indenter load. Hardness
of minerals is often determined with the help
of Mohs’ scratch hardness test (F. Mohs). Mohs
hardness scale contains ten standard hardness values, with diamond the hardest (10) and talc the
lowest value (1).

MACHINING, ELECTRIC PULSE
See Electric pulse machining.
MACROCYCLIC COMPOUNDS

Compounds that contain cyclic arrangements
of nine or more atoms in their molecules. Of most
importance are macroheterocyclic compounds
whose cycles includes heteroatoms (atoms of nitrogen, oxygen, sulfur, etc.) besides carbon
atoms. Typical of macrocyclic compounds is the
inclusion of neutral or charged particles into the
macro-ring cavity, with the resulting formation
of complexes, compounds of the “host–guest”
type (see Guest–host effect), clathrate compounds.
According to the type of donor atoms incorporated into the macro-ring, macrocyclic compounds may be classiﬁed under oxamacrocycles
(crown ethers, O), azamacrocycles (N), thiamacrocycles (S), etc. Inclusion of donor atoms of more
than one type is possible (e.g., azathiamacrocycles). Crown ethers form strong complexes
with alkali and alkaline-earth ions, as well as
compounds of the “host–guest” type. Aza- and
thiamacrocyclic compounds bind ions of transition metals, i.e. Pb, Hg, Zn. Macrocyclic complexes of transition elements can form sandwich
compounds exhibiting metallic conduction. Since
many macrocyclic compounds favor the solid–
liquid phase transition of ionic compounds, they
serve as phase-transfer catalysts. Macroscopic compounds include some naturally occurring substances, e.g., porphyrins, certain antibiotics, and
cyclodextrins.

MACROLATTICE, imperfect superlattice

A regular arrangement of the particles of coherent precipitate phases in the bulk of an aged
alloy crystal, which forms a modulated structure
resulting from a diffusive phase transition (alloy
aging, alloy ordering, an eutectoid alloy decomposition). Dimensions of the macrolattice cells
amount to 0.5–5 nm, while the orientation of their
axes depends upon the matrix of anisotropy of
elasticity; for cubic crystals, it may be either 100
or 111. Unlike a superlattice, the macrolattice is
imperfect: there is no strict periodicity in the positions of particles along ﬁxed directions.
Depending on the difference in the crystal
structure matrix and the phase separation, different types of macrolattices may develop. Under
an isomorphic (see Isomorphism) or an isostructural phase transformation in a high-temperature
superalloy (see High-temperature alloys) or a hard
magnetic alloy of the cunife, alnico, etc., type,
it is generally a primary primitive cubic lattice

MACROHARDNESS
Hardness measured when an indenter carries

an appreciable load (10 N or more). Macrohardness H characterizes the resistance of a material to plastic elastic strain (see Elasticity, Plastic deformation) under local loading. The main
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that later turns into a tetragonal one. If the transformation is not isomorphic (or isostructural) (in
high-carbon and high-nitrogen steels, in beryllium
bronze, in hard magnetic alloys Co–Pt, etc.), it
is a tetragonal or rhombic lattice. In the latter
case, a many-step twinning (see Twinning structure) of the macrolattice fragments of different
orientations springs up, which leads to relaxation
of elastic distortions.
MACROSCOPIC DEFECTS
Defects in crystals that have a characteristic

linear size greater than the interatomic distance
in all dimensions. Macroscopic defects have extra energy both in the form of surface energy,
and from the ﬁeld of the stresses that they induce.
Macroscopic surface defects involve details of surface relief, including the shape of scratches, and
elements of statistical surface roughness. These
are smoothed by the molecular mechanism of
mass transport. Three-dimensional macroscopic
defects include pores and cracks. Pores may arise
in a crystalline body during its growth from the
melt as a result of negative jumps of volume at
crystallization, due to the interdiffusion that occurs through differing partial diffusion coef cients
of component atoms (see Diffusion porosity), during sintering of powders, and under the effect of
nuclear radiation. Cracks are formed during brittle failure of a solid. An estimate of the critical
size l ∗ of a crack capable of further growth is
obtained by equating the elastic energy released
during crack formation (∼σ 2 l 3 /2E, where E is
the elastic modulus) to the crack surface energy
(∼l 2 α, where α is the surface energy density):
l ∗ ≈ 2αE/σ 2 . Macroscopic defects have a considerable effect on many physical features and
application properties of solids.
MACROSCOPIC DESCRIPTION in solid state
physics

Summarizing statements of solid state experimental results, often involving averaging procedures, and sometimes including a phenomenological description. Thermodynamic relationships,
which establish a correspondence between various thermodynamic quantities, may serve as the
conceptually simplest example of a macroscopic
description. Such a description proceeds from the

proper selection of physical quantities (scalar, vector, tensor) to describe the phenomena, and from
expressions of mathematical relations between the
said quantities. A macroscopic description is exempliﬁed by Ohm’s law (G. Ohm, 1826) which
provides a linear relationship between the current
density j in a conductor and the electric ﬁeld intensity E. Both quantities are vectors. This linear
relationship is formulated through the application
of the electric conductivity tensor 
σ (see Electrical
conductivity) or resistivity tensor (
ρ =
σ −1 ):
ji = σik Ek ,

Ei = ρik jk

(i, k = x, y, z). (1)

These second-rank tensors σik and ρik provide the
macroscopic description (phenomenological description) of conduction phenomena.
Invoking geometrical considerations and general laws of nature often allows one to reach
important conclusions about the components of a
macroscopic description. Thus, for a body in the
state of equilibrium, Onsager–Casimir relations
based on time reversal symmetry considerations
require the conductivity and resistivity tensors to
be symmetric (σik = σki , ρik = ρki ), whereas
crystal symmetry limits the number of independent components of the tensors σik and ρik . In a
cubic crystal, e.g., the tensors σik and ρik reduce
to scalars (σik = σ δik , ρik = ρδik , ρ = σ −1 ). In a
hexagonal crystal, σik and ρik each have two independent principal values (one along the symmetry
axis and the other in the plane, perpendicular to
this axis). In accordance with the second law of
thermodynamics the principal values of the conductivity and resistivity tensors (see Principal axes
of a tensor) must be positive. The analytical results obtained from the application of general laws
of nature to constituent quantities are inter-related
through Kramers–Kronig relations which link together real and imaginary parts of generalized
susceptibilities through relationships involving integrals over the frequency.
Included in a macroscopic description is the
classiﬁcation of solids by their characteristic features. For example, metals (normal metals and
superconductors), insulators and semiconductors
are classiﬁed according to their electrical conductivities; paramagnets (ferromagnets or antiferromagnets at low temperatures) and diamagnets are
classiﬁed according to magnetic properties; brittle
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and plastic bodies (see Brittle failure) are classiﬁed
according to their strength and elasticity; crystals
and amorphous bodies (see Amorphous state) are
classiﬁed according to structure, etc. An important component of a macroscopic description is
based on equilibrium thermodynamics, as well as
the thermodynamics of nonequilibrium processes.
The limits within which the description holds true
are often clear from the description itself, although
the precise formulation of the limitations of a
macroscopic description necessitates, as a rule,
a microscopic treatment (see Macroscopic defects,
Macroscopic inclusions).
MACROSCOPIC INCLUSIONS
Particles of a foreign phase in the bulk of a

solid phase matrix that have a characteristic linear
size exceeding the interatomic spacing in all three
dimensions. They can either form because of the
prior history of the solid phase, or be purposely
introduced into this phase. Solid, liquid, gas, and
combined inclusions can be distinguished. Macroscopic inclusions include hollow pores, gas-ﬁlled
cavities, and solid phase particles insoluble in the
matrix. The latter are generated through internal
oxidation, through decomposition of oversaturated
solutions (see Alloy decomposition), or via liquid
inclusions captured from the liquid phase during
crystallization. In many actual situations macroscopic inclusions give rise to ﬁelds of elastic
tension, whose existence is responsible for some
interactions of these intrusions. In anisotropic media such interactions may occur in both attractive
and repulsive modes (see Anisotropy of elasticity). The presence of macroscopic inclusions may
be responsible for consolidation of a crystalline
matrix through mobile dislocations decelerated by
inclusions. In various force ﬁelds, external or internal with respect to the matrix, macroscopic
intrusions may move as an integral whole due to
the existence of directed mass transport maintained by a corresponding force ﬁeld. The presence of macroscopic inclusions in a solid affects
the kinetics of both recrystallization and diffusive
homogenization, decomposition of oversaturated
solutions, long-term strength, and propagation of
elastic vibrations. All the above features of macroscopic inclusions ﬁnd wide use in technological
practice.
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MACROSCOPIC QUANTUM COHERENCE
in superconductors

A collective (cooperative) quantum phenomenon, whereby a superﬂuid or superconducting
electron-pair (Cooper pair) Bose condensate can
be described by a uniﬁed complex function ψ(r, t)
called the order parameter of the superconducting state. The existence of such a function for
superﬂuid electrons in the bulk of a superconductor implies that their motion is highly correlated
on a macroscopic scale. That is, the whole ensemble of electrons forming the superﬂuid condensate
exhibits behaviors similar to a single quantummechanical particle. Related to this macroscopic
quantum coherence are, e.g., the quantization of
u x and Josephson effects.
MACROSCOPIC QUANTUM PHENOMENA
in superconductors

Phenomena related to the wave function phase
χ(r, t) of Cooper pairs in superconductors:
Josephson effects, quantization of ux (ﬂuxoid),
macroscopic quantum tunneling, and macroscopic
quantum coherence. According to the BCS microscopic theory of superconductors, the superconducting phase transition is described by a complex order parameter ψ = Φeiχ , which acts as
the wave function of a Cooper pair. By virtue of
the Bose–Einstein condensation of pairs, the wave
function of the whole system is ψT ∼ ψ N , where
N is the number of Cooper pairs. Therefore, ψ can
be considered as a macroscopic characteristic to
describe not only a single particle, but the superconductor as a whole.
The phase χ(r, t) is coherent, i.e. it retains
ﬁxed values at different points r 1 , r 2 of a sample,
including those spaced at macroscopic distances,
as well as at instants of time t1 and t2 separated by
macroscopic time intervals. Observable physical
quantities, such as charge density and current density, are expressed in terms of derivatives ∂χ/∂r
and ∂χ/∂t in gauge-invariant combinations with
vector (A) and scalar (ϕ) potentials:


ns e
j=
(∇χ − 2eA),
2m


∂χ
ρ  = Ns e
+ 2eϕ .
∂t
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The uniqueness condition of a wave function in
a closed superconducting ring leads to a phase
change by a multiple of 2π when tracing round the
ring. This is in accordance with the quantization of
magnetic ﬂux in ux quantum units Φ0 = h/(2e)
(2e results from the electron pairing).
An outcome of this for a bulk hollow cylinder is the quantization of the ﬂux, frozen in a
hole, in units of Φ0 . In thin-walled shells (with
wall thickness less than London penetration depth
of magnetic eld), the ﬂux is not quantized. Yet,
a circulating current arises with a magnitude and
direction periodically changing in ﬂux with increments of Φ0 (Aharonov–Bohm effect). The ﬂux,
which penetrates into a superconductor in the form
of Abrikosov vortices, is also quantized in ﬂuxoid
units Φ0 . In the case of superconductors separated by a thin insulating layer (tunnel junction
or weak link), the phase is coherent on either
side of the insulating barrier. The phase difference χ determines the superconducting current
I that runs through the junction in accordance
with the Josephson relation I = Ic sin χ . Given the
voltage difference across the junction, the edges
remain at equilibrium, i.e. ρ  = 0. This leads to the
relationship ∂χ/∂t = 2eV / for the phase difference, with consequent oscillations of the Josephson current in the course of time at a frequency
(the Josephson frequency) determined by the relationship ω = 2eV . A tunnel junction of small
area may undergo transitions between states with
different coherent phases by means of quantum
tunneling through a Josephson barrier Ic /(2e),
which separates these states (macroscopic quantum tunneling). In the latter case, the phase χ
ceases to be a classical variable, and the system is
described by a “second quantization” wave function ϕ(χ).
MACROSCOPIC QUANTUM TUNNELING

Exhibition of quantum behavior by a macroscopic system, with a collective dynamic variable
for a degree of freedom (see Collective variables
method). The phenomenon of macroscopic quantum tunneling occurs with Josephson junctions
and in superconducting quantum interference devices (SQUIDs), where the collective variable is
the phase difference across the junction, or the total magnetic ﬂux in the squid loop. These systems

perform zero-point vibrations ω0 with frequencies of 1011 –1012 Hz at metastable minima of
the potential energy. This allows the inequality
ω kB T to be realized, and the observation of
a transition from the thermally activated penetration of the barrier to a temperature-independent
macroscopic quantum tunneling mechanism at
temperatures of about 1 K. Macroscopic quantum tunneling disappears not only with an increase
in T , but also with increased energy dissipation
in the system. Yet more sensitive to dissipation
is the macroscopic quantum interference of more
than one quantum state of a macroscopic system.
A quantum-mechanical description of the phenomenon takes dissipation into account. Also classiﬁed as macroscopic quantum tunneling phenomena are quantum features of the low-temperature
plasticity of solids (of dislocation motion).
MACROSTRESSES
First-order residual stresses in solids. Macro-

stresses appear as a result of nonuniform heating
and cooling (welding, ﬂame cutting, casting complicated shapes), pressure shaping and dressing
of ﬁnished products, heat treatment (in particular, at the surface) and sintering, the application
of different coatings, chemical or mechanical surface processing (turning, grinding, polishing, shotblasting), exposure of the surface to energy ﬂuxes
(laser or electron irradiation), ion treatment, diffusive surface saturation, etc. Macrostresses can be
tensile or compressive. They generally concentrate
in the subsurface layer, a few microns to 2 mm
thick. These stresses may originate from such
physical causes as: pile-up of dislocations of a similar sign; changes in crystal lattice constants due to
a nonuniform distribution of impurity atoms; elastic strain of the lattice at its coherent bonding with
a coating or at a coherent phase boundary interaction, etc. The magnitude and sign of macrostresses
depend upon the material of a mechanical part,
upon the manner of its treatment, upon the manner of ﬁxing, way of cooling, etc. If a macrostress
exceeds the yield limit in a plastic material, then
relaxation occurs by way of plastic deformation.
In low plasticity materials macrostress may exceed the ultimate strength, leading to the formation
of cracks, spallings, and other surface defects.
Macrostresses and their changes during the course
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of operation strongly affect the performance characteristics of mechanical parts.
MADELUNG CONSTANT (E. Madelung, 1918)

A dimensionless constant, α, dependent solely
on the structure of a binary ionic crystal, which allows evaluating the potential ϕ arising from the
Coulomb interaction at a lattice site produced by
all the other ions from the equation: ϕ = αe/r0 ,
where ±e are ionic charges, the sign of the potential ϕ is opposite to the sign of the charge at the
site considered, and the characteristic length r0 is
the distance between nearest neighbor ions. The
value of α is calculated by summing over all the
atoms in the lattice, and it is a universal constant
for a given lattice type. In crystals with several
ions carrying different charges in their unit cell,
the Madelung potential at the sth site is given by
the equation:
ϕ(rs ) =

p

s  =1

e
αss  s ,
r0

where the ionic charges are designated by es ,
s = 1, 2, . . . , p (p is the number of atoms in the
unit cell), and the p2 quantities αss  form a symmetric square matrix.
MAGGI–RIGHI–LEDUC EFFECT
See Thermomagnetic phenomena.
MAGNESIUM, Mg

A chemical element of Group II of the periodic system with atomic number 12 and atomic
mass 24.305. Natural magnesium consists of the
stable isotopes 24 Mg (78.60%), 25 Mg (10.11%)
and 26 Mg (11.29%). Outer shell electronic conﬁguration is 3s 2 . Successive ionization energies
are 7.645, 15.035, 80.144 eV. Atomic radius is
0.1602 nm, radius of Mg2+ ion is 0.066 nm. Oxidation state is +2. Electronegativity is ≈1.29.
Magnesium in a free form is a silvery-white
metal. It has a hexagonal close-packed lattice with
the parameters a = 0.32088 nm, c = 0.52095 nm
4 ). Den(at 298 K), space group P 63 /mmc (D6h
sity is 1.74 g/cm3 . T melting = 922 K; T boiling =
1376 K. Bonding energy of pure magnesium
is 1.53 eV/atom at 0 K. Heat of melting is
8.5 kJ/mole, heat of evaporation is 130 kJ/mole,
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heat of sublimation is 152.6 kJ/mole. Speciﬁc
heat is cp = 1.02 kJ·kg−1 ·K−1 (298 K). Debye temperature is 405 K; linear thermal expansion coefﬁcient of magnesium monocrystal is
26.8·10−6 K−1 along the main sixfold axis 6,
and 24.7·10−6 K−1 perpendicular to this axis
at 280 K; coefﬁcient of the thermal conductivity is 138 W·m−1 ·K−1 at room temperature and
normal pressure. Adiabatic elastic moduli of magnesium monocrystal: c11 = 59.28, c12 = 25.90,
c13 = 21.57, c33 = 61.35, c44 = 16.32 GPa at
298 K; bulk modulus is ≈35 GPa, Young’s modulus is ≈45.5, shear modulus is ≈18 GPa; Poisson
ratio is ≈0.28 (at 298 K); at 293 K the properties
of cast and deformed magnesium are characterized
by the following parameters: ultimate strength is
0.113 and 0.196 GPa, relative elongation is 8.0 and
12.0%, yield limit is 0.025 and 0.088 GPa, respectively. Brinell hardness is 0.294 and 0.353 GPa;
fatigue limit of annealed magnesium with basis 5·108 is 0.062 GPa; recrystallization temperature is 423 K. The strength of magnesium
is increased by cold hardening. Self-diffusion
coefﬁcient of magnesium is 3.04·10−14 m2 /s
along the axis 6 and 3.75·10−14 m2 /s perpendicular to it at 738 K. Ion-plasma frequency
of magnesium is 17.78 THz; Sommerfeld coefﬁcient of linear low-temperature electronic speciﬁc heat is 1.32 mJ·mole−1 ·K−2 . Resistivity of
monocrystal is 3.48·10−8 ·m along the principal axis 6 and 4.18·10−8 ·m perpendicular to
it, temperature coefﬁcient of electrical resistivity
is 0.00408 K−1 along the principal axis 6 and
0.00390 K−1 perpendicularly to it, Hall constant
is −8.42·10−11 m3 /C (room temperature, normal
pressure); coefﬁcient of the absolute thermal electromotive force is +3.3 μV/C along the principal
axis 6 and +3.5 μV/C perpendicular to it. Work
function of electron from polycrystal is 3.64 eV.
Magnetic susceptibility of paramagnetic magnesium is +13.25·10−6 cm3 /mole in CGS units
(300 K). Nuclear magnetic moment of 25 Mg isotope is +0.855 nuclear magnetons. Magnesium is
mainly used in production of superlight alloys (see
Magnesium alloys). Metallic magnesium is used
for reduction of Zn, Th, U and other metals and
their compounds.
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MAGNESIUM ALLOYS
Alloys based on magnesium. They are the lightest known construction materials. They feature
high impact strength, ability to absorb impact en-

ergy and vibration, as well as excellent tooling
quality. Magnesium alloys are protected against
corrosion by surface oxidation, or by coating with
layers of varnish and paint. As to the initial
processing conditions, these alloys can be cast or
ductile types, and with respect to chemical composition they are alloyed with manganese (see
Alloying); with aluminum, zinc and manganese;
with zirconium and zinc; with less common and
rare-earth metals; and with lithium. Mn enhances
the corrosion resistance of an alloy and augments
its strength; Al improves the strength and modiﬁes the structure of cast Mg, Zn reduces the grain
and enhances the alloy plasticity through reﬁning.
The rare-earth elements and less-common metals
enhance the creep strength of an alloy at elevated temperatures (up to 250 ◦ C), diminish its
microporosity, and compensate for brittleness (see
Alloy brittleness) arising from the presence of Zn.
Lithium (more than 10%) substantially enhances
the plasticity. The additional elements Ag, Be, Ca,
Cd, Sn, Th, etc. are also added to some magnesium alloys. Mg forms intermetallic compounds
called magnides with alloying elements, which
signiﬁcantly affect the alloy properties. The density of magnesium alloys varies, depending on the
composition, within the range 1.36–2.0 g/cm3 ,
with magnesium–lithium alloys having the lowest
density. Parts made of magnesium alloys display,
due to their low density, large stiffness, and high
values of speciﬁc heat. The coefﬁcients of thermal expansion of magnesium alloys are 10–15%
larger on the average than those of aluminum alloys. The elastic modulus, yield limit and ultimate
strength grow at low temperatures, while the elongation and impact strength decrease, but there is
no sharp drop in plasticity. Magnesium alloys are
suitable for operation at cryogenic, normal and
elevated temperatures. They ﬁnd applications in
the aerospace and automobile industries, for the
manufacture of cinematic and photographic equipment, etc.
MAGNETIC AFTEREFFECT
The same as Magnetic viscosity.

MAGNETIC AGING

Deterioration of magnetic material properties
with time. It occurs when a material changes from
a metastable state to one closer to equilibrium.
There are two types of magnetic aging: reversible
magnetic aging due to magnetic domain structure reordering under the inﬂuence of an external
magnetic ﬁeld, of temperature variations, mechanical vibrations, irradiation, etc., and irreversible
magnetic aging resulting from physico-chemical
processes associated with the destruction of unstable crystallochemical conﬁgurations, with the
redistribution of foreign inclusions, impurities,
and structural defects (see Defects in crystals),
and with the alleviation of inner stresses. Raising the temperature accelerates these processes
markedly. Natural magnetic aging may last for
months. To reduce aging the material is subjected
to an artiﬁcial aging. The simplest way to stabilize
the domain structure of a material operating near
remanence is partial demagnetization with an alternating or reversed constant magnetic ﬁeld. This
stabilization is achieved by conditioning at elevated temperatures, and can be aided by annealing
and work hardening. The maximum stability of the
magnetization of a ferromagnet can be achieved
by artiﬁcial aging, or by the application of a demagnetizing action similar to what is experienced
during operation.
MAGNETIC ANISOTROMETER

An instrument for measuring the magnetic
anisotropy constants, and determining preferred
directions (easy magnetization axes or hard magnetization axes, crystallographic axes, etc.).
Underlying the operation of a magnetic anisotrometer are such phenomena as dependence of
the components of the magnetization vector M or
magnetic susceptibility χ on the orientation and
strength of the applied magnetic eld (determined
by magneto-optic or radiophysical methods); the
mechanical action of magnetic ﬁelds on the sample under study; ferromagnetic resonance (ferrimagnetic, antiferromagnetic, spin-wave, etc.),
a magnetic phase transition from the uniformly
magnetized state to that with magnetic domain
structure, galvanomagnetic effects, etc.
There are no direct methods for measuring
magnetic anisotropy constants. Indirect methods

MAGNETIC ANISOTROPY

record the angle of rotation of the plane of polarization or the electric signal proportional to some
component of M or χ , as well as the rotational
mechanical moment acting on the sample in the
magnetic ﬁeld; the frequency of ferromagnetic resonance (at ﬁxed magnetic ﬁeld strength), or the
resonant magnetic ﬁeld (at ﬁxed frequency); the
strength and orientation of the magnetic ﬁeld of a
phase transition; the Hall voltage, etc.
The most common type of magnetic anisotrometer employs the torsional moment method. The
sample under study (typically, having the shape of
a disk) is fastened on an elastic suspension and
placed in a uniform magnetic ﬁeld B. Since the
anisotropic magnetic energy depends on the orientation of the magnetization vector M relative to
preferred directions, a sample placed in the magnetic ﬁeld starts experiencing the torque T that
seeks to turn the sample to a position corresponding to the minimum total energy of the samplesuspension system. With the magnetic ﬁeld vector B turning through an arbitrary angle ϕ (varying from 0 to 2π relative to the initial orientation),
the torque (torsional moment) T also changes. To
calculate magnetic anisotropy constants and determine the preferred directions, the coefﬁcients of
the Fourier expansion of T (ϕ) are used. Typically,
T (ϕ) includes only even harmonics. The presence
of odd harmonics indicates the presence of unidirectional anisotropy. The torsional moment in the
ﬁrst models of magnetic anisotrometers of the type
described was measured directly by the torsional
twist angle of the elastic suspension. Modern modiﬁcations use a compensation scheme of measurement, with the mechanical moment automatically
balanced by means of, e.g., a compensation electromagnet. The ﬁeld of the latter acts upon a
small magnet fastened to the elastic suspension,
holding it in a ﬁxed position. The disadvantages
of a magnetic anisotrometer using the torsional
moment method are the high sensitivity of the
device to mechanical vibrations, and the need to
measure small torsional moments. In anisotrometers relying on other physical phenomena
(ferromagnetic resonance, phase transitions, etc.),
the sample under study has a rigid attachment
system, so the ﬁrst disadvantage is eliminated
(see Magnetometry).
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MAGNETIC ANISOTROPY

Nonequivalence of magnetic properties of materials in different directions.
Magnetic anisotropy plays an important role in
magnetically ordered crystals (ferromagnets, ferrimagnets, antiferromagnets) where it determines,
to a great extent, such characteristics as the frequency and width of the lines of ferromagnetic
resonance or antiferromagnetic resonance, the
hysteresis loop shape, coercive force, and the ﬁeld
of magnetic saturation. Magnetic anisotropy exists
also in polycrystalline and amorphous materials,
but is absent in liquids and gases.
Magnetic anisotropy is caused by the ordered
arrangement of magnetic moments of particles
of matter (atoms, ions), and the direction dependent character of the spin–orbit and dipolar
interactions. The spin–orbit interaction determines
the mutual orientations of the spin and orbital
moments of a magnetic atom, and the latter is
determined by the symmetry of the crystal ﬁeld.
The relative positioning of magnetic atoms in a
crystal lattice causes the dipole–dipole interaction
energy to depend on the magnetic symmetry of
the crystal. Thus, both interactions depend on
the orientation of atomic magnetic moments relative to crystallographic directions. A measure of
the anisotropy is the energy density of magnetic
anisotropy Wa , which for the n-sublattice magnetic crystal has the form of a series in even
powers of components of magnetization vectors
M j of magnetic sublattices, where j is the index
of a particular sublattice:
αβ

β

αβγ δ

β

γ

Wa = Kij Miα Mj +Kij kl Miα Mj Mk Mlδ +· · · .
(1)
Due to the relative smallness of the spin orbit and
dipolar energies compared to the exchange energy,
the terms of the series (1) diminish, as a rule,
rapidly as the power of M increases. The expan are referred to as anisotropy
sion coefﬁcients K
 are
constants. If tensors of anisotropy constants K
determined only by crystallographic and magnetic
anisotropy, such a magnetic anisotropy is referred
to as natural magnetic anisotropy. In ferromagnets, the magnetic anisotropy manifests itself in
the existence of easy and difﬁcult directions of
magnetization. The external magnetic ﬁeld re-
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quired to bring the magnetization to saturation has
minima along the easy magnetization axis, and
maxima along the hard magnetization axis. Some
ferromagnets have one easy magnetization axis
(e.g., hexagonal Co) and others have more than
one (Fe, Ni, etc.). Magnetic materials having either
one easy magnetization axis and several difﬁcult
ones, or one of the latter and several of the former,
are referred to as uniaxial magnetics. A biaxial
magnetic material has one easy and one difﬁcult
magnetization axis, and multiaxial materials have
more than one of each type. In antiferromagnets,
the direction along which the magnetic moments
of sublattices are aligned is referred to as the easy
axis. The effective ﬁeld B Aj = −∂WA /∂M j is
referred to as the anisotropy ﬁeld acting upon the
j th sublattice. Sometimes the maximal value of
|B Aj | − BA is also referred to as the anisotropy
ﬁeld, and is used as a measure of the magnetic
anisotropy energy.
Induced magnetic anisotropy arises under the
action of external forces (e.g., pressure) and during the processing of a material (e.g., rolling, annealing in a magnetic ﬁeld, etc.). It also arises during epitaxial growth of crystalline and amorphous
magnetic lms on a monocrystalline substrate (see
Growth anisotropy). Several mechanisms exist that
cause the induced magnetic anisotropy to appear.
Under the magnetostriction mechanism, the magnetic anisotropy is due to the presence of mechanical stresses inside the sample. Another mechanism
is connected with the formation and ordering of
defects (impurities, vacancies, dislocations) during the course of the material processing. Unidirectional or exchange magnetic anisotropy arises
at the interface between ferromagnetic and antiferromagnetic phases. Very often the antiferromagnetic phase is formed as a result of oxidation of
a ferromagnet surface, for example, particles of
Co coated with a CoO ﬁlm. A particular feature
of magnetic ﬁlms with unidirectional magnetic
anisotropy is the shift of hysteresis loops along the
magnetic ﬁeld direction.
MAGNETIC ANISOTROPY DISPERSION

See Dispersion of magnetic anisotropy.

MAGNETIC ANTIRESONANCE

A variety of phenomena arising from the vanishing of the real part μ of the magnetic permeability μ(ω) = μ (ω) + iμ (ω), of a magnetic
substance at a certain frequency ωA called the frequency of antiresonance.
The most interesting manifestation of antiresonance is an essential (manifold) increase of the
skin layer depth

δ=

1/2
c2
2πσ ω(μ + (μ2 + μ2 )1/2 )

(cgs units) of a magnetic metal (see Skin-effect),
i.e. the penetration depth of an electromagnetic
wave (σ is the electrical conductivity). As a result, the metal has a selective transparency at the
antiresonance frequency (predicted in 1959, discovered in 1969). The antiresonance frequency
ωA = γ B, where γ is the gyromagnetic ratio and
B is the magnetic ﬂux density (B = H + 4πM ;
H is the magnetic ﬁeld strength, and M is the
magnetization). To observe antiresonance, it is
necessary that the difference between ωA and the
frequency of ferromagnetic resonance (or para-,
antiferromagnetic resonance) ωR would considerably exceed the resonance line width ωR .
Since γ H  ωR  γ (H B)1/2 , the condition
ωR  4πγ M is required. Due to this condition,
the most convenient objects for investigating antiresonance are ferromagnets in applied ﬁelds of
several tesla. Antiresonance is useful for the study
of relaxation processes (dependence of μ (ω) of
ferromagnetic metals). The transmission coefﬁcient T of the electromagnetic wave of a frequency
ω ≈ ωA through a ferromagnetic metal plate of
thickness d is
2x 2
c2
,
2
2
2
4πσ d sin x + sinh2 x
1/2
 2
σd B
|
,
|ω
−
ω
x=
A
βc2 M

T =

where β is a factor on the order of unity, depending on the polarization of the electromagnetic
wave incident on the plate.

MAGNETIC BREAKDOWN
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MAGNETIC AXIS

The common principal axis of the g-tensor
and of the crystal ﬁeld tensor of the quadrupole
and hyper ne interactions (see spin Hamiltonian
parameters). The axis is parallel to one of the crystal symmetry directions, or perpendicular to one
of the symmetry planes. The magnetic axis direction coincides with the applied magnetic ﬁeld
orientation corresponding to extrema in angular
dependences of spectra. If low-symmetry effects
appear in the spectra, viz., if the principal tensor
axes are dissimilar, pseudoaxes averaged over all
the resonance transitions will sometimes be conventionally selected. Such axes may deviate from
the symmetry axes and from normals to the symmetry planes by as much as tens of degrees, and,
with their orientation depending on the observation frequency (ﬁeld), they have little physical
signiﬁcance.
A coordinate system that includes a magnetic
axis is called a magnetic coordinate system. For
high-symmetry spectra its axes coincide with speciﬁc crystallographic directions like 100, 110,
111, 112, etc. This approach is useful if the
crystal has several equivalent paramagnetic centers, since describing the spectrum of each such
center in its own magnetic coordinate system is
much simpler than presenting it in a general crystallographic system of coordinates.
MAGNETIC BREAKDOWN
Quantum tunneling of conduction electrons in
metals in a magnetic ﬁeld, B, between classical electron orbits of different energy bands. The

term “magnetic breakdown” reﬂects the classically forbidden aspect of the interband tunneling
in a magnetic ﬁeld. Because of the small magnitude of the dimensionless quasi-classical approximation parameter, κ = eB/pF2  1 (pF is the
electron Fermi momentum and ωc = eB/m is the
cyclotron frequency), the band-to-band transitions
only occur within narrow classically forbidden regions of momentum space (magnetic breakdown
regions). There the gap Δ between the bands is
so small that the classical electron orbits from
different bands approach one another to within
distances comparable to those estimated from the
quantum uncertainty of the transverse momentum:
(eB)1/2 ≈ κ 1/2 p0 (Fig. 1). The gap is usually

Fig. 1. Classical orbits (1 and 2) of different energy
bands approaching one another, having the same momentum pz of an electron of energy E in the form of
two hyperbolae whose asymptotes intersect at the center
point 0. The region of magnetic breakdown is indicated
by hatching. 1− , 2− and 1+ , 2+ are sections of classical
orbits respectively entering and exiting the breakdown
region. Arrows indicate directions of classical motion.

at its minimum in the Bragg reﬂection planes
(see Bragg diffraction). Therefore, the band-toband tunneling probability (magnetic breakdown
probability) depends only on the orientation of the
magnetic ﬁeld, B = (0, 0, B), relative to the crystallographic axes, and on the value of the projection of the electron quasi-momentum (pz ) along
the B direction. Since the magnetic breakdown regions are rather narrow they can be considered as
point centers of two-channel quantum scattering:
with or without a change of energy band number (see Fig. 1). Corresponding to the former is a
magnetic breakdown scattering through the channels 1− → 2+ and 2− → 1+ , and corresponding to the latter, through the channels 1− → 1+
and 2− → 2+ . A closed conﬁguration of quasiclassical trajectories corresponds to an arbitrarily
aligned B. In a ﬁeld B parallel to the reciprocal lattice vector b, an open periodic conﬁguration
with period b often results (Fig. 2). Generally the
electron dynamics at magnetic breakdown is of a
quantum nature, determined by the coherent interference of quasi-classical waves arising from
multiple electron scattering at breakdown centers. The energy spectrum of electrons (magnetic
breakdown spectrum) is deﬁned in this quantum
interference situation by the quasi-classical phase
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Fig. 2. Examples of magnetic breakdown conﬁgurations,
where the curves are at the breakdown regions, and arrows indicate directions of classical motion. The upper
curves show a closed conﬁguration splitting up into orbits (1, 4) and (2, 3) at W = 0, and into orbits (1, 3)
and (2, 4) at W = 1. The lower curves show a onedimensional conﬁguration with a period b splitting up
into closed orbits (1, 3) and (2, 4) at W = 0, and into
open orbits (1, 4, . . . ) and (2, 3, . . . ) at W = 1.

difference “accumulated” by electrons traveling
across the conﬁguration sections. The magnetic
breakdown spectrum acquires a random (more
precisely, quasi-stochastic) nature due to the incommensurability of these conﬁgurations with
one another. In the case of closed conﬁgurations
(Fig. 2(a)) it, like the Landau spectrum (see Quantizing magnetic eld), emerges as a discrete set
of terms En (pz ) (n is the term number) separated by ∼ωL (ωL is a characteristic Larmor
frequency), but not equally spaced; the En versus
pz dependence is irregular and rapidly oscillating,
with an abnormally small (quantum) scale of the
characteristic variation ∼κpF . Associated with the
periodic conﬁgurations (Fig. 2(b)) is a spectrum of
“magnetic bands” (broadened Landau levels).
The above features of the magnetic breakdown spectrum mean that the overall kinetics in
a metal is drastically restructured at B  B0 and
1 (τ is the characteristic electron relaxωL τ
ation time at B = 0). Magnetic breakdown may
reveal itself through two qualitatively different
types of macroscopic phenomena, namely “coherent” and “random”. This unusual dichotomy is of
special importance for interpreting experimental
data since κp0 rather than p0 (see above) plays the

role of a characteristic momentum in the magnetic
breakdown spectra. Consequently, even a minimal (∼κpF ) momentum transfer for small angle
electron scattering from weak inhomogeneities of
the dislocation strain ﬁeld (or from other macroscopic lattice defects), and from phonons, can
become effective. The relaxation processes are not
characterized in this case by the “transport” time
τ tr ≈ τ Q (p0 /q) customary for classical kinetics,
but rather by the quantum lifetime of singleelectron states, τ Q , which is smaller than τ tr by
several orders of magnitude. Since τ Q may have
−1
, two basic reany relation to τ B and to ωL
gions of the parameter values are distinguished:
−1
−1
(1) τ B , τ Q
ωL
, and (2) τ B
ωL
τ Q.
In the ﬁrst case the collision-induced broadening
of the magnetic breakdown terms is much greater
than ωL . This corresponds to coherent magnetic
breakdown “accumulated” by an electron traveling
across the conﬁguration sections.
The inequalities in the second case deﬁne
the situation of a random magnetic breakdown.
The small-angle scattering completely destroys
the breakdown spectrum in the latter case, with
the electrons traveling across the magnetic breakdown conﬁgurations as classical particles which
make stochastic jumps with probabilities W and
1 − W between the sections when passing magnetic breakdown centers. Typical for a random
magnetic breakdown are dissipation effects independent of the characteristic times τ B and τ Q ,
which persist at zero temperature, and are char−1
acterized by a relaxation time ∼ωL
. With the coherent magnetic breakdown situation, the kinetics
in metals is deﬁned by the quantum interference
(Feynman’s) sum over the magnetic breakdown
paths, viz., over all the possible continuous trajectories traced out by an electron during an arbitrary
time. The quantum oscillations with a magnetic
ﬁeld of any kinetic coef cients will be deﬁned
under these circumstances by the speciﬁc interference harmonics exp[i(S1 − S2 )/], where the
indices 1 and 2 mark two arbitrary breakdown
paths, and S 1,2 are increments of the classical
action along these paths. The relative amplitude
of kinetic oscillations often may reach values ∼1
(referred to as giant magnetic breakdown oscillations). As distinct from the kinetic oscillations,
oscillations of the number density of states, and
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of the thermodynamic parameters coupled to them
(de Haas–van Alphen effect), contain only harmonics with S cl / phases, where S cl is the action
increment for all the possible closed paths of the
breakdown.
Also typical for a coherent magnetic breakdown is a variety of nonlinear effects in any
external ﬁeld capable of changing the electron
momentum by a rather small value, of the order
of ∼κpF , during a time ∼τ B (or τ Q ). Coherent
magnetic breakdown exhibits an abnormal sensitivity of kinetic coefﬁcients to small inclinations
of B to the symmetry axes (planes), or to the
planes perpendicular to reciprocal lattice vectors.
A very unusual situation shows up in the latter
case: a pure metal behaves like an incommensurate structure with the quantum localization of
conduction electrons. The above characteristics
of the magnetic breakdown kinetics open a way
to design fundamentally innovative electronic devices.
MAGNETIC BUBBLE DOMAIN, cylindrical
magnetic domain
A small solitary magnetic domain shaped like

an upright (perpendicular to the surface) circular
cylinder. Magnetic bubble domains are observed
in single-crystal ﬁlms 0.1–100 μm thick with the
easy magnetization axis normal to the sample surface, as well as in the presence of a magnetic
phase transition. Examples of such ﬁlms are orthoferrites, iron garnets of rare-earth elements,
amorphous magnetic substances, alloys of rareearth and transition metals, and other magnetic
substances. The diameter of a magnetic bubble
domain cross-section has a magnitude of the same
order as the ﬁlm thickness, and decreases as a constant magnetic eld normal to the sample surface
increases. An ordinary, solitary magnetic bubble
domain is found only when such a ﬁeld plays a
stabilizing role. In this case, the ﬁlm magnetization is oriented along the magnetic ﬁeld, while
the magnetic bubble domain magnetization is in
the opposite direction. As the ﬁeld increases to
some critical value Bc (magnetic bubble domain
collapse ﬁeld) the domain size decreases, and
then the domain disappears (magnetic bubble domain collapse). In the case when the ﬁeld goes
to the value B2 (a ﬁeld of elliptic instability),
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the magnetic bubble domain converts to a bandtype domain or, more often, to the labyrinthine
magnetic domain structure. In samples where the
magnetic characteristics are substantially nonuniform in thickness over their surface area, internal
domains in the magnetic bubble domain may exist, which are partly or entirely located inside of
the ﬁlm rather than on its surface, as in case of
ordinary domains. Under the inﬂuence of an inhomogeneous magnetic ﬁeld, temperature gradients,
and other factors, a magnetic bubble domain may
move over the ﬁlm plane. When present with a
fairly high density, due to magnetic dipole repulsive forces, they form a magnetic bubble domain
lattice. The possibility for controlled magnetic
bubble domain creation and annihilation at arbitrary sample points, as well as their motion by
means of a magnetic ﬁeld, permits their use in
various devices (see Magnetic bubble domain devices).
MAGNETIC BUBBLE DOMAIN DEVICES

Solid-state computer engineering devices
which utilize a magnetic ﬁlm with magnetic bubble domains. The magnetic bubble domain devices
are generally used for primary and auxiliary memory functions, but they are also capable of performing logic operations. These devices are constructed using a set of integrated micro-assemblies
of different capacities (up to several megabits)
controlled by an external electronic system. The
micro-assembly contains: ﬁlms of magnetic bubble domain materials with functional modules applied on the surface; a set of permanent magnets
for establishing the bias ﬁeld; a system for establishing the control magnetic ﬁeld (control current).
The diameters of the magnetic bubble domains
used in these devices range from 5 μm to less than
1 μm.
The memory performance is based on the operation of the following elements: magnetic bubble
domain forwarding circuits, which are often series–
parallel connected for the purpose of increasing the data exchange rate; switches responsible
for connections between the shift memory registers formed by elements of forwarding circuits;
generator (source) of magnetic bubble domains;
detector (sensing element) which takes the readings from magnetic bubble domains (generally by
application of the magnetoresistance effect). In
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order to carry out the information read-out the
magnetic bubble domain must be expanded into
a ﬁlm strip (see Magnetic lms), so the data readout module occupies a rather substantial part of the
ﬁlm surface. A magnetic bubble domain annihilator eliminates unnecessary domains. The domain
micro-assembly, as well as the domain forwarding
circuits, are characterized by a region of stable operation located near the functional units mentioned
above. The magnetic bubble domain memory is
nonvolatile, involves low energy consumption, is
insensitive to external actions, and has high reliability. It has been demonstrated that memory
devices may be created on the basis of magnetic
bubble domain lattices, which provides a nearly
tenfold increase of recording density compared to
systems utilizing ordinary forwarding circuits.
MAGNETIC BUBBLE DOMAIN FORWARDING
CIRCUITS

System of operating elements located on a ﬁlm
surface, which induces energy wells for magnetic
bubble domains (MBD). Also it is intended for
the bubble domain storage and transport. As a
rule, an MBD comprises an associated system
of memory shift registers, wherein the information is contained as code sequences: the logic unit
“1” indicates the presence, and “0” denotes the
absence of the MBD storage. The forwarding circuits are fabricated by photolithographic methods,
and characterized by a variety of spatial shapes
and types. Schemes of three types (and their combinations) are used: those in applications of soft
magnetic materials (commonly, permalloy), current conductors, and ion-implanted structures. In
the ﬁrst and third cases the MBD shifting per single space period of the scheme is handled through
the magnetic reversal of the scheme elements, or
by means of a magnetic ﬁeld (operating ﬁeld).
This ﬁeld rotates at a ﬁxed (tact or clock) frequency on the plane of the magnetic lm as the
ﬁeld turns through an angle 360◦ . In the second
case the operating currents perform the analogous
function.
Magnetic bubble domain forwarding circuits
occupy the major part of the ﬁlm area deﬁning
the density of information recording. The magnetostatic repulsion among MBDs limits the scheme
spacing period to 4–5 average diameters of

a domain. Using permalloy, circuit densities
∼106 MBD/cm2 are achieved. Still higher densities are reached through ion-implanted structures
(see Ion implantation). Clock frequencies are restricted by the domain wall peak velocity, and also
by technical problems associated with the control
ﬁeld. For the ﬁrst and third types of circuits the
tact frequency is, commonly, ∼200 kHz, for current conductors it is well above this.
The most important feature of the MBD forwarding circuits is the region of stable operation
on the “shift ﬁeld versus control ﬁeld (current)”
phase plane. This region should be within a narrow interval of the control ﬁeld (current) value,
and at the same time, it should have a maximum
width with respect to the shift ﬁeld value. The theoretical construction of the stable region requires
an examination of the closed system of equations
for the magnetic bubble domain and the scheme
elements.
MAGNETIC BUBBLE DOMAIN LATTICE
(magnetic cylindrical domain lattice in Russian
terminology)
A periodic two-dimensional magnetic domain
structure of a thin magnetic lm, its lattice sites
having magnetic bubble domains. In a ﬁlm with
the easy magnetization axis perpendicular to its

surface a hexagonal lattice of magnetic bubble domains can form. The equilibrium diameters of the
domains of this lattice, and its period, depend on
the value of the external magnetic eld B perpendicular to the surface of the sample. Since the
generation and annihilation of a separate magnetic
bubble domain lattice are often impeded by the
presence of an energy barrier, this lattice is often
not in equilibrium, and in particular ranges of B
values its period remains constant. The dynamical
properties of a magnetic bubble domain lattice are
determined by the set of natural oscillations of the
magnetization, which are accompanied by small
displacements of the bubble domains from their
equilibrium positions at the lattice sites, and also
by variations of their dimensions and shape. In the
spectrum there are two activation-free branches
of vibrations of the acoustic phonon type corresponding to displacements of the magnetic bubble
domain lattice from the equilibrium sites, and
there is also a series of branches of vibrations
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whose frequencies have ﬁnite values of the order
of 108 Hz in the limit of inﬁnite wavelengths. The
propagation velocities of the lattice vibrations are
usually of the order of 104 to 105 cm/s. These vibrations may be excited by an alternating magnetic
ﬁeld.
MAGNETIC BUBBLE DOMAIN, RIGID
See Rigid magnetic bubble domain.
MAGNETIC CHARACTERISTIC LENGTH
See Characteristic length of magnetic material.
MAGNETIC CHARGE, magnetic pole strength
An auxiliary concept introduced in magnetostatics to calculate the demagnetization eld (ana-

logue of concept of electric charge generating an
electrostatic ﬁeld). In contrast to electric charges,
magnetic charges do not actually exist (see Magnetic monopole), since according to classical magnetism theory the magnetic ﬁeld has no special
sources besides electric currents. For media exhibiting a magnetization M one can introduce the
concepts of a volume density, ρ m , and of an area
density, σ m , of magnetic charge. The former is deﬁned as the divergence of the magnetization, i.e.
ρ m = div M, and the latter as a jump of the normal
component of the magnetization at a discontinuity interface: σ m = M n (e.g., σ m = M n at a
medium–vacuum boundary, where M n is the normal component of the surface magnetization). See
also Magnetic pole.
MAGNETIC CIRCUIT

A series of connected magnetic substances
conducting magnetic ux. If the ﬂux in a magnetic
circuit is generated by a permanent magnet then
such a circuit is called magnetized circuit. A magnetic circuit without permanent magnets is known
as a neutral circuit, with the magnetic ﬂux in it
generated by an electric current ﬂowing through
coils enclosing part of the circuit. Depending on
the source of ﬂux there are magnetic circuits of the
permanent, alternating, or pulsed types. Because
of the formal analogy between electric and magnetic circuits, the same mathematical formalism is
applicable to both. For instance, a counterpart of
the Ohm’s law emf = I R is the equation mmf =
ΦR m , where Φ is the magnetic ﬂux, R m is the
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reluctance which limits the ﬂux, and mmf is the
magnetomotive force which generates the ﬂux. In

this circuit mmf is the analogue of the applied voltage or emf; Φ is the analogue of the current I , and
Rm is the analogue of the resistance (impedance).
Kirchhoff’s laws are applicable to magnetic circuits. However, a fundamental difference between
magnetic and electric circuits is the absence of dissipation of electromagnetic energy (Joule heat) in
a magnetic circuit with magnetic ﬂux Φ that is
constant in time. The magnetic circuit approach
is useful in designing permanent magnets, electromagnets, magnetic ampliﬁers, relays, electric
measurement instruments, etc.
MAGNETIC COLLISION-FREE DAMPING of
waves

The principal mechanism of damping of electromagnetic oscillations propagating in metals.
Like Landau damping, magnetic collision-free
damping is associated with the transfer of the electromagnetic ﬁeld energy to particles (e.g., electrons) that move in phase with the wave. Yet,
magnetic collision-free damping is not determined
by the electrical force eE, but rather by the magnetic force ∇(μB) with which the alternating ﬁeld
of the wave B acts upon an electron rotating in an
external ﬁeld B ext (μ is the mean magnetic moment of a rotating electron). Therefore, magnetic
collision-free damping is often called magnetic
Landau damping. Due to the Larmor rotation of
electrons in the magnetic ﬁeld (see Larmor precession), the scenarios of Landau damping and
magnetic collision-free damping differ from each
other. Landau damping involves particles whose
velocity projections on the wave propagation direction coincide with the phase velocity, whereas
in the magnetic collision free case projections of
the particle velocity and of the wave phase velocity along the direction of B should coincide.
MAGNETIC COMPENSATION

Vanishing of the resultant overall magnetization of a ferrimagnet when at least one of the
magnetic sublattices has a ﬁnite magnetization in
the absence of an applied magnetic eld. It occurs at a temperature, T c , called the compensation
point. The appearance of magnetic compensation
is due to the nonequivalence of the magnetic ions
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(atoms) belonging to different sublattices, and to
the resulting different temperature dependences
of the sublattice magnetic moments in their antiparallel orientation. The occurrence of magnetic
compensation is typical of most rare-earth iron
garnets, of some orthoferrites, of metallic glasses
based on d- and f -metal alloys, and also of a
large number of mixed (or dilute) ferrites with diverse structures and compositions. Anomalies of
thermodynamic and kinetic quantities such as susceptibility, speci c heat, coercive force, etc., are
observed at the compensation point. In addition,
the temperature interval near T c is particularly
advantageous for studying noncollinear magnetic
states due to a dramatic decrease in the critical
magnetic ﬁeld at magnetic phase transitions into
such states.
MAGNETIC CONCENTRATION EFFECTS

Effects governed by matched changes of the
electron and hole concentrations in a bipolar
plasma in a semiconductor placed in crossed electric E and magnetic B ﬁelds. Such effects were
discovered and studied in plasmas of Ge, Si and
InSb. The electrons and holes drifting in the ﬁeld
E (see Current carrier drift) are deﬂected by the
Lorentz force F = e(E + v × B), which results in
their being in excess on one surface of the material and depleted on the other surface (see Fig.).
If the recombination rate of electrons and holes
on the ﬁrst side exceeds the rate of their generation on the second side, then the specimen is
depleted of current carriers, whereas it is enriched
with them otherwise. The specimen resistance, R,
changes in both cases; this effect is termed the
galvanomagnetic recombination effect, or Welker
effect (H. Welker, 1951).

One can control the rates of recombination and
generation by changing the surface recombination
rates, I , at the surfaces involved. For I0 < Id , and
a current density jx > 0, the specimen is enriched
with current carriers and its resistance R drops; for
jx < 0, the specimen is depleted of carriers and R
increases. The emergence of such a rectiﬁcation
property is termed the magnetic rectifying effect,
or magnetic barrier effect. The deﬂection of the
injected current carriers (see Injection) by the magnetic ﬁeld, and the change of their recombination
rate, is called the Suhl effect (H. Suhl).
The intrinsic magnetic ﬁeld of a high current
ﬂowing through a sample (e.g., wire) draws the
electrons and holes into the central part of the
specimen, which is known as the pinch effect. The
magnitude of the current causing a marked current carrier redistribution is often evaluated based
on the Bennett condition (W.H. Bennett, 1934)
borrowed from gas plasma physics: it involves a
parity between the kinetic pressure produced by
electrons and holes, and the pressure of the magnetic ﬁeld. As distinct from the gas plasma case,
the surface generation of carriers has a signiﬁcant bearing on the pinch effect in semiconductors.
A longitudinal magnetic ﬁeld B suppresses the
pinch effect due to the developing Kadomtsev–
Nedospasov instability which is employed to diagnose the latter. Flows of electrons and holes
across the specimen may appear owing to spontaneous or deformation-induced anisotropy of the
current carrier mobility. In this case, the deﬂection
of electrons and holes toward one surface of the
specimen is termed electric pinch. The above effects are used to make magnetic ﬁeld and pressure
gauges, and radiation modulators; they also occur
in magnetic diodes and triodes.
MAGNETIC COOLING
See Adiabatic demagnetization cooling.
MAGNETIC DEFECTOSCOPY
See Defectoscopy.
MAGNETIC DIPOLE

Magnetic concentration effects.

A particle such as an unpaired electron which
possesses a magnetic moment whose interactions
with other magnetic moments in a medium takes
place via the magnetic dipole interaction. Magnetic
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dipoles present in crystals are: nuclei (with nonzero spins), paramagnetic ions (see Magnetic ion),
free radicals, and triplet excitons.
MAGNETIC DIPOLE INTERACTION, magnetic
dipole–dipole interaction

Interaction between two magnetic moments μ1
and μ2 with each magnetic moment attracted by
the magnetic ﬁeld of the other. The resulting energy arising from this interaction is given by the
equation:
E mdi =
×

μ0
4π

(μ1 · μ2 )|R 12 |2 − 3(μ1 · R 12 )(μ2 · R 12 )
,
|R 12 |5

where R 12 is the radius vector connecting the two
magnetic moments. If magnetic dipole moments
are associated with particles with spins S 1 and S 2 ,
the Hamiltonian terms for the magnetic dipole interaction is obtained by the direct generalization
of the above equation through the replacement of
μ1 and μ2 by their quantum analogs, γ1 S 1 and
γ2 S 2 , where γ1 and γ2 are the gyromagnetic ratios.
MAGNETIC DOMAIN, ferromagnetic domain
A region a ferromagnet (or other magnet)

magnetized uniformly to saturation. A ferromagnetic sample in a sufﬁciently weak external ﬁeld.
is irregularly partitioned into magnetic domains
present in thermodynamic equilibrium below the
Curie point. The concept of magnetic domain was
introduced by P. Weiss (1907) (see Weiss theory).
In the absence of any present or prior external
magnetic ﬁeld, the magnetization vectors of each
domain are oriented differently, so that the overall
magnetization of a ferromagnetic crystal is close
to zero. The shape and the dimensions of thermodynamically equilibrium magnetic domains are
determined by the condition of minimum free energy of the ferromagnet. They depend on the shape
and dimensions of the body, and are signiﬁcantly
larger than the magnetic domain wall thickness between them. In magnetic thin ﬁlms strip domains
and magnetic bubble domains, etc., can occur. In
large-size samples of ferromagnets the domain
shape can be more complicated.
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Experimental studies of the size, shape, positioning, and restructuring features of magnetic
domains in magnetic materials with a magnetic
domain structure. Techniques of characterizing
magnetic domains are based on various physical
phenomena. Historically the ﬁrst such technique
(1919) was based on the Barkhausen effect, which
consisted in recording Barkhausen jumps that
result from remagnetization of separate domain
groups. In the 1930s the technique of magnetic
powder patterns was introduced (F. Bitter, 1931;
N. Akulov, M.D. Detgyar, 1932; W.C. Elmore,
1936), making it possible for the ﬁrst time to
identify the size and shape of domains in various ferromagnets. It involved a special treatment
of the specimen surface, including chemical and
mechanical polishing. These techniques made it
possible to judge the direction of the tangent to
the projection plane of the domain magnetization:
a scratch normal to that projection becomes richly
decorated with the powder, while one parallel to it
is not so affected (scratch technique). K.I. Sixtus
and L. Tonks (1931) studied the magnetic domain
wall dynamics in ferromagnetic wires by detecting
a signal in an electromagnetic induction solenoid
(induction technique). After the synthesis in the
1950s of magnetic materials transparent in the IR
and visible regions, techniques based on various
magnetooptical effects came into wide use.
Currently the leading methods for delineating
magnetic domains are magneto-optic techniques
that employ the Faraday effect and the Cotton–
Mouton effect (see Voigt effect) for transparent
materials, and the Kerr effect for opaque ones.
The powder pattern method is often used in combination with magnetooptical techniques, making
it possible to study both the bulk and the surface properties of magnetic domains. Electron microscopy based on differences between the Lorentz
force deﬂections of electron beams in various domains with differing magnetizations is also used
(Lorentz microscopy), as well as X-ray and neutron scattering. To study the dynamics of domain
wall motions various induction and magnetooptical methods may also be used, including instantaneous and sequential superrapid photography.
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MAGNETIC DOMAIN, LABYRINTHINE
See Labyrinthine magnetic domain structure.
MAGNETIC DOMAIN STRUCTURE
A spatial arrangement over a magnetic material
sample of magnetic domains with various orientations of spontaneous magnetization. The main

cause of the formation of a domain structure is
the fact that in ferromagnets, in addition to the exchange interaction energy that produces the magnetization M and the magnetic anisotropy energy
that gives the direction to M, there exists a magnetic static interaction related to the existence of
the demagnetization eld. For uniform magnetization a strong demagnetization ﬁeld appears around
the sample with a large positive energy, and this
energy can be reduced by dividing the ferromagnet into domains as shown in Fig. 1. It is possible
to bring about this subdivision so the magnetic ux
is closed inside the sample rather than outside it,
and the demagnetization ﬁeld outside diminishes
almost to zero. This occurs with the appearance of
domains of closure with triangular ends, as shown
in Fig. 2. In crystals with a single easy magnetization axis (magnetic single-axis ferromagnets),
the magnetization of the domains of closure is directed along a hard magnetization axis, and the
energy expenditures for their formation are related to the magnetic anisotropy energy. In crystals
(e.g., cubic) with several easy axes the magnetization of closure is directed along one of these
axes. The energy expenditure for forming these
closure domains is related to the magnetoelastic
energy due to magnetostriction. All observable domain structures can be divided into two classes:
those with completely closed magnetic ﬂux (e.g.,
Landau–Lifshits domain structure), and those with
open magnetic ﬂux (e.g., Kittel’s domain structure).
The sample continues subdividing until the energy
needed for forming new domain walls exceeds the
decrease of the magnetostatic ﬁeld energy associated with the subdivision. Eventually an equilibrium magnetic structure results from this competition between various kinds of energy (exchange,
magnetostatic, magnetic-anisotropic energy), and
this is brought about by minimizing the total thermodynamic potential. In crystals with more than
one axes of easy magnetization one should take
into account a contribution from the magnetoelastic energy (see Magnetoelastic interaction). The

Fig. 1. Different forms of domains.

Fig. 2. Magnetic domain structure.

type of domain structure strongly depends on the
dimensions and shape of the material. When the
size decreases below a certain critical value the
existence of a domain structure can become energetically unproﬁtable since the domain wall would
occupy too large a part of the bulk. Sufﬁciently
small grains become single-domain particles, and
a collection of single-domain granules is called
a superparamagnet. The most widely studied domain structures are those of thin magnetic lms.
There is a great diversity in the domain structures
of thin ﬁlms since their formation depends on the
weak magnetic dipole interaction. This structure
affects a signiﬁcant number of crystal physical
properties, such as kinetic, resonance, and optical
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properties; this involves properties of ferromagnets which are of great importance in engineering,
such as a high magnetic susceptibility (see Soft
magnetic materials) and a large coercive force (see
Hard magnetic materials). The domain structure
ﬁnds a practical application, e.g., for storage elements in computers (see Magnetic bubble domain
devices). The existence of a domain structure is
conﬁrmed by particular features of magnetization
curves. In addition, there are several methods for
the direct observation of domain structure (see
Magnetic domain characterization).
MAGNETIC DOMAIN WALL, magnetic domain
boundary
A layer between neighboring magnetic domains where there is an abrupt spatial change in
the direction of the magnetization M. The equi-

librium orientation of M in different parts of a
domain wall in a ferromagnet, subject to the condition M 2 = const, is designated by the polar θ
and azimuth ϕ angles, where θ is measured from
the easy magnetization axis of the crystal. If both
θ and ϕ are dependent on the same coordinate
directed along a normal n to the surface of a domain wall, this corresponds to a domain wall with
a one-dimensional M-distribution. There also exist walls with multi-dimensional M-distributions,
in which the magnetization direction also changes
along the surface of the wall, i.e. along z (see
Bloch line, Bloch point, Domain wall twisting). The
turning of M in a 180◦ -domain wall is sketched in
Fig. 1. Such walls exist in ferromagnets with a single as well as with a few easy magnetization axes.
In addition, there exist boundaries in magneticmulti-axial crystals, at which the rotation of M is
through an angle less than 180◦ . In cubic magnets with three easy magnetization axes of the
type (100) (e.g., iron), 90◦ -domain walls can exist,
while 70.5◦ and 109.5◦ walls exist with four axes
of the type (111) (e.g., nickel). If div M = 0 in the
wall then a demagnetization ﬁeld B m appears in it.
If div M = 0 then B m = 0. A turning of the magnetization with B m = 0 occurs in a Bloch wall.
Domain walls can form with different values of the
magnetization projection on the wall plane from
opposite sides; characterized by a non-zero magnetic charge density (charged domain walls). The
wall structure depends on the exchange energy, the
magnetic anisotropy energy, and the demagnetiza-

Fig. 1. Reversal of magnetization (designated by arrows)
in the domain wall at the boundary between domains A
and B. This wall has a positive sense of magnetic charge
density.

tion ﬁelds. Exchange forces hinder the jump-like
change of M when passing from one domain to
another, and a gradual turn of M over the whole
crystal is also impossible as it leads to an increase
of the magnetic anisotropy energy. As a result, the
main turn of M takes place over the thickness δ of
the wall. In sufﬁciently large crystals the 180◦ wall
is a Bloch wall with B m = 0, with the turn of M
determined by the exchange interaction and the
anisotropy energy. For a single-axis magnet this
is described by Eq. (1) which is plotted in Fig. 2:
cos θ = ∓ tanh
sin θ =

 
x
,
δ

1
,
cosh(x/δ)

(1)

where the coordinate x is aligned along the normal to the Bloch wall; the wall thickness δ =
(A/K)1/2 , A is the exchange constant, and K is
the constant of single-axis anisotropy. For Co with
A = 2·10−11 J/m and K = 9·105 J/m3 , we have
δ = 15 nm. Thus it is evident that although M
varies continuously over the entire crystal, these
pronounced changes mainly take place over relatively short distances, although these distances
may involve hundreds of interatomic spacings.
From Eq. (1) two Bloch walls can have a turn
of θ both clockwise and counter-clockwise relative to x, with the same energy (AK)1/2 (per unit

762

MAGNETIC DOMAIN WALL DYNAMICS

a signiﬁcant inﬂuence on a range of dynamic phenomena exhibited by ferromagnets.
MAGNETIC DOMAIN WALL DYNAMICS

Variations of the positions or shapes of magnetic domain walls through the action of an external factor which is usually an applied magnetic
e ld B. The variations involve changes in the volume of the different magnetic domains within the
magnetic domain structure. The forward motion of
a solitary domain (e.g., a magnetic bubble domain)
Fig. 2. Variation of the angle θ through a Bloch wall of
thickness δ.

wall area) and the same thickness. In thin magnetic
lm s with the easy magnetization axis parallel to
the surface, static magnetic poles can emerge at
the intersection of the Bloch wall with the ﬁlm surface (zx). In the case of δ > h (h is ﬁlm thickness),
in spite of the turning of M in the plane perpendicular to the thin magnetic ﬁlm, the turn in the ﬁlm
plane might be more favorable. In this case the
domain wall contains a double layer of magnetic
charges, and is called a Néel wall. In magnetic
thin ﬁlms of a certain thickness the formation of
Bloch lines in Bloch walls is energetically profitable because positive magnetic charges from the
walls on the ﬁlm surfaces alternate with negative
ones (alternate polarity walls). In thin permalloy
ﬁlms domain walls with short transverse branches
are observable (domain walls with transverse coupling). In thin magnetic ﬁlms with the surface
normal to the easy magnetization axis and with
K > 2πM s 2 (M s is the saturation magnetization),
so-called domain wall twisting takes place. In these
walls, in the vicinity of the central portion of the
ﬁlm, a turn of M is performed in the same fashion as at a Bloch wall; when approaching the wall
surfaces, the plane of the turn of M is close to
that at the Néel wall. If the M distribution is symmetric with regard to the central plane (that is
parallel to the ﬁlm surface) then such boundaries
are called symmetric twisted walls. There are also
asymmetric (in the sense indicated) walls. With
the breakdown of the symmetry of a domain wall
one can exclude the leakage ﬁeld from the wall
(domain walls without leakage ﬁelds).
Domain walls play an important role in the formation of the domain structure, and they also exert

can be described in terms of the dynamics of the
domain wall that encloses it. There are experimental procedures for studying the details the motion
of a separate domain wall, or of the average parameters of the wall in a domain structure, based
on magnetooptical effects, inductance procedures,
etc.
Studies of domain wall motion under the effect
of B can provide the wall speed (V ) through the
friction force of the domain wall F fr (V ) by using the expression F fr (V ) = B M, where M is
the difference between the magnetizations within
the domains separated by the wall. For the condition B > B sf , where B sf = F sf / M and F sf is
the domain wall static friction force, the speed V
grows at ﬁrst according to the linear law V =
μ(B − B sf ), where μ is the domain wall mobility, then it grows more slowly, and ﬁnally stops
growing when it reaches the domain wall velocity
limit V sf (see Fig.). Similar behavior is also observed for the domain wall radial velocity during
the collapse of a magnetic bubble domain. The dynamics of the domain wall may be approximately
described by an effective dynamic equation for the
coordinate of the wall center u, and for a planar
one-dimensional domain wall this equation has the
form

 2
∂ u ∂2u
∂2u
+
m∗ 2 − σ
∂t
∂x 2
∂y 2
 
∂u
+ B M,
(1)
= Ffr
∂t
where m∗ and σ are the effective mass and energy
of a unit area of the wall, respectively, and x, y
are the coordinates of the plane of the undisturbed
wall. Sometimes to describe the wall dynamics it
is necessary to take into account the phenomenon
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Dependence of the domain wall velocity in yttrium orthoferrite YFeO3 on the external magnetic ﬁeld.

of the magnetic after-effect (see also Néel equation, Magnetic viscosity).

At B = 0 Eq. (1) describes the free attenuating
e xural waves of the domain wall with frequency

ω = (σ/m∗ )1/2 |k ⊥ |, where k ⊥ = (kx , ky , 0). If
the wall is not one-dimensional (see Domain wall
twisting), then its dynamics are more complex. For
domain walls with vertical Bloch lines the equations for coordinates of the wall and the Bloch
lines must take into account their mutual inﬂuence
via the gyroscopic force F G . The analysis may be
performed on the basis of the Slonczewski equations for the wall coordinate u and the angle ψ
that the magnetization makes with the domain wall
plane. The wall dynamics may become multidimensional for high values of the ﬁeld B, or within
the region of negative differential wall mobilities.
The domain wall dynamics of the boundary of
a bubble domain are associated with deformations,
and with the forward movement of the domain.
The small wall oscillations caused by non-uniform
radial deviations r(ϕ) of the bubble domain radius with respect to the angle ϕ are conditioned
by deformations. These oscillations are characterized by a discrete set of the natural frequencies ωn
which depend on the component of B that is
normal to the surface of the sample, and on the
parameters of the magnetic lm. In the ﬁeld Bk of
a magnetic bubble domain collapse, the frequency
ω0 corresponding to the uniform oscillations reduces to zero; in the ﬁeld of an elliptical instability

B2 the frequency ω2 , of the elliptical deformations of the cylindrical cross-section, also reduces
to zero. The characteristics of the forward motion
of the domain due to the non-uniform ﬁeld arise
from the presence of the gyroscopic force F G of
the domain F G = A[M0 × V c ], where M0 is the
magnetization matrix, V c is the domain velocity,
the coefﬁcient A = (2πh/γ )S, the topological index S is equal to the number of complete rotations
of the magnetization vector in the center of domain wall with the turning of the side surface of
the domain, h is the thickness of the ﬁlm, and γ is
the gyromagnetic ratio. The action of F G deviates
the bubble domain trajectory from the direction
of the ﬁeld gradient, making its dynamics similar
to that of a charged particle in crossed magnetic
and electrical ﬁelds. At high domain velocities the
number and shape of the Bloch lines may change,
leading to the dynamic transformation of magnetic
bubble domains.
MAGNETIC DRIFT, unsymmetrical hysteresis
loop drift
An effect occurring during the magnetic reversal of magnetic materials in an external magnetic
e ld that periodically varies between certain val-

ues B1 and B2 , with B1 = −B2 , i.e. the magnetic
reversal cycle is asymmetric. The magnetic drift
occurs because at the end of the cycle, when the
applied ﬁeld has returned to its initial value B1 , the
magnetization M has grown somewhat, instead of
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coming back to it initial value. Then the magnetic hysteresis loop is not closed on the M(B)
plane, but permanently drifts in the direction of
increasing M. In some magnetic substances such
a process may persist over a great number (up
to 106 ) of magnetic reversal cycles. The drift results from minor random irreversible changes in
the atomic magnetic structure of the specimen during the cyclic switching of the magnetic ﬁeld, and
it appears most prominently if the ﬁeld magnitude
varies near the value of the coercive force. Such
changes in M may amount up to 0.01 mT for the
magnetic drift in ferromagnets.
MAGNETIC FIELD

A ﬁeld exerting a force on moving electric
charges and bodies that possess a magnetic moment (whatever their state of motion). Its principal
characteristics are: the vector of magnetic ux density, B, the magnetic ﬁeld strength, H , where
B = μH , and the permeability of the medium μ
which, in general, is a tensor quantity. The Lorentz
force F acting on a charge e moving at the velocity v is given by F = ev × B. The magnetic
ﬁeld action causes curving of charged particle
trajectories, attraction or repulsion of current carrying conductors, and splitting of energy levels
in atoms, molecules and crystals (Zeeman effect),
magnetic resonance being a particular case of the
Zeeman effect. Sources of B are magnetized bodies, current-carrying conductors, and electrically
charged bodies in motion. The nature of all these
sources is the same: the magnetic ﬁeld originates
from moving microscopic charged particles (electrons, protons, ions, etc.) and from intrinsic (spin)
magnetic moments inherent to the particles.
It is clear from Maxwell’s equations that an
alternating magnetic ﬁeld is generated when an
electric ﬁeld is changing with time, and a timevarying magnetic ﬁeld in its turn generates an
electric ﬁeld.
To describe a magnetic ﬁeld, ﬁeld lines of force
(ﬂux density lines) are often invoked. The vector B is aligned tangent to each point of such a
line. The ﬂux density lines come closer together
at locations with a higher magnitude of B, and
they spread apart wherever the ﬁeld is weaker. The
magnetic ﬂux Φ through an area A perpendicular to the B direction is given by the expression

Φ = BA. If the ﬁeld is not uniform then B must
be integrated over the area to obtain the ﬂux.
A magnetometer is used to measure the
strength of a magnetic ﬁeld (see Magnetometry).
MAGNETIC FIELD, CRITICAL
See Critical magnetic elds.
MAGNETIC FIELD PENETRATION DEPTH
See Penetration depth of magnetic eld.
MAGNETIC FIELD, QUANTIZED
See Quantizing magnetic eld.
MAGNETIC FIELD, SUPERSTRONG
See Superstrong magnetic elds.
MAGNETIC FIELD, THERMODYNAMIC
See Thermodynamic critical magnetic eld.
MAGNETIC FILMS

Thin layers of a magnetic substance deposited
on a planar or cylindrical non-magnetic substrate. Magnetic ﬁlms are not only used as objects
for studies or as working media alongside bulk
magnetic specimens, but they often replace the
latter for the sake of technological convenience
and improved performance in microelectronics.
Magnetic ﬁlms may be monocrystalline, polycrystalline or amorphous, made of soft magnetic
materials or of hard magnetic materials, may be
strongly anisotropic or virtually isotropic, and they
display a notable variety in their properties. There
are magnetic ﬁlms that exhibit a small ferromagnetic resonance line width (∼0.02 mT), a very
large Faraday rotation of ∼104 deg/cm (see Faraday effect) that better reveals itself in the optical
and IR parts of the spectrum, a very large domain
wall mobility (up to 105 cm·s−1 ·mT−1 ), a small
magnetic reversal time (∼1 ns), a large (∼1◦ ) Kerr
rotation of the plane of light polarization (see Kerr
effect), etc.
Magnetic ﬁlms generally differ considerably
in their properties from bulk magnetic specimens.
The dominant role in their anisotropy is usually
played by the induced magnetic anisotropy (e.g.,
epitaxial iron garnet lms exhibit a strong (growth)
induced perpendicular uniaxial anisotropy, with
the uniaxial anisotropy constant, K u at least an order of magnitude greater than the cubic anisotropy
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Fig. 1. Magnetic ﬁlms. Perpendicular anisotropy case: (a) striped domain structure for unipolar twisted domain walls and
q 1, (b) corresponding case with q 1 for heteropolar domain walls, and (c) unipolar domain walls with q  1.

constant of bulk specimens). Magnetic ﬁlms that
are not too thick and are uniform in thickness possess a passing-through magnetic domain structure;
incomplete domains may exist in non-uniform
ﬁlms. The good permeability of the magnetic
ﬁlms, in combination with their high speciﬁc Faraday rotation, permits employing magneto-optical
techniques for the visual observation and study of
their domain structure in transmitted light; other
methods of magnetic domain characterization are
also used. The domain structures of magnetic
ﬁlms are differentiated by the orientation of the
easy magnetization axis (EMA), and by a parameter known as the quality factor q = K u /2πM 2 ,
where M is the magnetization of the ﬁlm:
(a) The “perpendicular” anisotropy case
(EMA  n, where n is normal to the magnetic ﬁlm
surface). With q
1, a striped domain structure,
or striped structure, is formed with uni- or heteropolar twisted domain walls (see Domain wall
twisting). In the structure with unipolar domain
walls (when the vectors M in the centers of all
domain walls in the magnetic ﬁlm median plane
are collinear), a small deviation of vectors M from

the normal takes place in the domain centers on
the ﬁlm surfaces (Fig. 1(a)). There is no such deviation in the structure with heteropolar domain
walls (Fig. 1(b)). The structure with heteropolar
domain walls possesses a higher energy compared
to that of the structure with unipolar boundaries,
with the energy difference for these two structures
tending to zero at q → ∞. Since the ﬁlms with
EMA  n exhibit rotational invariance, they also
may contain a labyrinthine magnetic domain structure, isolated magnetic bubble domains, as well
as mixed type structures composed, e.g., of randomly arranged fragments of the stripe and bubble
domains. The bubble domains containing an even
number of pairs of vertical Bloch lines, or containing no such lines at all (Fig. 2(a)), are composed
of the striped domains with heteropolar domain
walls; the striped domains with unipolar domain
walls display a trend of turning into bubble domains having an odd number of pairs of Bloch
lines (Fig. 2(b)). With the quality factor q decreasing, the energy of the demagnetization eld starts
playing the dominant role in the magnetic ﬁlm energy, hence the angles between the vectors M and
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Fig. 2. Bubble domains.

the normal to the magnetic ﬁlm surface display
a tendency of decreasing. For q  1, the widths
of the domains and of the domain walls become
comparable in their magnitude. The domain structure with unipolar domain walls (see Fig. 1(a))
acquires the form shown in Fig. 1(c); the structure
with heteropolar domain walls (Fig. 1(b)) becomes
disadvantageous in terms of the energy, and is not
realized in practice for q  1.
(b) The “parallel” anisotropy case (EMA⊥n).
In a magnetic ﬁlm of inﬁnite transverse dimensions, the ground state is a single-domain one with
the M vectors everywhere parallel to the surface.
The domain structure only appears when the transverse dimensions become limited due to magnetic
poles emerging at the magnetic ﬁlm edges. A domain structure with Bloch domain walls (Fig. 3(a))
appears in thick magnetic ﬁlms, and the one with
Néel walls in thin ﬁlms (Fig. 3(c)). In the case
of an intermediate thickness structures with mixed
domain walls or with “transverse links” have been
observed (Fig. 3(b)). The Bloch and Néel wall
energies become comparable to each other at a
ﬁlm thickness D ≈ 0.14(A/Ku )1/2 where A is
the exchange interaction constant, and, e.g., for
permalloy we have D ≈ 35 nm.
The domain structure pattern becomes appreciably more complex when the axis of easy magnetization deviates from the normal, as well as for
types of anisotropy more complex than uniaxial.
The remagnetization of magnetic ﬁlms may occur either by way of domain wall displacement
processes, or through coherent or non-coherent
processes of magnetization vector rotations (see
Magnetization rotation processes). This depends
on the initial distribution of the magnetization vector M, on the rate at which the remagnetizing ﬁeld

Fig. 3. Magnetic ﬁlms. Parallel anisotropy case:
(a) Bloch domain walls in thick magnetic ﬁlms,
(b) mixed domain walls in intermediate thickness ﬁlms,
and (c) Néel domain walls in thin ﬁlms.

changes, and on its strength and degree of uniformity. The most important parameters deﬁning
the magnetic domain wall dynamics are the domain wall mobility and domain wall velocity limit;
processes of vector M rotation are described in
terms of the remagnetization time. The spectrum
of elementary excitations of magnetic ﬁlms includes magnetostatic waves (spin interaction without an exchange interaction) and spin waves (involving the exchange interaction); these may be
direct or reversed, and surface or volume waves.
Of great interest also are nonlinear spin waves
and magnetic solitons in the ﬁlms. Magnetic ﬁlms
have been manufactured by thermal evaporation in
vacuo, by cathode sputtering, by chemical reaction
techniques, by epitaxial growth from the liquid or
gas (vapor) phase, etc.
The main ﬁelds of application:
(1) Computer engineering: magnetic bubble domain forwarding circuits in memory; working media in storage devices based on magnetic bubble domains or on vertical Bloch
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lines (epitaxial ﬁlms of mixed ferrite garnets); working media in storage devices with
thermomagnetic information recording and
magneto-optical reading (amorphous lms of
d-metal and f -metal alloys), etc.
(2) Magnetooptics and integrated optics: controlled transparencies, light modulators and
group switches, transducers of optical modes
(orthoferrite plates and epitaxial ﬁlms of the
bismuth- and praseodymium-containing ferrite garnets), etc.
(3) SHF, UHF and EHF engineering: guides,
reciprocal and non-reciprocal devices using
magnetostatic waves or ferromagnetic resonance (epitaxial iron–yttrium garnet ﬁlms and
hexaferrites).
(4) Household electronics: magnetic ﬁlm heads,
magnetooptical laser-player disks (permalloy
and amorphous ﬁlms of d-metal and f -metal
alloys), etc.
MAGNETIC FLUX, ux of magnetic eld
The ﬂux Φ of the vector of magnetic ux density (magnetic ﬁeld) B through a given surface

area S. An element, dΦ of magnetic ﬂux through
an inﬁnitely small surface element dS is dΦ =
Bn dS, where Bn is the projection of B onto the
direction of the unit vector n, normal to dS. The
magnetic ﬂux through an arbitrary
surface S is de
ﬁned by the integral Φ = Bn dS. For a closed
surface the magnetic ﬂux is zero, and this can be
expressed mathematically with the $aid of divergence, div B = 0, and the integral, Bn dS = 0,
expressions. This situation results from the absence of magnetic charges in Nature (see Magnetic
monopole). For a uniform magnetic ﬁeld one can
write Φ = BS. The units of magnetic ﬂux are: Wb
(weber) = Tm2 , in SI and Mx (maxwell) in CGS,
where 1 Mx = 10−8 Wb.
MAGNETIC FLUX DENSITY

The vector of magnetic ﬂux density, B, is
a dynamic parameter of the magnetic eld in a
medium that averages the ﬁelds generated by individual electrons and other fundamental particles.
The magnetic ﬂux Φ passing through an area S
normal to the direction of a uniform ﬁeld B is
given by the expression Φ = BS. The magnetic
ﬂux density B can usually be expressed in terms
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of the magnetic ﬁeld vector, H , and the magnetization vector, M. In the SI system of units we have
B = μH = μ0 (H + M),

(1)

where μ is the magnetic permeability, μ0 =
4π·10−7 N/A2 (or H/M) is the magnetic permeability of vacuum, and the magnetization M is the
magnetic moment per unit volume. The latter is directly proportional to H in weak magnetic ﬁelds
and isotropic media:
M = χH ,

(2)

where χ is the dimensionless magnetic susceptibility. Upon substitution of Eq. (2) into (1) we
obtain B = μ0 (1 + χ)H and μ = μ0 (1 + χ). (In
the CGS system μ0 = 1 and B = H + 4πM .) The
units of magnetic ﬂux density are tesla (T) in SI
and gauss (G) in CGS; 1 T = 104 G.
MAGNETIC HARDNESS
The property of magnetic materials whereby

the application of a very strong, reversed direction,
magnetic ﬁeld is required to bring the material
back to its unmagnetized state (see Demagnetization). The extent of magnetic hardness is characterized by the coercive force, H c , and remanence, B r .
Materials with large values of H c and B r , or those
with the broadest magnetic hysteresis loops, are
called hard magnetic materials; they are mainly
used for permanent magnets.
MAGNETIC HYSTERESIS

A nonunique irreversible dependence of the
magnetization M of a magnetically ordered material, e.g., a ferromagnet, an antiferromagnet or an
amorphous magnetic substance during a variation

(increasing or decreasing) of an external magnetic
ﬁeld on its prior history. A general cause of magnetic hysteresis is the presence within a certain
range of applied ﬁeld of some metastable states
(side by side with stable ones), with irreversible
transitions between them.
For a detailed explanation of this phenomenon
in ferromagnets, the individual magnetic domain
structure must be taken into account, both its formation through nucleation and incipient growth,
as well as its variation during magnetization and
magnetic reversal processes. These changes can
proceed via domain wall displacement processes,
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as well as magnetization rotation processes during magnetization. Anything that hinders these
processes and promotes the magnetically ordered
material to be in a metastable state serves as
a cause of the hysteresis. We can distinguish
magnetic hysteresis associated with impeding the
processes of rotation and domain wall displacement, as well as with hindering nucleation and
the development of nuclei of remagnetization. The
retardation of domain wall displacements can result from the interaction of the latter with defects
(e.g., non-magnetic inclusions, intergrain boundaries, and others). The lag of the nucleation and
the processes of rotation of M are caused by high
potential barriers separating the stable states from
the unstable ones.
The magnetic hysteresis can be characterized
quantitatively by the parameters of a hysteresis
loop, i.e. a closed curve plotting the dependence
of magnetization M (or magnetic induction B) on
the applied ﬁeld H . A ferromagnetic hysteresis
loop is shown in the ﬁgure, where curve (a) (virgin curve) plots the variation of M from the fully
demagnetized state (M = 0, H = 0) to a state
with practically constant M = M s (magnetic saturation) appearing at sufﬁciently large H = H m .
The subsequent course of the variation of M is
indicated by arrows. When H = 0, M = M r (remanence) and the value M = 0 occurs at the applied ﬁeld H = ±H c (coercive force). Hysteresis
loop 1 is called a maximal loop. Magnetic hysteresis loops called low ﬁeld loops (curve 2) appear
when H changes over a more limited range −H 1
to H 1  H m . A differential loop over a very small
range from H 1 to H 2 subject to the condition
|H 2 − H 1 |  H 1 , H 2 is generally asymmetric.
A loop exhibits a lag of M from H with the result
that the energy acquired during magnetizing is not
released completely during demagnetizing. The
energy lost in one cycle (hysteresis loss) (see
$ Magnetic loss) is described by the integral H dM
(the loop area). Eventually, this loss appears as
heat. Loops of magnetic hysteresis exist for both
quasi-static and dynamic variations of H . In the
latter case they are broader, due to the extra dynamic loss associated with the magnetic viscosity,
eddy currents (in conductors), and other mechanisms. The loop shape, the energy dissipated per
cycle, and other parameters (loss, H c , M r , etc.)

High ﬁeld (1) and low ﬁeld (2) hysteresis loops showing the nonunique dependence of the magnetization M
on the strength of the applied magnetic ﬁeld H . The
coercive ﬁeld H c and remanent magnetization M r are
indicated.

depend on the type and value of the magnetic
anisotropy, the chemical composition of the material, its structural condition, temperature, defect
distribution, and method of preparation. For some
treatments (thermomechanical treatment, thermomagnetic treatment, and so on), the hysteresis is
observable not only at sign changes of H , but also
during its rotation (rotational hysteresis).
The source of hysteresis in other magnetically
ordered materials (antiferromagnets, ferrimagnets
in strong magnetic ﬁelds) is the same: the presence of metastable states and a domain structure
(see Intermediate state). The magnetic hysteresis
of amorphous magnets (spin glasses, asperomagnets) is caused by a nonergodicity of these materials.
Other physical properties of magnetically ordered materials can also exhibit a magnetic hysteresis behavior under a cyclic variation of H ,
and examples are hysteresis of magnetostriction,
of galvanomagnetic effects, of magnetooptical effects, etc. The dependence of M is also nonunique
under a cyclic variation of temperature (temperature hysteresis) and stress (magnetoelastic hysteresis). Magnetic hysteresis phenomena have many
features in common with the hysteresis in phase
transitions.

MAGNETIC LIQUID

MAGNETIC IMPURITIES in superconductors
Impurity atoms with incomplete inner shells
possessing a non-zero spin and magnetic moment.

Unlike non-magnetic impurities, magnetic impurities in a superconductor generally bring about the
destruction of Cooper pairs in the singlet pairing
case, and a change of the whole set of thermodynamic properties of the superconductor, including
the values of the critical temperature, energy gap,
and Josephson critical current. The destructive effect of magnetic impurities on the pairing arises
from the exchange interaction (which violates time
reversal symmetry) between the conduction electron spins and the magnetic impurity spin; this
leads, over a particular range of impurity concentration, to the emergence of zero-gap superconductivity (see Gapless superconductors).
There are exceptions to the destructive effect
of magnetic ions on the superconducting state. For
example, magnetic order and superconductivity
can coexist in Chevrel phases, Ax Mo6 X8 , when A
is a magnetic rare-earth ion which occupies a site
remote from the the Mo ions of the MoX8 groups.
Some cuprate (i.e. high-temperature) superconductors become antiferromagnetic with a Néel
temperature far below the superconducting transition temperature. An example is ErBa2 Cu3 O7−δ
with T N = 0.5 K and T C = 88 K.
MAGNETIC IMPURITY INTERACTION,
sometimes called carrier–impurity interaction
Interaction of current carriers with magnetic
impurities in metals and semiconductors. The

term carrier–impurity interaction was introduced
in conjunction with studies of exchange interactions and spin correlations in magnetically doped
semiconductors. This interaction develops in the
presence of the electric ﬁelds of defects, with exchange forces included, and also as a result of the
magnetic interaction of current carriers with impurities. The carrier–impurity interaction results
in the dependence of internal degrees of freedom
(electron, spin, vibron, etc.) of carriers and impurity centers on those electromagnetic forces that
are switched on when carriers come close to impurities. The most extensively studied types of
magnetic–impurity interactions are the exchange
interaction that results in the indirect electron spin–
spin coupling of the magnetic ions through the
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conduction electrons (Ruderman–Kittel–Kasuya–
Yosida interaction, RKKY interaction), and in the
Kondo effect, the giant spin splitting of conduction
bands, during spin polarization and relaxation of
the impurity centers through the exchange scattering of the current carriers. Exchange scattering
is understood as the processes of the scattering of
carriers by paramagnetic centers, which are due
to their exchange interaction. Quantitatively, the
efﬁciency of the exchange scattering process is
characterized by its cross-section, σ . The value of
σ in semiconductors depends on the properties of
its impurities, and is at its maximum for the socalled shallow centers that have a larger radius.
Thus, in the case of shallow donors of phosphorus P0 in Si, the exchange scattering cross-section
of its conduction electrons is σ = 2·10−12 cm2 at
T = 1.25 K, while for the deep centers of Fe0 in Si
we have σ = 4·10−15 cm2 . As for the charged impurities, spin-dependent processes involving the
trapping of current carriers prove to be effective in
the carrier–impurity interaction, which may lead
to the spin orientation of the impurity centers (e.g.,
in Si:Cr+ ).
MAGNETIC ION, magnetic atom

An ion (atom) possessing a magnetic moment
which mainly arises from the spin and orbital
angular momenta of electrons and, to a lesser
degree (by three orders of magnitude) from the
magnetic moments of atomic nuclei. The electronic magnetism of magnetic ions is inﬂuenced
by the internal electric ﬁeld in the crystal, which
causes the magnetic properties of the ions to be
anisotropic. Typical magnetic ions are transition
series elements whose magnetism is due to the
electrons in incompletely ﬁlled d-orbital shells,
and rare-earth elements with incompletely ﬁlled
4f -orbital shells. The spin Hamiltonian method is
employed to characterize the properties of such
magnetic ions. A magnetic ion giving rise to paramagnetism in a crystal, called a paramagnetic ion,
exempliﬁes a broader concept of a paramagnetic
center.
MAGNETIC LIQUID

See Ferro uid.
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MAGNETIC LOSS

Partial transformation to heat of electromagnetic energy transferred to magnetically ordered
materials during the course of their cyclic magnetic reversal by an alternating magnetic eld. The
overall magnetic loss arises from hysteresis loss
Ph , vortex-current loss Pv and loss Pr associated
with inherent processes of spin system relaxation
(see Landau–Lifshits equation). The loss Ph is
present in almost all ordered materials; it is determined from the area of the hysteresis loop, and
appears under dynamic, as well at quasi-static conditions of remagnetization of the samples. From a
calculation per remagnetization cycle, the energy
density associated
$ with Ph may be determined as
Qh = Ph /V = H dM, where the integration is
performed over the area of the hysteresis loop.
Often one also introduces the values Wh = f Qh
of power of loss per unit volume of material and
the speciﬁc loss Ph = Wh /ρ, where ρ is the density of the material, and f is the linear frequency
variation of the magnetic ﬁeld. Such factors are
also introduced for the other magnetic loss components, and also for the total magnetic loss.
The vortex-current of the magnetic loss has
a major signiﬁcance only in ferromagnetic conductors; in particular it constitutes the major contribution to P in highly-textured electrical sheet
steels. An explanation for the presence of this
component involves the mechanism of the appearance of a vortex current arising from the inﬂuence
of the magnetic ux density on the motion of
magnetic domain walls. The dynamic behavior of
the domain structure, reducing upon remagnetization to the vibration and bending of the walls,
to fracturing of domains or to the radical reconstruction of the structure, crucially effects the
formation of Pv . The calculation of the vortex
current component is complex, but the results obtained in the simplest situations show that Pv is
inversely proportional to electrical resistance, it
depends nonlinearly on the frequency and width
of domains, in a nonmonotonic manner on the
angle between easy magnetization axis and direction of H , and quadratically on the amplitude of
the magnetic induction. This account of domain
structure allows one to explain the experimentally observed mechanisms and the value of P ,
and thus to solve the problem of the so-called ad(k)
ditional loss (the difference between Ph + Pv

and the experimentally measured value P , where
(k)
Pv is the vortex-current loss calculated without
taking account of the domain structure). Usually the notation of P with fractional subscripts
is used for characterizing of the magnetic loss.
Their numerator designates the amplitude of the
induction Bm (T ), and the denominator the remagnetization frequency f (Hz). Thus P1.5/50
means that speciﬁc loss is measured at Bm = 1.5 T
at the frequency f = 50 Hz. In basic soft magnetic materials the value of Ph is insigniﬁcant and
P = Pr + Pv , whereas in polycrystalline sheets of
electrical sheet steel Pr plays the main role, and
in highly-textured sheets Pv plays this role. To reduce Pv , magnetically active coatings are applied
to steel sheets which not only act as insulators,
but by an appropriate selection of the heat expansion ratio they stretch the steel sheets, which
leads to the reduction of the domain width, and to
the lowering of Pv . In nonconducting ferromagnets Pv = 0, and the magnetic loss arises mainly
from Ph and Pr .
MAGNETIC MATERIALS

Ferro- or ferrimagnetic materials whose magnetic properties determine their practical applications. Magnetic materials are an indispensable part
of equipment related to the production, distribution, or consumption of electric power; they also
play an important role in radio engineering and
electronics, in telecommunications, automation,
and computer engineering. The industry produces
a wide range of these materials with a great diversity of combinations of physical properties, and
they are commonly divided into the three main
classes:
(1) soft magnetic materials used to establish
magnetic uxes of high density in deﬁnite space
volumes. Typical devices using soft magnetics are
electric generators, electric motors, and transformers. The magnetic ﬂuxes in these devices change in
magnitude and/or direction with time. Along with
high magnetization, soft magnetics should possess small values of the coercive force, B c , below
10−6 –10−3 T, and a high magnetic permeability;
(2) hard magnetic materials, mainly used to
manufacture stable magnetic ﬁeld sources: permanent magnets; these should posses a high remanence and B c > 10−2 –1 T;

MAGNETIC NEUTRON DIFFRACTOMETRY

(3) special purpose magnetic
prising those with a rectangular
magnetostrictive materials and
materials, magnetic recording

materials, comhysteresis loop,
thermomagnetic

materials (see

Thermomagnetic information recording and
Magnetic bubble domain devices), materials for

microwave equipment, and microelectronics, etc.
See also Amorphous magnetic materials,
Anisotropic magnetic materials, Hard magnetic
materials, High-permeability magnetic materials,
Soft magnetic materials.
MAGNETIC MOMENT

A vector quantity characterizing the magnetic
properties of closed electric currents in bodies
or material particles. The magnetic moment, μ,
of a closed circuit carrying a current I equals:
μ = I S, where S is a vector numerically equal to
the area encompassed by the circuit, and aligned
along the normal to the circuit plane in the
right-handed sense. The SI unit for the magnetic
moment is A·m2 . The intrinsic magnetic moments of fundamental particles arise from their
spin. The magnetic moments of atoms are vector sums of their spin and orbital magnetic moments stemming from the spin and orbital motion
of the electrons, and of the nucleons in their
nuclei. The unit magnetic moments in atomic
and nuclear physics are, respectively, the Bohr
magneton μB = e/(2me ) = 9.274·10−24 J/T,
and the nuclear magneton, μN = e/(2mp ) =
5.051·10−27 J/T, where me and mp are, respectively, the masses of the electron and the proton.
The magnetization, which is the magnetic moment
per unit volume of a material, serves as a measure
of the state of magnetization for macroscopic bodies.
MAGNETIC MONOPOLE, Dirac monopole
(P. Dirac, 1931)

Hypothetical particle possessing positive or
negative magnetic charge, in analogy with electric
charge.
The laws of classical electrodynamics leave
room for particles possessing a single magnetic
monopole to exist, and satisfy certain ﬁeld equations and equations of motion. These laws incorporate no postulates that forbids the possibility of
the existence of magnetic monopoles.
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The situation in quantum mechanics is somewhat different. Consistent equations of motion for
a charged particle moving in the ﬁeld of a magnetic monopole, and those for a monopole moving
in the ﬁeld of a charged particle, can only be constructed if the electric charge, e, of the particle and
the magnetic charge, g, of the magnetic monopole,
are related through the expression:
eg = 2πn = nh,
where e is the charge of an electron, and n
is a positive or negative integer. This condition
arises when the particles are represented by waves
in quantum mechanics, and interference effects
emerge in the motion of particles of one type inﬂuenced by particles of another type. If the magnetic
monopole were to exist, the above equation stipulates that all the charged particles located in its
vicinity have a charge e equal to a multiple of the
quantity h/g. Thus, the electrical charges must be
quantized. Still, it is one of the fundamental laws
of Nature that all existing electrical charges are
multiples of the electron charge. Had the magnetic
monopole existed, such a law would have a natural justiﬁcation. No other explanation exists for
the quantization of electrical charge. On assuming
e as the charge of an electron whose magnitude
is deﬁned by the relation e2 /(4πε0 c) = 1/137,
one can derive from the above equation the smallest possible magnetic charge, g0 , of a magnetic
monopole, called a Dirac monopole, deﬁned by
the relation g02 /(4πμ0 c) = 137/4, so g0 has a
value much larger than e. It follows that the track
of a fast moving magnetic monopole, e.g., in a
Wilson chamber, must stand out sharply on the
background of other particle tracks, but meticulous searches for them have been without success.
The magnetic monopole is stable and cannot disappear until it annihilates with another monopole
with a charge equal in magnitude and opposite in
sign. Searches for magnetic monopoles generated
by high-energy cosmic rays continuously incident
on the Earth all turn out negative.
MAGNETIC NEUTRON DIFFRACTOMETRY

A collection of methods to investigate the
atomic magnetic structure of materials (mostly, of
crystals) based on the measurement of thermal
neutron diffraction associated with the magnetic
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MAGNETIC ORDER

scattering of neutrons. The experiment is based
on measuring the intensities of magnetically diffracted neutron beams using special diffractometers installed in the immediate vicinity of a nuclear
reactor. One of the main experimental difﬁculties
is distinguishing between the magnetic and the
nuclear scattering, and this can be accomplished
by using a neutron diffractometer and polarized
neutrons. The most efﬁcient separation is possible with a device known as a spin-spectrometer
which gauges the extent of the depolarization of
the neutrons interacting with the sample. This
provides a set of magnetic diffraction reﬂection
intensities that may be converted into magnetic
structure amplitudes by ordinary structure computation techniques.
An important aspect of magnetic neutron diffractometry is the determination of the dependence on the scattering angle, θ , on the atomic
magnetic amplitude (form factor) that is governed
by the spatial distribution of the electrons responsible for the atomic magnetic moments (intrinsic, or induced by an external magnetic ﬁeld).
One seeks coincidence between the experimentally measured form factor values and those computed for an a priori assumed distribution of dor f -electrons, taking into account ligand ﬁeld
energy level splittings. One can also take into account the polarized closed inner atomic shells, and
the delocalized electrons.
In the neighborhood of magnetic phase transition points, critical magnetic neutron scattering
appears near the Bragg magnetic reﬂections. This
phenomenon is associated with spin density ﬂuctuation enhancements near the Curie point (Néel
point). Critical neutron scattering data can provide the spin moment correlation lengths in magnetic substances which are directly related to the
magnetic parameters of the scattering. There are
structure analysis techniques which permit one,
proceeding from the neutron data, to construct the
spin density distribution (total and differential), as
well as the magnetization in a unit cell. Investigating one and the same chemical compound with
X-ray and neutron diffractometry in parallel, one
can elucidate separately the particularities of the
charge and the spin density redistributions that occur during chemical bond formation.

MAGNETIC ORDER
See Magnetism and Atomic magnetic structure.
MAGNETIC PERMEABILITY, permeability

A physical quantity that expresses how the
magnetic ﬂux density B in a material varies with
the magnetic eld H . The magnetic permeability

μ is deﬁned through the equation B = 
μH ; and
in general 
μ is a tensor dependent on the substance properties, the magnetizing force, and the
temperature. The intrinsic magnetic permeability
of a material, 
μ, and magnetic permeability μ of
a particular body composed of that material can
be differentiated, depending on whether the internal or external magnetic ﬁeld H is involved in the
B=
μH relation. The magnetic permeability μ
of a body depends upon the specimen shape, and
is related to the intrinsic magnetic permeability

μ by the demagnetization factor (see Demagnetization e lds). In the SI system, the magnetic
permeability is related to the magnetic susceptibility, χ , by the equation: μ = μ0 (1 + χ), where μ0
is the magnetic permeability of vacuum (in CGS
μ = 1 + 4πχ). In diamagnets, μ < 1, in paramagnets and magnetically ordered materials, μ > 1,
μ may greatly exceed 1. As
and in ferromagnets, 
in the case of the magnetic susceptibility, the dynamic and static magnetic permeabilities are often
introduced, with the initial magnetic permeability,
reversible magnetic permeability and differential
magnetic permeability distinguished from them.
MAGNETIC PERMEABILITY OF VACUUM

A proportionality factor in SI units relating the
magnetic ux density (magnetic induction) B and
the magnetic eld H in vacuo through the expres-

sion B = μ0 H , where μ0 = 4π·10−7 H/m =
1.25664·10−6 H/m. In the CGS system μ0 = 1,
and is dimensionless.
MAGNETIC PHASE TRANSITIONS
Phase transitions involving changes of the
atomic magnetic structure (or magnetic domain
structure) of a magnetic material. Magnetic phase

transitions are induced by changes in an external
parameter (temperature, magnetic ﬁeld, pressure,
etc.) and may occur as both rst-order phase transitions, and second-order phase transitions. We
can distinguish several basic types of magnetic
phase transitions.

MAGNETIC PHONONS

An order–disorder type phase transition is associated with the transition of a material from
the paramagnetic state into a magnetically ordered state (see Magnetism). This transition is
usually second order at a particular temperature
(Curie point for ferromagnets, Néel point for antiferromagnets and ferrimagnets, freezing point for
spin glasses and other amorphous magnetic substances). The ﬂuctuation region is usually rather
broad for such phase transitions, hence the Landau theory is inapplicable; the similarity theory,
the renormalization group method, the epsilon expansion, and the 1/n-expansion approach can be
employed to describe these transitions. In some
materials, e.g., in antiferromagnetic Cr and ferromagnetic MnAs, the order–disorder transition
occurs as a clearly deﬁned ﬁrst-order one. This
is attributed to the order parameter being strongly
linked with the lattice strain. The order–disorder
type of phase transition also can be changed by
the effects of critical uctuations.
There is a great variety of order–order type
phase transitions. Thus, phase transitions involving a change of the magnetic ordering variety
are known, e.g., the antiferromagnet ↔ ferromagnet ﬁrst-order type occurring in MnP at T =
50 K and in FeRh at T = 350 K, the ﬁrst-order
ferromagnetic ↔ modulated magnetic structure
type in some rare-earth metals (see Magnetism
of rare-earth metals, etc.), as well as the spinreorientation phase transitions associated with
changes in spin alignment. Among the latter are
the spontaneous magnetic phase transitions occurring due to temperature or hydrostatic pressure
variations, and the induced magnetic phase transitons due to changes of the external magnetic
ﬁeld and occurring at a deﬁnite magnitude of the
applied B. A phenomenological description links
spontaneous magnetic phase transitions with a
change in sign of the effective anisotropy constant
and, consequently, with the change of orientation of the easy magnetization axis (see Magnetic
anisotropy). The direction of magnetization, M, in
ferromagnets (or M = M 1 + M 2 of sublattices
with antiferromagnetism vector L = M 1 − M 2 , in
two-sublattice antiferromagnets and ferrimagnets)
changes stepwise for the ﬁrst-order case, while
for the second-order case what are termed angular phases emerge, with M or L making an
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angle Θ = 0, π/2 with selected axes that depends
on the temperature and pressure. For instance,
a magnetic phase transition associated with the
magnetization turning from the hexagonal axis
towards the basal plane in the ferromagnets Co
and Gd, and the intermetallic compounds of the
RCo5 type (R is a rare-earth element or yttrium)
takes place by way of two second-order phase
transitions. Also, in some orthoferrites (SmFeO3 ,
EuFeO3 , etc.), the reorientation of the weak ferromagnetic moment from the a-axis to the c-axis
proceeds by a second-order transition, and the
angular phase stretches over a 10–20 K region.
Realignment of L in antiferromagnets characterized by the Dzialoshinskii interaction may be
accompanied by a weak ferromagnetic moment
appearing or disappearing, as exempliﬁed by the
Morin transition in α-Fe2 O3 (haematite), by the
ﬁrst-order transition in DyFeO3 at 42 K, etc. Best
known among induced magnetic phase transitions
are spin-ﬂop phase transitions in antiferromagnets
(see Antiferromagnetism) occurring in a magnetic
ﬁeld parallel to the antiferromagnetism axis at a
ﬁeld magnitude B ≈ (2BA BE )1/2 , where B A is
the anisotropy ﬁeld, and B E is the exchange eld.
Spin-ﬂip magnetic phase transitions correspond
to the transformation to parallel alignment of the
sublattice magnetizations with the applied ﬁeld
increasing to B ≈ B E , as well as metamagnetic
phase transitions. Induced magnetic phase transitions in ﬁnite specimens may be accompanied
by the emergence of a particular thermodynamically stable domain structure: the intermediate
state of a magnetic substance. The ﬂuctuation region of these order–disorder transitions is usually
not broad, so they can be described by the Landau
theory.
Another group of magnetic phase transitions
comprises transformations from a homogeneous
state (a paramagnetic or a magnetically ordered
one) to a macroscopically non-homogeneous state
(having a domain structure or a long-period modulated magnetic structure).
MAGNETIC PHONONS

Acoustic-type excitations of an electron–ion
system in a metal which exist only in a strong
quantizing magnetic eld. The magnetic phonons
appear due to the interaction of crystal lattice vibrations with a quantum wave whose phase velocity
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MAGNETIC PLASMA WAVES

differs least from the sound velocity in the metal.
Since the spectrum of quantum waves is linear in
this case, the divergence of dispersion curves at
the interaction of the waves with acoustic phonons
does not take place in the vicinity of a single point
(intersection), but rather over the whole of their
expanse. As a result, two types of tightly bound
excitations exhibiting linear spectra are generated
in a metal in the general case, termed magnetic
phonons to discriminate them from other quantum
waves that only weakly interact with lattice vibrations.
MAGNETIC PLASMA WAVES

A variety of weakly damped electromagnetic
waves that propagate in metals in the presence of a
constant external magnetic ﬁeld. Magnetic plasma
waves occur in a compensated metal when the spatial dispersion of the conductivity is absent, while
frequency dispersion exists. Underlying the propagation of magnetic plasma waves is the fact that
the electrical conductivity in a strong magnetic ﬁeld
dramatically decreases in directions transverse to
the ﬁeld, a metal behaving like an insulator along
these directions. There are two types of magnetic
plasma waves: those similar to the fast magnetoacoustic waves, and Alfvén waves in a plasma.
The spectrum of both types of plasma waves, as
distinct from the spectrum of helicons, is linear,
with the velocity of the plasma wave proportional
to the strength of the applied magnetic ﬁeld. The
polarization of magnetic plasma waves is linear,
the vector of electric intensity of the wave being perpendicular to the external magnetic ﬁeld.
In experimentally attainable magnetic ﬁelds, the
conditions required to observe magnetic plasma
waves are present in semimetals with a small current carrier density (e.g., in bismuth).
MAGNETIC POLARON

An elementary excitation of electronic origin
in a magnetically ordered crystal (ferromagnet or
antiferromagnet) due to the exchange interaction
between the spins of an electron (hole) and of an
atom (molecule) in a crystal. A magnetic polaron
can be considered as a compound quasi-particle
constituted by an electron, a hole or an exciton
enveloped by a region of nonuniform magnetization of a magnetic subsystem (a magnon “cloud”).

Like an ordinary polaron (electron plus induced
lattice polarization strain ﬁeld) in an ionic crystal,
a magnetic polaron is enveloped by a nonuniform polarization (strain) of the lattice (a phonon
“cloud”). Such a conﬁguration can travel over the
crystal as an integral whole, and be a current
carrier (charge carrier) or an energy carrier. The
effective mass of a magnetic polaron may substantially exceed that of a free electron, and the
self-localization of a magnetic polaron is possible
in some cases. Depending on the sign of the exchange interaction, the nature of the ground state
of a magnetic polaron will differ. If the exchange
integral is negative then a magnetic polaron may
exist at zero temperature. Some varieties of a magnetic polaron are: ferron, a ferromagnetic region
enclosing a charge carrier in an antiferromagnetic
semiconductor; u ctuon, a region of magnetically
ordered phase enclosing an electron in a paramagnetic metal or alloy in the vicinity of a ferromagnetic phase transition; a magnon bubble which is a
singlet state region enclosing an itinerant or localized charge in an antiferromagnet, etc.
MAGNETIC POLE

A section of the surface of a magnetized specimen (body) where the normal component of the
magnetization vector M n has a maximum value.
The term North-seeking (N) or positive magnetic
pole refers to the area where magnetic ﬂux or magnetic induction (B ﬁeld) lines exit the specimen
(see Magnetic ux density), with ﬂux lines entering
the material at the South-seeking (S) or negative
magnetic pole. In analogy with the electrostatic
case one can ascribe to magnetic poles a non-zero
surface density of magnetic charge, σ m = M n .
The total absence of magnetic charges (see Magnetic monopole) in Nature means that magnetic
induction B lines can never be discontinuous inside a specimen (body), so a magnetic pole of one
polarity must always coexist with an equivalent
magnetic pole of the opposite polarity on a magnetized specimen.
MAGNETIC POWDER PATTERN, Bitter pattern
(F. Bitter, 1931), Akulov–Bitter pattern

A picture formed by the nonuniform distribution of small ferromagnetic particles on the surface
of a magnetic substance with a magnetic domain structure. The nonuniformity is caused by

MAGNETIC RELAXATION

the preferable aggregation of particles in regions
with maximum magnetic ﬁeld strength, close to
where magnetic domain walls reach a sample surface, and also of domains which have a projection
of their magnetization which is normal to the surface. F. Bitter (1931), and also N.S. Akulov and
M.V. Degtyar (1932), suggested the use of powder
patterns formed by applying ferromagnetic particles to the surface of a ferromagnet in the form of
a liquid suspension, for magnetic domain characterization. A magnetic powder pattern can detect
the distribution of the ends of vortices in superconductors.
MAGNETIC PRESSURE

An action exerted by a frozen-in magnetic eld
on a conducting liquid (e.g., on a plasma, including a solid-state plasma) and directed perpendicular to the ﬁeld lines. The magnetic pressure, pM ,
is proportional to the square of magnetic ﬂux density, B, viz., pM = B 2 /2μ (in SI units). It can be
counterbalanced by the kinetic plasma pressure. If
the magnetic pressure exceeds the kinetic one, a
discharge compression (known as the pinch-effect)
occurs; it was ﬁrst described by W.H. Bennett
(1934). The term was introduced by L. Tonks
(1937). Magnetic pressure is a crucial factor in the
operation of a tokamak nuclear fusion reactor.
MAGNETIC QUANTUM NUMBER (m, M )

A quantum number characterizing eigenvalues
of the projection of the angular momentum operator J along a magnetic ﬁeld direction. For orbital
motion the projection of the orbital angular momentum L, in the units of , can take on the
2L+1 integer values mL = 0, ±1, . . . , ±L, where
L is the orbital quantum number. For the case of
spins a spin magnetic quantum number, mS , is introduced. In the case of an integer spin S, mS may
equal 0, ±1, . . . , ±S, and for half-integer spin mS
takes on the values ±1/2, ±3/2, . . . , ±S/2.
The magnetic quantum number is used in optics, microwave, and radiowave spectroscopy to
label energy levels, and to identify transitions
between them. The hybridization of states with
different m values may occur in crystals because
of the atomic level splitting in the crystaline ﬁelds,
and sometimes there is complete or partial orbital
angular momentum decoupling or cancellation
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(see Quenched (frozen) orbital angular momentum). From a group theory perspective the states
might be characterized by quantum numbers associated with the irreducible representations of
point groups. The parameter (index) describing the
states within the given representation is an analogue of the magnetic quantum number (mk ) for
a crystal; it may take on 2lk + 1 values, where lk
is the dimension of the associated irreducible representation.
MAGNETIC RELAXATION

Process of attaining equilibrium in the spin
subsystem of a body. Because of the weak coupling of the spins of atoms and subatomic particles
with the particle motion, equilibrium within the
spin system of a magnetically ordered medium
(ferromagnets and antiferromagnets) is reached,
as a rule, prior to the entire body coming to the
state of equilibrium. A spin temperature can be
assigned to the spin subsystem under such conditions (see Level population).
The magnetic relaxation becomes more involved due to the forces of different origin acting
between the spins. The exchange forces (see Exchange interaction), largest in magnitude, cannot
change the mean magnetic moment of the system,
even if its value is a nonequilibrium one, but these
forces can readjust individual spin directions to
equilibrate the spin subsystem temperature. Spin
interaction forces (see spin–orbit interaction, magnetic dipole interaction, etc.) are responsible for the
relaxation of the mean magnetic moment, so its
individual components can return to equilibrium
with different rates.
Magnetic relaxation of the magnetic moment
(magnetization) component perpendicular to the
applied magnetic ﬁeld in paramagnets is associated with the spin–spin interaction, and is known
as the spin–spin relaxation time τ2 (transverse
relaxation time), while relaxation of the longitudinal component (component parallel to the ﬁeld)
of the magnetization to the lattice is known as
the spin–lattice relaxation time τ1 (longitudinal
relaxation time). Typically, τ1  τ2 , with different mechanisms operating, so the magnitudes and
the temperature dependences of the two relaxation
times generally differ from each other. The magnetic relaxation of nuclear spins is conditioned
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by their relatively weak interactions both with
other degrees of freedom in the solid, and with
each other. Therefore, the time constant of nuclear
magnetic relaxation is generally much longer than
other magnetic relaxation times such as those due
to electronic spins (see Nuclear quadrupole relaxation).
Magnetic relaxation affects magnetization and
remagnetization processes (see Magnetic viscosity), and it determines the width of a magnetic
resonance line, as well as the magnetic susceptibility dispersion. Magnetic relaxation puts limits
to the employment of magnetic materials in engineering and in physical experiments. Since this
relaxation (like other relaxation processes) depends on the structure of the solid and on the
presence of dislocations and other defects (especially paramagnetic ones), the magnetic relaxation
time can be controlled by technological treatments
(alloying, quenching, etc.).
MAGNETIC RESONANCE

Absorption of electromagnetic waves by magnetic moments precessing in an external magnetic
ﬁeld. The absorption involves transitions E between Zeeman energy splittings in an applied
magnetic ﬁeld B, with the resonance condition expressed as E = ω = gμB B for electron spins,
and as ω = γ B for nuclear spins, where g is the dimensionless g-factor, γ is the gyromagnetic ratio,
and gμB = γ . The dynamics of the phenomenon
is described by the Bloch equations for the time
dependence of the magnetization vector M:
dMx
Mx
,
= γ (M × B)x −
dt
T2
dMy
My
,
= γ (M × B)y −
dt
T2
dMz
Mz − M0
,
= γ (M × B)z −
dt
T1
where M0 is the equilibrium magnetization in the
absence of an applied radiofrequency signal, and
T1 and T2 are, respectively, the spin–lattice and
spin–spin relaxation times. This energy absorption
by nuclei is termed nuclear magnetic resonance
(NMR), and the corresponding absorption by magnetic moments of unpaired electrons in paramagnets is termed electron paramagnetic resonance

(EPR). Ordinarily EPR resonant frequencies exceed NMR frequencies by three orders of magnitude. In magnetically ordered materials we have
ferromagnetic resonance, antiferromagnetic resonance and ferrimagnetic resonance, respectively.
Magnetic resonance imaging in medicine is an important application of NMR.
MAGNETIC RESONANCE IMAGING (MRI), MR
tomography, NMR endoscopy (title in Russian)

A set of methods for investigating the internal structure of subjects by utilizing nuclear
magnetic resonance. The resonance frequency
ω0 and permanent magnetic ﬁeld B0 in NMR
are related by the expression ω0 = γ B0 (here
γ is the gyromagnetic ratio of the resonant nuclei). If B0 is spatially nonuniform, i.e. B0 =
B0 (x, y, z), then also ω = ω0 (x, y, z). This means
that each resonance signal with the frequency
ω0 (x, y, z) arises from a particular volume element dV that produced this signal. However,
according to Maxwell’s equations there exist twodimensional surfaces for any conﬁguration of
B0 (x, y, z) where the value B0 (and consequently, ω0 ) does not vary. The reconstruction of
the spatial structure of a subject under study is
not simple. This problem was ﬁrst resolved by
P.C. Lauterbur (1973) who, using the principles
of tomography, developed and implemented the
method of obtaining NMR images, a procedure
later given the name magnetic resonance imaging
(MRI).
A principle of spatial focusing of magnetic resonance, which in various versions is often applied
in magnetic resonance spectroscopy and for purposes of NMR, was ﬁrst performed by R. Damadian (1976). The essence of the focusing was the
creation of such a conﬁguration of the ﬁeld B0
that it has sufﬁcient uniformity and satisﬁes the
resonance condition only over a limited region of
space, with nuclei beyond this region either out
of resonance or broadened beyond detection. By
scanning over a sequence of these uniform resonant regions, one can study sequentially the spatial
characteristics of the subject. Later more reﬁned
and sophisticated methods of preparing systematic
magnetic ﬁeld gradiants, and thereby obtaining
improved NMR images, were developed.
The resolution of MRI is determined by the
line width, and by the magnitude and regularity

MAGNETIC RESONANCE SPECTROMETERS

of the gradient of the ﬁeld B0 . In the ﬁrst experiments of Lauterbur, the resolution was 0.2 mm.
MRI brought substantial changes to the methods
of medical diagnostics. The application of MRI to
solids is limited by the appreciable (compared to
liquids) width of the NMR lines, and this has led
to the study of model subjects. The concepts of
the MRI have been adopted by other areas of magnetic resonance spectroscopy (see EPR imaging,
Tomography).
MAGNETIC RESONANCE LINE NARROWING
See Narrowing of magnetic resonance line.
MAGNETIC RESONANCE, PHONON
See Phonon magnetic resonance.
MAGNETIC RESONANCE SPECTROMETERS
Instruments for recording the spectra of magnetic resonance spectroscopy. The principal spec-

trometer elements include a source of radiofrequency or microwaves, an absorbing cell (coil,
cavity), and a detector. As a rule, magnetic resonance spectrometers also include sources of magnetic ﬁelds. They are most often used to observe
and study the phenomena of electron paramagnetic resonance (EPR), nuclear magnetic resonance (NMR), EPR with optical detection of magnetic resonance (ODMR), and electron–nuclear
double resonance (ENDOR).
EPR radiospectrometers are usually designed
so that the microwave absorption in a specimen
is observed while scanning a modulated magnetic
ﬁeld (or frequency). Various instrumental designs
are available. In the simplest direct absorption
EPR spectrometer the power from a microwave
source (a klystron) is fed through a waveguide to
a resonator (cavity) containing the substance under study and located in a strong magnetic ﬁeld,
and the wave passing through (or reﬂected from)
the cavity goes to the detector. The resonance is
identiﬁed from the change in the detector current.
The spectrometers use magnetic ﬁeld modulation
at frequencies from tens of Hz to 1 MHz, and
often employ synchronous detection to signiﬁcantly improve the sensitivity. Another type of
EPR spectrometer is a superheterodyne one in
which a separate microwave source of a different
frequency is introduced and the signal ampliﬁcation is carried out at an intermediate difference
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frequency. Spectrometers operating in the 3 cm
(X), 1.5 cm (K) and 8 mm (Q) bands ﬁnd the
widest use, although both longer and shorter wavelength (down to 2 mm) instruments are available.
These spectrometers are also used to record ferrimagnetic resonance, ferromagnetic resonance and
antiferromagnetic resonance in which the sample
shape should be speciﬁed explicitly (usually a thin
rectangular plate or a sphere). For these studies it
is advantageous to vary the temperature through
the phase transition point.
In the case of NMR radiospectrometers, the
analogue of the absorbing cavity is a solenoid in
the generator tuned circuit. where the specimen
under study is placed. The solenoid is positioned
in an external magnetic ﬁeld B 0 so that the radiofrequency ﬁeld B 1 is perpendicular to B 0 .
During resonance, one records a small voltage
drop in the tuned circuit. An increase in sensitivity is attained by modulating B 0 and operating
in a synchronous detection mode. To study NMR
in solids, a number of high-resolution designs are
used in which the sample is rotated rapidly at the
“magic” angle. Also in use are multipulse techniques to accumulate signals, average over various
NMR broadening mechanisms, and then retrieve
the spectrum after its Fourier transformation.
When studying ODMR various optical devices
are used to detect the resonance. They measure the
angle of rotation of the polarization plane (Faraday effect) or the magnetic circular dichroism.
Both effects are sensitive to the passage through
the resonance magnetic ﬁeld. ENDOR spectrometers are EPR spectrometers with an additional
radiofrequency ﬁeld introduced into their cavities
to induce transitions between the closer spaced nuclear sublevels (NMR levels). The ENDOR spectrum is obtained by scanning the NMR frequency
band while recording the EPR response. A nuclear double resonance radiospectrometer has an
absorbing cell similar to those used in NMR. Its
circuit operates at a tunable frequency, with pulses
fed into the cavity to observe spin echoes. Scanning the frequency band and observing the echo
with the help of superheterodyne signal detection
provides nuclear double resonance spectra. Many
radiospectrometers include Fourier analysis and
signal accumulating units. EPR and NMR are also
used to measure relaxation times. For continuous
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wave (CW) saturation the EPR spectrometer is ﬁtted with a microwave generator covering a broad
power range to obtain a series of EPR spectra at
various levels of saturation. These data provide
relaxation times. Alternatively, a pulse saturation
technique uses high power pulses to saturate the
specimen, and relaxation times are obtained from
the time dependence of the EPR signal that follows
each pulse. One may also use multipulse techniques to record spin echoes. Relaxation times in
NMR spectroscopy are ordinarily measured using
multipulse techniques.
The sensitivity of radiospectrometers depends
on many factors. EPR spectrometers achieve a
sensitivity of 1010 –1011 spin at a line width of
0.1 mT. NMR spectroscopy studies of solids often
deal with rare isotopes reaching only 1% of the
basic nuclei. Many spectrometers are ﬁtted with
additional devices to obtain spectra at high and
low temperatures, at high pressure, during irradiation, etc.
Other magnetic resonance spectrometers include those used in nuclear quadrupole resonance
(NQR), and magnetic resonance imaging (MRI).
The latter technique, originally referred to as nuclear magnetic resonance imaging, is widely used
in medicine for diagnosing cancer and other diseases. It employs a strong constant magnetic ﬁeld
provided by a superconducting magnet, with a
superposed magnetic ﬁeld gradient which makes
the protons in the various parts of the body under examination come to resonance at slightly
different frequencies. It is capable of providing
three-dimensional images of the brain and other
body organs.

EPR and NMR by far the most widely utilized. Instruments used for magnetic resonance are called
magnetic resonance spectrometers.
The high information yield of these measurements arises from the high sensitivity and resolution of the spectrometers, the capability of measuring spacings between the closely lying energy
levels, and the ability to analyze the line shape
with high precision. It is possible to identify the
local symmetry of paramagnetic centers, and to
deduce the crystallographic site and its neighborhood. Hence one may understand the nature and
deﬁne the number of paramagnetic centers and defects surrounding them. Thus, magnetic resonance
is a technique for crystal defectoscopy. It is also a
method for studying phase transitions in materials
that undergo electronic and molecular ordering,
and to determine the characteristics of paramagnetic centers and their environment (the spin density distribution, effective magnetic and electric
dipole moments, electric eld gradients, nuclear
magnetic moments, etc.). Magnetic resonance can
also provide information on band structure parameters and the nature of chemical bonds. One may
study tunneling phenomena in solids with its help.
Magnetic resonance prompted the development of
masers, and then lasers, which became solid-state
instruments, and eventually MRI or magnetic resonance imaging in medicine.
MAGNETIC RESONANCE, SPIN PHONON
See Spin phonon magnetic resonance.
MAGNETIC RESONANCE, ZERO-FIELD
See Zero- eld magnetic resonance.
MAGNETIC REVERSAL, remagnetization

MAGNETIC RESONANCE SPECTROSCOPY of
solids

A part of the physics of solids dedicated to
studying substances by their spectra in the radio
and microwave frequency ranges, 106 –1012 Hz.
The majority of these techniques involve electron paramagnetic resonance (EPR), nuclear magnetic resonance (NMR), ferromagnetic resonance,
antiferromagnetic resonance, ferrimagnetic resonance, nuclear quadrupole resonance, cyclotron
resonance, paraelectric resonance, and various
types of double and even triple resonances, with

The process of decreasing the magnitude and
reversing the direction of the magnetization M of
a magnetically ordered sample, which takes place
at the reversal in direction of the external magnetic
e ld B app which had previously magnetized the
material to saturation. In multi-domain ferromagnets and other materials exhibiting spontaneous
magnetization, the reversal process takes place
through the generation and growth of magneticly
reversed regions, followed by the redistribution
of magnetic phases through domain wall displacements. As this occurs, those phases with their
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magnetization pointing closest to the B app direction grow in volume. The ﬁnal stage of magnetic
reversal involves the complete alignment of M in
these domains in the B app direction (see Domain
wall displacement processes). Magnetic reversal
of small magnetically ordered particles may proceed through irreversible jumps of M followed by
reversible alignment of M with B app .
MAGNETIC SATURATION

The state of a material with the maximum
possible magnetization value, M ∞ , called the saturation magnetization, that undergoes no further
changes with increases in the applied magnetic
ﬁeld. In the case of ferromagnets, M ∞ is attained
at the completion of several processes: (a) the
growth of the domains with their magnetic moments aligned along an easy magnetization axis as
a result of the domain wall displacement process,
(b) rotation of the magnetization vectors towards
the direction of the applied ﬁeld (magnetization rotation process), and what is called a paraprocess,
viz., the growth of the number of spins aligned
along the ﬁeld under the action of a strong applied
ﬁeld, at the expense of those spins with antiparallel
orientations (see Magnetization curves). In practice, this saturation is obtained in ﬁelds from a
few millitesla up to 10 T at 20 ◦ C. For antiferromagnets and ferrimagnets magnetic saturation is
reached at a much higher magnitude of the applied magnetic ﬁeld, close to that of the exchange
ﬁeld. For some paramagnets, a state approaching
magnetic saturation is reached with a ﬁeld ∼1 T at
temperatures of ∼1 K.
MAGNETIC SEMICONDUCTORS
Semiconductor materials having as their main

components ions with partially ﬁlled d- or
f -orbital levels whose magnetic moments become ordered at T → 0. Almost all known types
of ordering can occur in magnetic semiconductors. For instance, there is ferromagnetic ordering
in EuO and EuS, antiferromagnetic ordering in
EuFe, and helical ordering in HgCr2 S4 . Magnetic polymorphism is found in EuSe: the twosublattice antiferromagnetic structure is replaced
by a three-, and then by a four-sublattice one
with increasing temperature (the latter two are forbidden in the Heisenberg model, see Heisenberg
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magnet). One can easily control EuSe properties by external factors: a moderate pressure or
a magnetic ﬁeld transforms the antiferromagnetic
ordering into a ferrimagnetic or ferromagnetic
type (magnetoisotropic metamagnetic, see Antiferromagnetism). Unique EuSe properties are due to
higher-order exchange interaction terms comparable to the bilinear Heisenberg exchange.
The magnetic properties of pure magnetic
semiconductors are, due to a small intrinsic current
carrier density, n, similar to those of insulators.
A substantial difference only emerges via doping
with electrically active impurities. In non-degenerate ferromagnetic semiconductors, the electrons
of non-ionized donors enhance the local ferromagnetic ordering at T = 0 by way of indirect
exchange between the localized d- or f -moments
in the neighborhood of defects. As a result, the
paramagnetic Curie point, Θ, may be considerably raised, even though the magnetic disordering
temperature, T c , does not substantially change.
Donors added to antiferromagnets may even cause
Θ to change sign, although the antiferromagnetic
ordering remains.
In degenerate ferromagnetic semiconductors,
the donor electrons get delocalized to effect indirect exchange over the whole crystal; thus T c may
be appreciably increased (doubled in EuO and
EuS at n ≈ 5·1026 m−3 ). Unlike the case of metals, indirect exchange in magnetic semiconductors
cannot be described by a Heisenberg Hamiltonian
because of the relatively low Fermi energy.
Distinctive electrical and optical properties of
magnetic semiconductors are also inﬂuenced by
the strong exchange interactions of current carriers
with localized d- or f -moments. Therefore, these
properties are highly sensitive to magnetic ordering, even being qualitatively different in many
cases from the properties of non-magnetic semiconductors. For instance, a huge long-wave (red)
shift of the intrinsic light absorption edge occurs in
ferromagnetic semiconductors at decreasing temperature or at increasing magnetic ﬁeld strength B,
amounting to 0.5 eV in HgCr2 Se4 . Such a shift
results from a decrease of the current carrier energy at the onset of ferromagnetic ordering. The
temperature dependences of the photoconductivity edge and light absorption edge are similar
in ferromagnetic semiconductors. Typically, the

780

MAGNETIC SEMICONDUCTORS

absorption edge temperature shift is weak and
occurs toward the short-wave side in antiferromagnetic semiconductors. An enormous spontaneous Faraday rotation (see Faraday effect) takes
place in ferromagnetic semiconductors, exceeding
in EuS, e.g., a value of 106 deg/cm. The Faraday quality factor also reaches gigantic values in
the ferromagnetic semiconductors, amounting to
104 deg/dB in EuO. The n-type ferromagnetic
semiconductors, unlike the non-magnetic ones,
display, as a rule, a temperature dependent resistivity, ρ: with a high ρ peak in the vicinity
of T c . Ferromagnetic semiconductors exhibit a
large negative magnetoresistance in the neighborhood of this peak. In non-degenerate ferromagnetic semiconductors, the ρ peak is mainly
governed by the difference in the temperature dependences of the donor level depths and of the
position of the conduction band bottom. Since the
local magnetic ordering at a non-ionized donor
is higher than that averaged over the crystal, the
donor level rises slower than the band bottom
with temperature, with the distance between them
reaching its maximum not far from T c . Accordingly, n is at its minimum there.
The ρ peak in degenerate ferromagnetic semiconductors is due to the temperature dependent
scattering of conduction electrons (see Current
carrier scattering) from ionized donors. The randomly positioned donors give rise to a nonuniformity in the conduction electron density distribution, and, consequently, to a non-uniformity
of the indirect exchange interaction mediated
through them. A component of static magnetization ﬂuctuating in space appears, with the
maximum scattering on this component occurring near T c . A bend, instead of a peak, at the
Néel point on the dependence of ρ(T ) on the
temperature is found for pure antiferromagnetic
semiconductors, while dρ/dT displays a singularity of the speci c heat type.
Magnetic semiconductors are the only materials where the heterophase self-localization of
current carriers has been observed; the phenomenon consists in the conduction electrons forming
regions of normal unstable phase and stabilizing
them by their localization inside such regions.
That occurs when the electron energy is lower in
the unstable phase than in the stable one. Hence,

the conduction electrons in non-degenerate antiferromagnetic semiconductors create, independently of each other, ferromagnetic microregions
and become self-localized in them. Such regions
may consist of a few thousand atoms under the
most favorable conditions. These quasi-particles
(ferrons) are destroyed by the magnetic ﬁeld that
converts the whole crystal into the ferromagnetic
state. Since the ferrons are immobile, their destruction is accompanied by an increase in the
crystal conductivity. The existence of ferrons in
non-degenerate EuSe and EuFe is proven by experimental data on the B dependences of their
photoconductivity and luminescence.
Collective ferron states are possible in degenerate antiferromagnetic semiconductors, consisting
in the spontaneous division of the crystal into ferromagnetic and antiferromagnetic regions, with
the conduction electrons passing from the antiferromagnetic crystal portion into the ferromagnetic
one. With n not too high, the ferromagnetic part
consists of separate droplets, each containing a
considerable number of electrons. With n rising, the number and dimensions of ferromagnetic
droplets grow, and, starting from a certain density np , the ferromagnetic droplets start touching
one another to form a simply connected ferromagnetic region. At n < np , the crystal behaves
like an insulator, as all the electrons are trapped,
each in its own droplet, and cannot carry current.
Electron percolation occurs at np , i.e. the crystal
behaves like a metal for n > np . When converted
to the homophase state (by increasing the temperature to make the whole crystal paramagnetic, or
by increasing the magnetic ﬁeld to make the crystal ferromagnetic), a heterophase insulator (n <
np ) simultaneously undergoes a transition into the
metallic state. At n > np , the transition into the
homophase affects ρ relatively weakly. Such tendencies were observed in both degenerate EuSe
and EuFe.
A related phenomenon was discovered in the
degenerate ferromagnetic semiconductor EuO in
a narrow n interval: it displays metallic type
conductance at T → 0; with increasing temperature, a transition to an insulating state occurs, the
jump in ρ amounting up to 17 orders of magnitude. The high conductivity of ferromagnetic
semiconductors at T → 0 ensues from their inability to contain ferrons at T = 0. However, when
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the temperature rises, with the ferromagnetic ordering disrupted, the electrons reveal a trend to
self-localization into regions with enhanced ferromagnetic ordering. Therefore, the electrons pass
from delocalized levels to localized levels on the
donors, with an enhanced ferromagnetic ordering
taking place in their neighborhood (see ferrons).
MAGNETIC SHIELDING

Protection of a volume of space (or an object) against penetration by a magnetic eld (as
well as of its variations) arising from sources located outside this volume (or object). Achieved
with no expenditure of electric energy, magnetic
shielding is implemented by isolating the space to
be shielded using special envelopes called magnetic shields. The basic principle behind magnetic
shielding is the compensation (within the protected space) of the external magnetic ﬁeld by
an oppositely directed ﬁeld produced by magnetic poles that develop along the shield edges at
the places where the external ﬁeld enters or exits. This compensation causes the magnetic ﬁeld
in the shielded space to be much smaller than it
is without the magnetic screen. With increasing
frequency of an applied electromagnetic ﬁeld the
magnetic shielding transforms into electromagnetic shielding because of the energy expended on
generating eddy currents (see Magnetic loss) in the
screen.
MAGNETIC SOLITON
A soliton of the ﬁeld of magnetization, M,

in magnetically ordered crystals; a solitary solution of the nonlinear Landau–Lifshits equations.
The simplest magnetic soliton in an easy-axis ferromagnet is a magnetic domain wall, and in an
easy-plane magnetic material, it is a rotation wave
or helical vortex. A magnetic soliton in the most
restricted sense (sometimes called a bion) is associated with a uniform distribution of magnetization
well away from the soliton (to the left and to the
right of the soliton in the one-dimensional case).
A so-called bion is characterized by two parameters: the velocity of the center of gravity, and
the frequency of the internal precession of the
vector M. Domain walls, bions and spin waves
constitute independent nonlinear modes of magnetic dynamics of a one-dimensional ferromagnet
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with an equilibrium magnetization. These objects
determine the contribution of the magnetic degrees of freedom to the scattering of penetrating
radiation, as well as the thermodynamics of quasione-dimensional magnetic substances.
In many cases a magnetic soliton behaves like
a particle with an effective mass. A domain wall
is an analogue of an unstructured particle, and a
bion is an analogue of a particle having an internal
degree of freedom (precession of the vector M).
A quantum analogue of a bion is the bound state
of a large number of magnons, elementary excitations of a magnetic material (see Magnon bubble).
If E and P are the energy and the momentum
of a bion, respectively, and N is the number of
magnons localized at it, then,
dE = v dP + ω dN,
where v and ω are the velocity and the frequency,
respectively, of the bion internal precession. The
bion frequency is always below the limit of linear spin wave frequencies, and is dependent on N .
The requirement ω dω/dN < 0 is usually the necessary condition for bion stability.
We can distinguish topological magnetic solitons whose stability is governed by the internal
structure of the magnetization (e.g., a 180◦ domain wall in an easy-axis ferromagnet), and dynamic magnetic solitons whose stability depends
on the existence of phase integrals of the vector M
ﬁeld equations (total energy, momentum, projection of momentum onto anisotropy axis, etc.). The
bion is a dynamic magnetic soliton.
A two-dimensional magnetic soliton may exist in the form of a cylindrical magnon bubble
(dynamic magnetic soliton), or of a magnetic vortex (topological magnetic soliton) with a topological charge determined by the circulation of
the magnetization vector around the soliton axis.
A magnetic vortex in an easy-plane ferromagnet
is analogous to a vortex in superﬂuid 4 He, while
that in an easy-axis one has no analogues in ﬂuid
physics, exhibiting a speciﬁc ω versus N dependence, and a sensitivity to the topological charge.
A particular type of two-dimensional magnetic
soliton is the Bloch line separating the segments of
a planar domain wall having different directions of
the turning vector M.
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A three-dimensional magnetic soliton in a
single-axis ferromagnet may be thought of as a
nucleus of a new phase differing by an inverse
alignment of the vector M. In an easy-axis ferromagnet such a soliton cannot be very small: it
will bind a number N of magnons which exceeds
a certain threshold value that depends on the energy of magnetic anisotropy, and decreases with
increasing energy. This results from the fact that
in the three-dimensional case a pair of particles,
weakly attracted and obeying a quadratic dispersion law, is unable to form a magnon bound state.
The Landau–Lifshits equations for an anisotropic
magnetic substance allow the existence of threedimensional topological magnetic solitons.
MAGNETIC SPECTROSCOPY

A seldom used term referring to the use of an
applied magnetic ﬁeld in spectroscopy, sometimes
employed as a synonym for magnetic resonance.
The magnetic ﬁeld produces the Zeeman effect
splitting of atomic and molecular energy levels
into magnetic sublevels. The splitting can can be
of the Paschen–Back type at very high applied
ﬁelds.
MAGNETIC STRUCTURE
See Atomic magnetic structure.
MAGNETIC STRUCTURE ANALYSIS
Analysis of the structure of magnetic materials based on the dependence of their magnetic

properties upon their structure. One can assess the
changes in the structure of a solid at a phase transition by the changes that take place in its magnetic
characteristics. Thus when austenite transforms
into martensite, or into a mixture of ferrite and
carbides in steel, then one can monitor the kinetics of such a transformation of a paramagnet
into a ferromagnet by measuring the magnetic
saturation of the materials. The composition of ferromagnetic phases can be evaluated by the Curie
point. The transformation of a paramagnetic phase
into an antiferromagnetic one in chromium-based
alloys may be investigated via the specimen susceptibility. Measuring the magnetic anisotropy by
the ballistic method, or by the so-called magnetic
dynamometer method, permits one to investigate
the texture of magnetic materials. Dislocations

and dispersed inclusions in a ferromagnet produce
changes in the coercive force that sometimes correlate with changes in the mechanical properties
of the solid. Magnetic structure analysis is utilized on a large scale to check structural parts
and components subjected to plastic deformation
and heat treatment. Devices for this purpose are
based on a differential inductance circuit design
(see Magnetometry) or coercimeters. The scattering of neutrons by a magnetic material provides
information on its magnetic structure, such as the
relative alignments of the spin directions of atoms
at various lattice sites in ferromagnets and antiferromagnets.
MAGNETIC STRUCTURE, MODULATED
See Modulated magnetic structures.
MAGNETIC SUBLATTICE

A system of identical magnetic atoms or ions
positioned periodically in space, with magnetic
moments of the same magnitude and direction.
Magnetic sublattices are introduced to describe
the atomic magnetic structure of antiferromagnets
and ferromagnets. The translation periods of a
magnetic sublattice may equal those of the crystal structure, or may be double or a multiple of
them. In the latter case, the magnetic unit cell
and the crystallographic one do not coincide, the
former being a multiple of the latter. In a twosublattice structure with individual magnetizations
M 1 and M 2 one can write for the total magnetization M = M 1 + M 2 , and deﬁne the antiferromagnetism vector L = M 1 − M 2 . Structures of actual
magnetic sublattices has been determined by the
method of magnetic neutron diffractometry.
MAGNETIC SUBSTANCE, or sometimes simply
magnetic

A term applied to materials which exhibit
magnetic properties (see Magnetism). The classiﬁcation of magnetic substances is based on the
analysis of the magnitude and sign of their magnetic susceptibility, and of the nature of their
atomic magnetic structure. Magnetic substances
can be grouped into those without magnetic order (diamagnets and paramagnets), and magnetically ordered substances, viz., those revealing
a magnetic ordering (ferromagnets, antiferromagnets, ferrimagnets, etc.).

MAGNETIC SURFACE LEVELS

MAGNETIC SUPERCONDUCTORS

Compounds where superconductivity and magnetic order occur together. The state of superconductivity in the presence of magnetic order
is called the magnetism/superconductivity coexistence phase. The theory for the coexistence of
these two types of ordering was ﬁrst formulated
by V.L. Ginzburg (1956). He pointed out the
non-antagonistic nature of ferromagnetism and superconductivity, which makes the question of their
possible coexistence nontrivial. Intense experimental investigations into the coexistence problem
started in 1976, after the synthesis of rare-earth (R)
containing ternary superconducting compounds
of the Chevrel (RMo6 S8 ) and RRh4 B4 types.
They possess a system of localized regularly positioned magnetic moments due to the f -electrons
of the rare-earth ions. The critical temperature of
superconductors for this class of compounds is
about 10 K, and the magnetic phase transitions
(of the ferro- or antiferromagnetic type) occur
at temperatures of the order of a few degrees
Kelvin. The magnetic ordering of rare earth ions in
these ternary compounds involves the indirect exchange interaction of f -electrons via the conduction electrons (Ruderman–Kittel–Kasuya–Yosida
interaction (RKKY)) and the magnetic dipole interaction of the moments. The mutual inﬂuence of the
superconducting electrons and magnetic moments
occurs due to the paramagnetic effect of the magnetic moment exchange ﬁeld acting on the Cooper
pair electron spins, and due to the magnetic ﬁeld
generated by localized moments and acting on the
conduction electron orbital motion (exchange and
electromagnetic mechanisms, respectively, of the
interaction of superconductivity and magnetism).
Each of the above mechanisms results in an
antagonism between superconductivity and magnetism, since the exchange and magnetic moment
ﬁelds suppress the Cooper effect, while the superconductivity in its turn screens and reduces both
the RKKY and the magnetic dipole interaction of
the moments.
Theoretical and experimental studies have
shown that antiferromagnetism and superconductivity weakly affect each other because of the rapid
oscillations of the magnetic and exchange ﬁelds
at the atomic distance, a, at which the magnetic
moments change in an antiferromagnet. The superconductor feels an internal ﬁeld averaged over
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a superconductivity coherence length ξ  a, the
resulting ﬁeld being weak. On the other hand, the
competing types of ordering become modiﬁed in
ferromagnets in the coexistence phase due to their
strong mutual interaction (see Reentrant superconductors).
MAGNETIC SUPERSTRUCTURE
See Modulated magnetic structures.
MAGNETIC SURFACE LEVELS

Quantized energy values corresponding to the
magnetic surface states of a charged quasi-particle

when the particle motion in the direction perpendicular to crystal surface is limited by a potential
barrier at the crystal boundary, and by the branch
of the parabola of the effective potential energy in
a magnetic ﬁeld, U eff , for this quasi-particle (see
Quantizing magnetic eld):
1
2 (y − y )2 ,
U eff = mωH
0
2
where ωH = eB/m is the cyclotron frequency,
y0 = −px /(eB) is the orbit center (B  z, y axis
directed inside crystal). The nature of the spectrum
of magnetic surface levels is effectively deﬁned
by the quantity y0 , i.e. by px . For the particular case of “skipping” or “sliding” electrons, and
under the condition that that the Fermi energy,
E F , is much greater than ωH , the orbit center
lies outside the crystal at a distance much larger
than the dimensions of bulk level wave functions,
lH = (/mωH )1/2 . Under such conditions, the
particle is quantized in an almost triangular potential well as illustrated in Fig. 1:


E F 1/3 2/3
N
NωH .
EN ≈ ωH
ωH
Each bulk Landau level with a number N generates a continuous series of surface magnetic levels
corresponding to different values of the longitudinal momentum px , and this cancels the bulk level
degeneracy in px . The transitions between magnetic surface levels were detected by oscillations
of the surface impedance in a weak magnetic ﬁeld
at liquid-helium temperature. The width of the
magnetic surface levels is deﬁned by the degree
of perfectly specular reﬂection of quasi-particles
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Fig. 2. The motion along the level lines inside
such a potential explains the quantum Hall effect, and the universal resistivity quantization of
two-dimensional systems in a quantizing magnetic
ﬁeld.
MAGNETIC SURFACE STATES

Stationary quantum states of charged quasiparticles held at a crystal surface by a magnetic

Fig. 1. Graphs of the effective potential energy of quasiparticles with different values of the longitudinal momentum px , where lH = [/(mωH )]1/2 is the magnetic
length, or the size of the wave function with N = 0,
E0 (y0 ) is the surface magnetic level generated by the
Landau level with N = 0 and px = eB|y0 |. The region
outside the crystal is indicated by slopped lines.

Fig. 2. Lower parts of the Landau bands with N = 0,
1 for two-dimensional electrons in a specimen of ﬁnite
width.

from the surface, so that the perfection of the crystal surface is an important condition for one to be
able to explore them.
The relative weakness of the necessary magnetic ﬁeld permits the magnetic surface states to
occur in type I superconductors where one can
recognize them. A characteristic pattern of Landau
quantum subbands emerges for two-dimensional
electrons in a specimen conﬁned over the y coordinate: the subband edges are raised at the approach to the specimen boundaries, as shown in

ﬁeld parallel to it. In classical physics, such states
correlate with the trajectories of particles “hopping” along the surface. Strictly speaking, the
“hopping” trajectories occur only at specular reﬂection from the surface when each subsequent
trajectory section duplicates the preceding one.
While undergoing such trajectories, the motion
of electrons along the normal to the surface is
periodic, and hence is quantized. Since the trajectory of a hopping particle covers a smaller area
than that of a particle moving in the bulk, and
the energy distance between magnetic surface levels is larger than between the bulk Landau levels
(see Quantizing magnetic eld), therefore, magnetic surface states can only be observed in a
weak magnetic ﬁeld when the bulk Landau levels
are usually “smeared” by the temperature. To see
them, one should use the so-called sliding quasiparticles that approach the surface at small angles.
Even a non-ideal surface is a mirror for them, as
the only condition required for their specular scattering is that the transverse wavelength (i.e. the
wavelength associated with electron motion along
the normal to the surface) be much greater than the
characteristic surface roughness size (see Surface
scattering of electrons).
For the particles moving along the surface
with momenta, px , comparable to the Fermi momentum pF , the Larmor orbit center lies far beyond the crystal boundary. Their wave functions
decrease into the bulk crystal to a distance of
l ≈ lH [/(lH pF )]1/3 , where lH = [/(mωH )]1/2
is the magnetic length, and ωH = eB/m is the
cyclotron frequency. Magnetic surface states of
this kind were found experimentally via distinctive (∝B 2/3 ) surface impedance oscillations in the
conductors Sn, In, Cd, W and Bi at liquid-helium
temperatures for B < 10 mT, with oscillation frequencies corresponding to the skin layer depth
(see Skin-effect) comparable to the characteristic
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length l of the wave function decay into the bulk
crystal.
MAGNETIC SUSCEPTIBILITY

A physical quantity characterizing the ability
of a material to change its magnetic state (magnetization) with a changing applied magnetic eld.
Static and dynamic magnetic susceptibilities are
known, the latter differing from the former for
media exhibiting temporal dispersion. The static
susceptibility, χ = M/H , is the ratio of the magnetization, M, to the internal magnetic ﬁeld, H .
It is related to the magnetic permeability, μ, by
μ = μ0 (1 + χ) in SI units (μ = 1 + 4πχ in CGS).
The dynamic susceptibility χ(ω) or χ(q, ω) relates, in a similar manner, the Fourier components
of the magnetization to the magnetic ﬁeld (see
Susceptibility). Static magnetic susceptibilities can
differ in both magnitude and sign for different
magnetic substances. For diamagnets (χ < 0) and
paramagnets (χ > 0), the susceptibility is small,
of the order 10−4 –10−6 , and it depends weakly on
the external magnetic ﬁeld. In ferromagnets and
ferrimagnets, the susceptibility may be as high as
104 and strongly dependent on H . For that reason,
the differential susceptibility, χ d = dM/dH , is
often introduced to describe properties of magnetically ordered materials. This quantity χ d is a property of the material that depends strongly on H ;
a dependence that is highly nonlinear for actual
ferromagnets which exhibit a domain structure
(see Saturation magnetization curve). At H = 0,
χ d has a certain (nonzero) magnitude called the
initial susceptibility. The differential susceptibility grows with H , reaches a maximum, and then
drops to a very small value with the onset of saturation at high ﬁelds (saturation effect). In such
a high ﬁeld, the differential susceptibility differs
little from that of a paramagnet, and it is known
as the paraprocess susceptibility. The so-called
reversible magnetic susceptibility, χ rev , is often
singled out:
χ rev = lim

H →0

M
H

( H < 0).

Within a sufﬁciently small H in the vicinity of
any H the value χ rev is determined mainly by reversible processes occurring in the magnetically
ordered material with the variation of H . Hence,
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the difference χ d − χ rev may serve as a gauge
of the irreversibility of processes associated with
magnetic hysteresis (see Paramagnetism, Diamagnetism and Ferromagnetism).
The magnetic susceptibility is a complicated,
and sometimes hysteretic, function of the temperature. For instance, χ rises with T in ferromagnets, reaching a maximum (known as the Hopkinson maximum) near the Curie point, and then
decreases over the paramagnetic region, following the Curie–Weiss law. An additional maximum
of χ occurs in the neighborhood of various phase
transitions, e.g., the reorientation-type magnetic
phase transition in nickel, etc. Magnetic susceptibility is a structure-sensitive quantity in ferromagnets, so its magnitude may vary over a wide range
for one and the same material, depending on its
heat pretreatment. For anisotropic media, e.g., for
magnetically ordered crystals where the magnetic
anisotropy is taken into account, the susceptibility
is a tensor quantity χik depending on the direction
in the material. The static susceptibility is a symmetric real-valued tensor, and the dynamic susceptibility χik (q, ω) will, in a nondissipative medium,
be described by a Hermitian tensor, with the antiHermitian part determining the absorption of the
alternating magnetic ﬁeld energy. The χik (q, ω)
tensor components obey general expressions following from Kramers–Kronig relations and the
Onsager relation (see Onsager method). Components of the χik (q, ω) tensor have singularities
(poles) at ω values close to natural oscillation frequencies, ω(q), of the magnetization (spin waves,
magnetostatic oscillations, etc.).
MAGNETIC SWITCHING

Process of irreversibly changing the magnetization of a magnetic substance, with the change
remaining after the remagnetizing ﬁeld has been
switched off. Magnetic switching is mainly due
to jump-like displacements of the magnetic domain walls (see Barkhausen effect) and the reordering of the magnetic domain structure. Each
Barkhausen jump is an elementary act of magnetic
switching, while the magnetic hysteresis loop is
the overall characteristic of magnetic switching.
The basic parameters of magnetic switching (minimal force of switching, B s , total polarization
change, M s , time of magnetic switching, τ s )
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Hysteresis loop, or plot of the magnetization M versus the applied magnetic ﬁeld B, showing the remanent
magnetization M r and the coercive ﬁeld B c .

are associated with the hysteresis loop characteristics, the coercive ﬁeld B c and the remanent
magnetization M r (see Fig.), and with the domain
wall mobility, μ, in the following way: B s  B c ,
M s  M r , and τ s ≈ μd/B s (d is an averaged domain wall displacement during the magnetic switching). Thus, the parameters of magnetic
switching, which is a magnetic reversal process,
effectively depend on the material composition,
magnetic structure, manufacturing process, degree
of imperfection, etc. Thermostable ferrite cores
with highly rectangular hysteresis loops, which
were formerly widely used in memory storage
elements, have typical magnetic switching parameters: B s ≈ 0.1 mT, μ0 M s ≈ 0.1–0.2 T, τ s <
10−6 s. Hard drives in personal computers often
employ magnetic switching.
MAGNETIC SYMMETRY GROUP, magnetic
symmetry Shubnikov group

A symmetry group for describing a magnetically ordered structure; a member of a colored
symmetry group.
A crystallographic magnetic space symmetry
group X comprises the elements (operators) g of
space symmetry (rotation, mirror reﬂection, etc.)
and the products gR, where R is the antisymmetry operation which reverses spin directions at
each lattice site, and hence changes the sign of the
magnetic moment density or magnetization M(r).
If a space group is denoted by F or F + gF ,
then a Shubnikov group is X = F + Rg F , where

gR = Rg, and R 2 = e, with e denoting the unit
element. If the set RgF is empty (X = F ), then
X is called a unicolor magnetic symmetry group,
equivalent to an ordinary space group (called Fedorov group in the Russian literature). If R is an
element of the group X, i.e. X = F × {e, R}, then
it is a neutral or gray magnetic symmetry group,
with M(r) = 0. These gray groups are possible
for diamagnetic or paramagnetic crystals which
have no time-averaged magnetic moments. All
other Shubnikov groups are bicolor (or black-andwhite) magnetic symmetry groups (see Shubnikov
groups). Each of them is constructed as a group
isomorphic to a certain (generator) space group by
selecting a subgroup of index 2 in the latter, and
substituting Rg for elements g in the coset.
The bicolor magnetic symmetry groups can be
classiﬁed into 517 with an antitranslation operation (AT-groups) and 674 with an antirotation operation (AR-groups). Let g = (a/ h), where h is a
rotation, and a is the vector of a subsequent translation. An AT-group includes, by deﬁnition, the
antitranslation operation (a/e)R = (a/R), viz.,
the elements (a1 / h) and (a2 / h)R are both present
(or both absent). The subgroup of translations
in an AT-group is the translation group for the
M(r) density, and there is also a subgroup comprising the usual ρ(r) charge density translation
group. An AR-group by deﬁnition cannot include
the operations (a1 / h) and (a2 / h)R = (a2 / hR)
concurrently; the magnetic and electric periods coincide, and hR is an antirotation. There is a total
of 1651 Shubnikov groups in all, 517 antitranslation groups, 674 antirotation groups, 230 gray or
neutral groups, and 230 ordinary space groups.
The crystallographic magnetic point symmetry
groups comprise all rotations and antirotations of
the AR-group. There are in all 122 magnetic point
groups, with 32 of them being the ordinary point
groups, another 32 being the point group analogs
of the gray space groups, and the remaining 58 being proper magnetic point groups.
When color is added to the 14 Bravais lattices
of the ordinary crystallographic groups one obtains 22 additional such lattices, so there is a total
of 36 Bravais lattices for the Shubnikov groups.
An operator magnetic symmetry group is constructed in conformity with a crystallographic
group by substituting unitary operators for g operations and antiunitary operators for gR operations.

MAGNETISM

An operator magnetic symmetry group is isomorphic to the crystallographic one in coordinate
function space, while in spinor space two operators, differing in sign, are associated with each
crystallographic operation.
MAGNETIC TEXTURE

A preferential space orientation of the easy
magnetization axes in a polycrystalline ferro- or
ferrimagnetic specimen, which is indicative of the
specimen magnetic anisotropy. Magnetic texture
appears under: (i) application of directional mechanical stresses to the specimen, which brings
about a preferential crystallite orientation (a crystallographic texture); (ii) heat treatment of the
specimen below the Curie point in the presence of
a magnetic ﬁeld (thermomagnetic treatment), and
(iii) thermomechanical treatment. The presence
of magnetic texture can dramatically improve the
magnetic properties in some magnetic materials.
Classed into magnetically-textured soft magnetic
materials are: crystallographically textured transformer steel, perminvar, permalloy, etc. Giving a
magnetic texture to these materials decreases the
magnitude of their coercive force and lowers the
magnetic loss. In hard magnetic materials (magnico, ticonal, barium and cobalt ferrites, etc.), the
magnetic texture results in an increase of their coercive force, remanence, etc.
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lattice site to another, thus changing the symmetry
of the local defect environment symmetry. In addition the mechanical defect strain ﬁeld interacts
with the magnetization (magnetostriction). In the
latter case of defects diffusing in the lattice over
distances of the order of the domain wall thickness, the relaxation time τ depends on the rate
of diffusion and the type of diffusion (electronic,
ionic, etc.), and it rises drastically with decreasing
temperature; e.g., the carbonyl iron has τ ≈ 103 s
at −2 ◦ C, and τ ≈ 10−2 s at +100 ◦ C. The magnetic viscosity can be quantitatively described by
introducing lagging terms (generally, nonlinear
in domain wall displacements) into the magnetic
domain wall dynamics equation (Néel equation
and Slonczewski equation). The magnetic viscosity is particularly high in hard magnetic materials
that are ensembles of single-domain particles, e.g.,
grains in polycrystalline alloys interacting with
one another. This viscosity is governed by the irreversible magnetization rotation of such domains
(see Magnetization rotation processes) due to thermal ﬂuctuations. Some materials exhibit quite a
range of lag times, τ , that can be determined
from the number and positions of peaks appearing on the χ frequency dependence excited by
a harmonically varying applied magnetic ﬁeld.
Magnetic viscosity appears in spin glasses and
other nonergodic magnetic materials (see Amorphous magnetic substances).

MAGNETIC VISCOSITY

A measure of the time lag of magnetization
changes in magnetic substances after variations
in the applied magnetic eld. Due to the magnetic viscosity, the steady-state magnetization is
reestablished after a lag in time τ that can range
from less than a millisecond to a few hours (see
Magnetic relaxation). For example, it takes time
for magnetic domains to grow and reorient. Magnetic viscosity is also observed in magnetic materials with internal degrees of freedom that result
from the presence of mobile impurities and other
defects in crystals interacting with the magnetic
subsystem. There may be, e.g., a relaxation drift of
the magnetic susceptibility, χ , in ferromagnets (or
ferrites) towards its steady-state value through domain walls interacting with reorienting or diffusing
defects. In the former case the magnetic anisotropy
energy changes due to defects jumping from one

MAGNETISM of solids (fr. Gr. μαγ νητ ης , of
Magnesia)
Branch of physics that studies magnetic substances or materials containing magnetic moments, generally arising from their constituent elements (atoms, molecules, ions, conduction electrons), including their interactions with each other
or with external magnetic elds and external elec-

tric currents.
Basics. An electric charge e moving in a vacuum at the velocity v in the presence of a magnetic
ux density (sometimes called magnetic induction) B experiences the Lorentz force F given by
F = ev × B, so B is sometimes called the force
per unit current. In free space we also deﬁne the
associated magnetic ﬁeld H through the expression B = μ0 H where μ0 = 4π·10−7 N/A2 (or
H/m) is the magnetic permeability of vacuum.
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In a medium the difference between B and H
involves the presence of magnetic ﬁeld sources
in the matter, viz. of moving electric charges
(atomic electrons, conduction electrons, etc.) that
give rise to microscopic currents (distinguishing
between micro- and macroscopic currents is somewhat arbitrary), and of intrinsic (spin) moments
of the substance particles: electrons and atomic
nuclei. This relation between B and H is given
by B = μ0 (H + M) in SI units (B = H + 4πM
in CGS units) with the magnetization vector, M,
deﬁned as the mean magnetic moment per unit
volume. The theory of magnetism aims at establishing interrelations between B, H and M
in different magnetic materials under given external conditions (either steady-state, or timedependent). The magnetization for a given H or B
is deﬁned by the material equations of a magnetic
material, which result from (quantum-mechanical
and statistical) averaging of the microscopic equations of motion for the sources of the magnetic
ﬁeld. More precisely, by virtue of the Bohr–van
Leeuwen theorem, the magnetic properties of a
substance can be consistently described within
a quantum-mechanical framework. Nevertheless,
ordinarily simple phenomenological equations are
found to be adequate for describing the magnetization vector as a function of the coordinates
and time: M = M(r, t) (see Bloch equations and
Landau–Lifshits equation). In the static (or quasistatic) case, the relation between M and B (or H )
is determined by the magnetization curve M (H )
or M (B), which differs in shape for different materials. In a number of cases, M is linear in H :
M = χH ,

(3)

where χ is the magnetic susceptibility, a tensor
quantity for anisotropic bodies. But sometimes,
e.g., for ferromagnets, the linearity of Eq. (1) may
become invalid even in very weak ﬁelds.
Classiﬁcation of magnets. The classiﬁcation
proceeds from the analysis of the nature of the
atomic carriers of magnetism, and their interactions. Diamagnets and paramagnets are weak
magnetic materials where the interaction between
the magnetic moments is negligible in magnitude,
or has no fundamental importance. Some speciﬁc
magnetic properties are exhibited by superconductors (see Magnetic superconductors). The interactions of atomic magnetic moments (especially

spin moments of unﬁlled d- and f -orbital shells
in atoms of the Fe, Pd or Pt groups, rare earth elements, or actinides) are of major importance for
magnetically ordered substances. For example, the
exchange interaction, of electrostatic origin with
energy E e = k B θ W (where θ W is the Weiss temperature, k B is the Boltzmann constant) of the
order of 10−20 –10−21 J, i.e. θ W = 1000–100 K,
results in magnetic ordering when the spin orientations of neighboring atoms become correlated.
This ordering occurs at a magnetic phase transition at a temperature T c of the order of E e /k B ,
causing an atomic magnetic structure to appear
in the material associated with a non-zero value
of the mean atomic spin, even in the absence of
an external magnetic ﬁeld, B. There is a great
variety of magnetically ordered materials. Their
main feature is the nature of the motion of the
magnetic carriers, electrons; the magnetism of localized electrons, and that of delocalized electrons
(see Band magnetism). In the simplest case of ferromagnetism, the spins of all the atoms (or of
all the delocalized electrons contributing to ferromagnetism) acquire parallel orientations to form
a spontaneous magnetization vector M s (see also
Ferromagnetism of metals and alloys). In antiferromagnets the spins of adjacent atoms acquire an
antiparallel orientation, however, linear combinations of the spins (antiferromagnetic vectors L)
can still differ from zero. In ferrimagnets, both M
and L are non-zero. For a two sublattice system
with individual sublattice magnetizations M 1 and
M 2 the total magnetization is M = M 1 +M 2 , and
the antiferromagnetism vector is L = M 1 − M 2 .
Magnetic ordering of a more complex type is
exempliﬁed by spiral (helical) ordering (see Modulated magnetic structures). Amorphous magnetic
materials (e.g., spin glasses) are also classiﬁed
among the ordered magnetics. Typical of magnetically ordered materials is a complicated shape of
their magnetization curve M(B), which can exhibit hysteresis, i.e. depend on the sample history,
and is sometimes indeterminate (see Magnetic hysteresis and Nonergodicity); and there is also a
possibility of macroscopic nonuniformities being
present (see Magnetic domain structure, and Intermediate state of a magnetic material).
There exist speciﬁc resonances that can arise
from the magnetism of the particles of matter, such

MAGNETISM OF TRANSITION METALS

as: nuclear magnetic resonance (NMR) of nuclei,
electron paramagnetic resonance (EPR) of paramagnets, and collective spin system excitations in
magnetically ordered crystals which exhibit a special kind of weakly damped modes called spin
waves, or magnons (see also Ferromagnetic resonance and Antiferromagnetic resonance).
Importance for science and technology. Magnetic methods (NMR, EPR, etc.) are employed to
investigate the structure of materials in physics,
chemistry, biology, and medicine. Engineering applications of magnetism are multifaceted: magnetic materials and permanent magnets are used in
power and radio engineering; methods of magnetic
defectoscopy are applied with success; devices
based on the magnetic resonance phenomenon
and on magneto-optical effects have been introduced into electronics, optoelectronics and computer engineering; magnetoresistance has been
utilized; microwave devices using spin waves are
employed, as well as magnetic bubble domain
devices, and other magnetic computer memory elements.
MAGNETISM, AMORPHOUS
See Amorphous magnetism.
MAGNETISM AND GREEN’S FUNCTIONS
See Green’s functions and magnetism.
MAGNETISM, BAND
See Band magnetism.
MAGNETISM OF RARE-EARTH METALS

A branch of the physics of magnetic phenomena which studies, both theoretically and experimentally, magnetic properties of the elements
of the 57 La–71 Lu series (rare-earth elements or
lanthanides). The strongly localized electrons in
4f -orbitals act as carriers of magnetism in the rare
earths, with the population of these orbitals increasing with the atomic number from 0 electrons
for La up to 14 electrons for Yb and Lu. For the
light rare-earth elements (Ce–Eu), J = L − S, and
for the heavy ones (Gd–Tm), J = L + S, where J ,
L and S are the total, orbital, and spin angular momenta, respectively. The radii of the 4f -orbitals
are about 10 times smaller than the minimum interatomic distances in a solid which virtually precludes the possibility of any direct f –f exchange

789

interaction. The indirect exchange interaction is
effected via conduction electrons, and this is a
long-range interaction of an oscillating nature (see
Ruderman–Kittel–Kasuya–Yosida interaction). The
electrostatic interaction of the crystal e ld with
an anisotropic 4f -orbital inﬂuences the magnetic
anisotropy of rare-earth metals; the energy of magnetic anisotropy is comparable to the exchange
interaction energy. These features of the magnetism of rare earths cause complex noncollinear
magnetic structures to appear in magnetically ordered states, including helical ones (e.g., in Dy
at T = 85–178 K), conical (Ho at T < 20 K),
cycloidal (Er at T = 20–53 K), sinusoidal (Tm
at T = 25–60 K) and some others (see Modulated magnetic structures). Theory can explain the
emergence of noncollinear structures in rare earth
metals through changes in the topology of the
Fermi surface under magnetic ordering (see Topological transition). A variety of noncollinear ferroand antiferromagnetic structures are found at low
temperatures, and in strong magnetic ﬁelds (e.g.,
in Dy at T < 85 K, and in Sm at T < 106 K). Deformation and restructuring of magnetic structures
is observed in relatively weak magnetic ﬁelds.
Changes of magnetic ordering are associated with
either ﬁrst-order or second-order magnetic phase
transitions; the transformation of a helical antiferromagnetic structure into a collinear ferromagnetic one is accompanied by a lowering of the
symmetry from hexagonal to rhombic (see Crystal
symmetry). Typical for the heavy rare-earth metals
are high values of saturation magnetic moments
(e.g., for Dy, μ = 10.65μB along the a axis), as
well as uniaxial anisotropy and giant magnetostriction (anisotropy and magnetostriction coefﬁcients
are greater by a factor of 10–100 for rare-earth
metals than for the 3d-iron group).
MAGNETISM OF TRANSITION METALS

Study of magnetic properties and phenomena
of the transition metals. The atoms of transition
metals possess partially ﬁlled inner electron shells
(lacking some d, or d and f electrons); which
makes these substances paramagnets at high temperatures.
Of the 3d-metals, α-Fe, Co (hexagonal) and
Ni are ferromagnets, with Co having the highest Curie point (T C = 1403 K); Mn, γ -Fe and
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fcc Co display Néel-type antiferromagnetism. The
antiferromagnetism of chromium (Cr) is due to
a spin density wave, which results in incommensurate magnetic and crystallographic lattice
constants. Chromium and some chromium alloys
exhibit spin density waves and antiferromagnetism
of delocalized electrons. The ferromagnetism of
3d-metals and their alloys is intermediate between
that of delocalized electrons (band or Stoner magnetism) and that of ions; this occurs because of
the substantial overlap of 3d-orbitals (see Band
magnetism). Several intermetallics and 3d-metal
alloys (e.g., ScIn, Ni3 Ga, Fe65 (Ni0.7 Mn0.3 )35 )
are purely Stoner ferromagnets. Although the pure
d-orbital metals of the following 4d and 5d periods exhibit no magnetic ordering, many of their
alloys and intermetallic compounds are magnetically ordered materials, e.g., the Stoner ferromagnet ZrZn2 . Many oxides and sulphides of
transition metals with metallic conductivity (e.g.,
Fe3 O4 ) also exhibit magnetic ordering.
The 4f -metals (except for Yb) are either ferromagnets (heavy 4f -metals, from Gd to Tm)
or antiferro-, or ferrimagnets (light 4f -metals,
from Ce to Eu) with antiferromagnetism possible at temperatures above the Curie point. The
atomic magnetic structure of many 4f -metals is
a spiral type (or a superposition of spiral and
collinear ferromagnetism). Magnetic electrons in
rare earth metals belong to deep-lying 4f -orbitals,
and hence do not overlap. This makes them similar to magnetic insulators, describable in the terms
of magnetic ions.
Besides ferro-, ferri- and antiferromagnetic ordering, a spin glass type ordering is possible
in alloys of transition metals, e.g., in MnAu.
Strong electron paramagnets may exist among the
paramagnetic transition metals and alloys, e.g.,
Cu93 Mn7 . Their magnetization curves (in ﬁelds
up to teslas) resemble those of the ferromagnets;
yet, ferromagnetism has not been detected in such
materials even at very low temperatures.
The exchange interaction in d-metals that gives
rise to magnetism can be either direct (due to
the overlap of d-orbitals) or indirect (due to s–dexchange, or a Ruderman–Kittel–Kasuya–Yosida
interaction, RKKY interaction); the magnetism of
4f -metals is due to an indirect exchange interaction (via s–f -exchange).

MAGNETISM, SURFACE
See Surface magnetism.
MAGNETITE
Iron ferrite spinel (FeO)Fe2 O3 , or Fe3 O4 , collinear monocrystalline ferrimagnet with two sub-

lattices. At T > T V = 125 K (T V is the Verwey
temperature), it has cubic symmetry, and the inverse spinel structure (space group F d3m, Oh7 ,
symmetry point group m3m) and, at T < 125 K, it
has orthorhombic symmetry (space group I mma,
28 ). The lattice constant is 0.839 nm (cubic
D2h
phase); the density is 5.24 g/cm2 ; the magnetic
moment per chemical formula unit is 4.1μB ; and
the Néel point is 858 K.
MAGNETIZATION
State of a magnetic substance being magne-

tized. The magnetization M, also called magnetic
polarization, is deﬁned as the magnetic moment
per unit volume. Weakly magnetic materials (paramagnets, diamagnets) are magnetized by an external magnetic eld B/μ0 = H : M = χH , where
χ is the magnetic susceptibility of the substance.
Magnetically ordered materials may exhibit spontaneous magnetization, M s , which takes place
below the Curie point even in the absence of
an applied magnetic ﬁeld (see Ferromagnetism,
Ferrimagnetism). In the case of magnetic materials with complicated atomic magnetic structures,
which includes several (n) magnetic sublattices,
the term sublattice magnetization M k (k = 1,
2, . . . , n) is introduced. When evaluating this quantity, only magnetic moments of atoms, which
belong to the kth sublattice, are taken into account. The dimensions of magnetization are A/m
in the SI system of units, and oersted in CGS. The
description of a magnetic state in terms of magnetization (or sublattice magnetization) as a function
of coordinates and time M = M(r, t) is of basic importance in the phenomenological theory of
magnetism, micromagnetism.
MAGNETIZATION CURVE
Dependence of the magnetization M on the
strength of the applied magnetic eld, B. Since B,

H and M are uniquely related to each other, B =
μ0 (H + M), it is sufﬁcient to consider just two of
them, e.g., M = M(B). The magnetization curve

MAGNETIZATION ROTATION PROCESS

for both a diamagnet and a paramagnet yields
a unique relation M = M(B). For magnetically
ordered media which feature magnetic hysteresis
such a relation becomes ambiguous, and the magnetization curve depends on the prehistory of the
sample. For ferromagnetic media (ferromagnets,
ferrimagnets, amorphous magnetic substances)
one may identify the curve of initial magnetization. It gives the dependence M = M(B) for the
case when B increases from B = 0 (and M = 0),
in contrast to those magnetic curves which describe a cycle of magnetic reversal (hysteresis
loop). The proﬁle of magnetization points to the
existence of magnetic phase transitions induced
by the applied ﬁeld (see Phase transitions in an external eld). These appear as jumps during ﬁrst order phase transitions, or as discontinuities during
second order transitions. Modern physical experiments to determine magnetization curves and their
theoretical analysis, oftentimes computerized, are
an important tool for studying the state of the
magnetization of materials, and to deﬁne the fundamental properties of magnetic materials.
MAGNETIZATION PROCESS

Process of establishment of magnetization M
in a material under the action of an external
magnetic eld B = μ0 H . This process in
diamagnets consists in the generation of microscopic (atomic) currents and in metals and
semiconductors in the realignment of the ﬂow
of current carriers; with the resulting magnetization antiparallel to the ﬁeld. Paramagnets become
magnetized along the ﬁeld: magnetic moments of
thermally disordered particles, which constitute
a paramagnet, become oriented under the action
of the ﬁeld (see Paramagnetism). Processes of
magnetization in magnetically ordered crystals are
more complicated, and under different conditions
are determined by different phenomena: not only
by orientation of magnetic moments of particles
by the magnetic ﬁeld (see Paraprocess), but also
by rotation of the vector of spontaneous magnetization as a whole (if the direction of magnetization
does not coincide with an easy magnetization
axis). Besides that, if a magnetic domain structure
exists, the magnetization processes are governed
by its rearrangement (shift of boundaries of domains, magnetization rotation processes in the
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magnetization direction, see Saturation magnetization curve). Of key importance for magnetic
materials with several sublattices is the change
of angles between the magnetizations of magnetic
sublattices; this sometimes takes place through
magnetic phase transitions, e.g., through a spinﬂop transition in an antiferromagnet, transitions
in metamagnetics, etc. Magnetization processes
are signiﬁcantly inﬂuenced by intrinsic magnetic
ﬁelds of the sample (see Demagnetization elds).
There is also a dependence of the nature of the
magnetization on the sample shape, and this may
lead to the generation of inhomogeneous states (intermediate state) of magnetic materials. The state
of magnetization of magnetically ordered materials often depends on their prior history (see
Magnetic hysteresis).
MAGNETIZATION ROTATION PROCESS

The stage of the magnetization process during
which the angles between the vectors of the spontaneous magnetization M of different individual
domains change in order to align the overall magnetization with the direction of the local magnetic
e ld B acting within the body. For lower values of
the internal magnetic ﬁeld the main magnetization
mechanism is domain wall displacement, and the
rotation process takes place during the subsequent
stage of magnetization buildup when practically
all possible domain wall displacement processes
have already taken place and only the orientation
of domains in different regions of the sample volume may not yet coincide with the direction of B.
The rotation process occurs in magnetic ﬁelds sufﬁciently high to overcome the ﬁelds associated
with the crystal magnetic anisotropy. At the end
of the rotation the magnetization of a ferromagnet becomes saturated (see Magnetization curve).
The contribution of the rotation process to the total magnetization depends on the magnetic texture,
on the perfection of the crystal lattice, and on the
shape and dimensions of the sample.
Rotation processes can be reversible or irreversible. Irreversible rotation processes can involve jumpwise changes of magnetization (see
Barkhausen effect). If the displacements cannot
occur in a crystal (e.g., hard magnetic materials),
in a thin ferromagnetic ﬁlm (see Magnetic lms)
or in a powder sample, then the magnetization
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increase is mainly due to rotations. A similar situation takes place when magnetizing along hard
magnetization axes. Irreversible rotation processes
in magnetically hard materials are the main cause
of the magnetic hysteresis of ferromagnets.
MAGNETIZATION SATURATION
See Saturation magnetization curve.
MAGNETIZING FORCE
The same as Magnetomotive force.
MAGNETOACOUSTIC EFFECTS in metals

The oscillations with, and the resonance dependences on the magnetic ﬁeld of sound absorption,
and of the sound velocity dispersion in metals, due
to the cyclotron pattern of the electron motion.
Magnetoacoustic effects are most prominent in the
kBT
region of a quantizing magnetic eld: Ω
(Ω is the cyclotron frequency), where the electron
motion is one-dimensional (see Giant quantum
oscillations). In the case of Ω  k B T magnetoacoustic effects are determined by the electrons
that move over periodic trajectories in the magnetic ﬁeld, B, interacting with a periodic (in space
and time) sound wave ﬁeld, with the condition
kl, τ Ω
1 (l and τ are the mean free path of
an electron and its corresponding transit time, and
k is the wave propagation vector of the sound)
guaranteeing the ballistic regime of electron motion. In the high-frequency region (ωτ
1), the
resonance absorption of sound occurs at ω = nΩ
(n = 1, 2, . . .), assuming that the sound wave
changes periodically with time (see Acoustic cyclotron resonance). The fact that the sound wave is
periodic determines a number of geometrical size
effects when the distance, u, between the points of
effective sound absorption (with k · v = 0, where
v is the electron velocity) is a multiple to the sound
wavelength: k · u = 2πn. The features of these effects depend upon the mutual orientation of the
k and B vectors, as well as on the Fermi surface
topology. For k⊥B in metals with a closed Fermi
surface, the magnitude of u represents the characteristic size of a closed electron trajectory (lying
in a plane perpendicular to B), with the condition
k · u = 2πn deﬁning oscillations of the sound absorption and of the speed of sound as functions of
the reciprocal magnetic ﬁeld (see Geometrical resonance). When open electron orbits exist, or when

the vectors k and B are not orthogonal, there will
be a drift motion of electrons along the directions
of k, and magnetoacoustic resonance phenomena occur. Such phenomena are pronounced when
open electron orbits are present for which the u
values do not depend on the electron momentum,
the resonance condition being met for all electrons
simultaneously (see Magnetoacoustic resonance
at open orbits). When moving in closed orbits, the
electrons can drift along the k vector only in the
case k · B = 0. The displacement u in one cyclotron period depends on the angle, θ , between
vectors k and B and on the projection, p B , of the
electron momentum on the magnetic ﬁeld direction:
1 ∂S
cos θ,
u=
eB ∂p B
where S is the area of the section of Fermi surface cut by the plane p B = const. Those electrons
for which the quantity ∂S/∂p B displays an extremum, ∂S/∂p B = (∂S/∂p B )extr , make a major
contribution to the sound absorption This condition is realized at extremal points on the Fermi
surface (where p B attains a maximum) as well as
at some other p B points, if the Fermi surface is
not convex. The input of the above electron groups
determines a periodic (versus reciprocal magnetic
ﬁeld) system of asymmetric maxima in the sound
absorption coefﬁcient that emerge at the ﬁeld magnitudes


k cos θ ∂S
B=
extr .
2πne ∂p B
An additional condition determining the possibility of the resonance absorption of sound is the
presence of points with k · v = 0 on the p B =
const trajectory in momentum space. There are
boundary points p b which limit the regions of p B
values where intersection of the lines p B = const
and k · v = 0 on the Fermi surface is impossible. Corresponding to the input of such points are
jumps of the sound absorption coefﬁcient at ﬁeld
values


k cos θ ∂S
.
B=
2πne ∂p B b
Magnetoacoustic effects have been found in many
metals, and they underlie the ultrasound resonance spectroscopy method employed to study
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energy spectra and kinetic parameters of electrons
in metals.
MAGNETOACOUSTIC RESONANCE

A phenomenon arising from the interaction of
spins and elastic waves that results in the generation of magnetoelastic waves. The coupling is
characterized by a dimensionless parameter,
ζ=

B2
ωme
≈
,
ω0
CM 2

(1)

where M is the magnetization of the crystal (or
of its magnetic sublattice), C and B are the
elastic modulus (see Elasticity theory) and the
magnetostriction coefﬁcient, respectively, ω0 is
the magnon activation frequency, and ωme is an
input due to magnetostriction. Since M ≈ 10–
100 mT, C ≈ 108 –109 J/m2 , and B does not
exceed 103 –104 J/m3 in most cases, Eq. (1)
usually yields ζ  1. Therefore, magnons and
phonons would be conventionally regarded as separate non-interacting quasi-particles in the ﬁrst
approximation, their interaction being considered
in terms of perturbation theory as a cause of
magnon–phonon scattering (see Magnon–phonon
interaction). Under ordinary conditions such collisions obey the energy and momentum conservation laws, but only if three or more particles take
part. That corresponds, in terms of the oscillation
amplitudes of the magnetization, M, and of the
elastic strain, uij , to accounting for the third and
higher power anharmonic terms of M and uij
in the energy. There is the singular case of magnetoacoustic resonance involving a magnon and
a phonon with matching (or close to matching)
magnitudes of energy and momentum. The interaction may be so strong that the individual nature
of each quasi-particle vanishes, and a sort of hybrid quasi-particle comes forth instead. In terms
of waves this means that coupled magnetoelastic
waves, with M and u making equivalent contributions to the amplitude, become normal waves
to replace the elastic and spin waves with frequencies and wave vectors close to one another (with
matching polarization).
Fig. 1 shows schematically the essence of magnetoacoustic resonance by plotting the branches
of the frequency spectrum ω(k) of a ferromagnet as a function of wave vector k directed (for

Fig. 1. Dispersion laws of uncoupled (dashed line) and
coupled (solid line) elastic waves and spin waves, ωp (k)
and ωs (k), respectively.

the sake of simplicity) along a symmetry axis of a
high enough order so that the normal waves are
circularly polarized. The dashed lines represent
noninteracting elastic ωp (k) and spin ωs (k) waves
in accordance with the dispersion laws:
ωp (k) = ωD (ak),
ωs (k) = ω0 + ωE (ak)2 ,

(2)

where ω0 = γ B is the frequency of the uniform
precession of magnetization (k = 0) in the internal ﬁeld B (comprising, in the general case, the
effective ﬁelds of magnetic anisotropy and magnetostatic demagnetization of the specimen, that
of magnetostriction, etc., aside from the external
ﬁeld); ωD and ωE are characteristic frequencies of
the elastic (Debye frequency) and spin (exchange
frequency) subsystems; and a is an interatomic
spacing. The solid lines I and II on Fig. 1 correspond to coupled waves that take into account the
magnetoelastic interaction.
The strongest magnetoacoustic coupling (magnetoelastic resonance) takes place at the intersection point O of the functions given by Eqs. (2),
where the frequencies and wave vectors of the
phonons and magnons become equal to each other.
In the vicinity of this point the excitation of M
oscillations is necessarily accompanied by a u
excitation, and vice versa, which permits the resonance generation of sound with an alternating
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microwave ﬁeld, and the resonance generation of
spin waves with ultrasound. The magnetoelastic
coupling is practically absent at large distances
from the point O, viz., if one travels, e.g., along
the curve II, the wave is of a purely spin type over
its upper portion (point Am ) and a purely elastic
one over the lower portion (point Ap ). For a given
frequency ω, the point O may be positioned either
below or above this frequency, depending on the
magnitude of the ﬁeld B. Thus, one can continuously transform the wave of a ﬁxed frequency, ω,
from a spin type into an elastic one, and back, by
appropriately varying B. In practice such transformations may occur with a wave propagating
in a highly nonuniform ﬁeld B, which becomes
either a spin or an elastic wave (with a corresponding change of velocity) to follow the B variations
in space. This phenomenon is employed in microwave electronics to build delay lines controlled
by the magnetic ﬁeld (see Acoustoelectronics).
The detailed pattern of propagation of magnetoelastic waves effectively depends upon the dissipation processes both in the elastic and in the spin
subsystems. The mutual inﬂuence of dissipation in
the two subsystems is particularly prominent under the conditions of magnetoacoustic resonance.
The magnetoacoustic resonance phenomenon
also occurs in antiferromagnets. A greater number of spectral branches, and, accordingly, a richer
variety of magnetoacoustic phenomena, appear in
this case. In antiferromagnets with a linear (or
close to linear) dispersion law, magnetoacoustic
resonance may occur over a broad frequency
range. That occurs at an external ﬁeld strength
(or temperature) at which the phase velocities of
magnons and acoustic phonons coincide with each
other.
Investigations of magnetoacoustic phenomena
have had a fundamental inﬂuence on the basic
principles of continuum mechanics. Continuum
dynamics equations are constructed based on the
laws of conservation of momentum, of angular
momentum, and of energy. The law of conservation of momentum leads to the appearance of a
symmetrical strain tensor in the free energy (see
Thermodynamic potentials) of the elastic medium,
and in the equations of motion. Since neither orbital nor spin magnetic moments taken separately
are conserved in magnetic materials, but only the

Fig. 2. Temperature dependence of the quasi-magnon
activation frequency in the vicinity of a phase transition. The dashed line is the dependence of the magnon
activation frequency, 
ω0 , that does not take account of
magnetoelastic coupling, the solid line is the same taking
into account the coupling, and T cr is the phase transition
temperature.

total angular momentum, one should introduce an
antisymmetric part of the strain tensor alongside
the symmetric part to describe the magnetoelastic states of matter. Accordingly, the stress tensor
turns out to be nonsymmetric also (contrary to
classical elasticity theory). The antisymmetric part
of the stress tensor deﬁnes an additional torque
that appears due to the magnetic anisotropy, at
a local elementary volume torsion of the body
relative to the magnetization. Conditioned by the
antisymmetric part of the stress tensor are reversal effects characteristic of magnetic media.
A nonreciprocity effect was experimentally observed whereby the velocities of two transverse
acoustic waves with mutually reciprocal wave vector alignments and polarizations differ from each
other. The magnetoelastic interactions markedly
increase in the vicinity of a magnetic orientational
phase transition, if the magnetic mode of an activation frequency, ω0 , interacting with sound is a
soft mode at this phase transition, so that without accounting for the magnetoelastic coupling,
we ﬁnd ω0 = 0 at the phase transition point.
This could be a phase transition with respect to
the temperature, magnetic ﬁeld, or pressure. The
gap for the quasi-magnon mode ω0 does not go
to zero at the transition due to the magnetoelastic coupling; it only reaches its minimum value
ω0 = ωme there, deﬁned by the magnetostriction
coefﬁcients (Fig. 2). The magnetoelastic coupling
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Fig. 4. Dependence of the ultrasound absorption coefﬁcient Γ of tin on the magnetic ﬁeld B.

Fig. 3. Frequencies of coupled magnetoelastic waves,
ω, plotted against the wave vector, k, near the point
of an orientational phase transition. The dashed lines 1
and 2 correspond to magnons and phonons, respectively,
without taking into consideration the magnetoelastic
coupling, and the solid lines correspond to: I , quasimagnons, and II and III, quasi-phonons. The group
velocity of quasi-phonons is zero at k = 0.

parameter, ξ , becomes unity at this point. The
dynamic modulus of elasticity for the corresponding quasi-phonon mode goes to zero at the phase
transition (Fig. 3) because of the magnetoelastic
coupling, and so does the speed of sound deﬁned
by it. The ﬁrst effect, the magnetoelastic gap, was
experimentally discovered in the antiferromagnetic
resonance of haematite, and a giant magnetoelastic gap (about 20 K) was found in terbium and
dysprosium by inelastic neutron scattering. The
second effect, reduction of the sound velocity, was
observed in haematite (more than 50%) and in
terbium. The impact of magnetoelastic effects at
phase transitions on the general understanding of
physics is associated with the fact that underlying
these phenomena are fundamental properties of
systems exhibiting spontaneous symmetry breaking.
MAGNETOACOUSTIC RESONANCE AT OPEN
ORBITS

The resonance dependence on the magnetic
ﬁeld, B, of the absorption of ultrasound in metals
due to electrons drifting along the wave vector k while moving along open periodic orbits
in momentum space. Unlike the magnetoacoustic

resonance of closed electron orbits, this effect is

observed even at k⊥B, occurring under the condition that the electron displacement, u, during
one cyclotron period is an integer multiple of the
sound wavelength: ku = 2πn. The quantity u ∼
b sin θ/(eB) does not depend on the electron momentum, and is determined by the period b of the
reciprocal lattice along a direction where the Fermi
surface is open, as well as by an angle, θ , between
this direction and the wave vector k. The sound
absorption coefﬁcient, Γ , is a function of the
reciprocal magnetic ﬁeld (see Fig. 4) with a period
(1/B) ∼ 2πe/(kb sin θ) under the conditions
of magnetoacoustic resonance with open orbits.
Since the phenomenon is governed by the space
(not time) periodicity of the acoustic wave, it is realized at low sound frequencies: ωτ  1 (τ is the
mean free path time of the electrons), if the condition Ωτ
1 holds (Ω = eB/m∗ is the cyclotron
frequency). At ωτ
1, the resonance condition
takes the form ku = 2π(n ± ω/Ω) because of the
acoustic cyclotron resonance, and each absorption
maximum is split into two. The magnetoacoustic
resonance at open orbits has been found in many
metals, and is an effective means for the determination of Fermi surface parameters, and of the
effective masses and mean free paths of electrons.
Similar effects (e.g., 1/B periods) can occur as
the de Haas–van Alphen effect and Shubnikov–de
Haas effect.
MAGNETOACOUSTIC RESONANCE,
NONLINEAR

See Nonlinear magnetoacoustic resonance.
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MAGNETOACOUSTIC SIZE EFFECTS

The dependences of speciﬁc acoustic characteristics of a metal (e.g., mean coefﬁcient of sound
absorption Γ in the ﬁlm) on the magnetic ﬁeld
strength B and on the material thickness, d. They
develop due to the interaction of the ultrasound
wave with conduction electrons when the mean
free path l of the latter with respect to volume scattering is much larger than the specimen thickness
(l d, criterion of a “thin” specimen).
Magnetoacoustic size effects arise since in
weak magnetic ﬁelds the electron orbits with their
Larmor radii rL do not ﬁt into the specimen
(d < 2rL ) and are perturbed due to the surface
specular scattering of the charge carriers (see
Fig.). When the sound propagates in a direction
normal to a thin metal layer placed in a magnetic ﬁeld parallel to it, two cyclotron resonances
develop along the grazing electron trajectories:
a static and an oscillatory one. The ﬁrst results
in stronger sound absorption, Γ , and the second
results in
√ quasi-periodic oscillations of the function Γ ( d/B). At low enough temperatures one

should observe quantum magnetoacoustic size effects in sound waves penetrating through thin conducting single crystal lm s (qd  1, where q is the
wave number). This effect involves both magnetic
and spatial quantization of the carrier motion.
Magnetoacoustic size effects in a strong magnetic
e ld (rL  d) tilted with respect to the surface
of the metal plate are similar to Sondheimer oscillations. Such oscillations of Γ (B) are possible
both during diffuse and specular reﬂection of these
electrons off the boundary. In the range of strong
magnetic ﬁelds the helicon–phonon resonance in a
thin layer (d  l) also results in magnetoacoustic
size effects.
Magnetoacoustic size effects carry important
information on the energy spectrum of electrons
(in particular on its local properties) which signiﬁcantly complement descriptions of the Fermi
surface obtained by other means. In addition, magnetoacoustic size effects are sensitive to both the
integral and the differential parameters that characterize surface scattering of charge carriers, and
may be used to study surface properties of crystalline conductors. The principal prerequisites for
observing magnetoacoustic size effects are sufﬁcient purity of the single crystal specimen to
achieve the inequality d < l at low temperatures,
and a high quality of its surface. These conditions are practically the same as those necessary
for observing galvanomagnetic size effects in metals, effects which have often been reported in the
literature.
MAGNETOCALORIC EFFECT

Changes in the temperature of a magnetic substance with a variation in the applied magnetic
e ld B under adiabatic conditions. The magneto-

Types of surface electron trajectories in a magnetic
ﬁeld B applied parallel to the metal surface (no provision
is made for surface scattering): (a) “sliding”; (b) “mixed”
case of two-channel reﬂection from the boundary; and
(c) orbit touching both specimen boundaries (in a weak
magnetic ﬁeld). Electrons effectively interact with the
sound wave at sections of trajectories approximately parallel to the wave front.

caloric effect is a consequence of the ﬁrst law of
thermodynamics. The change of the internal energy of the magnetic material equals the work
done adiabatically by the magnetic ﬁeld. Thus,
the temperature of the material changes during
adiabatic magnetization if the internal energy is
temperature dependent. A small variation in the
magnetizing ﬁeld, B, causes the temperature
variation:


T ∂M
B,
T =−
CB ∂T B

MAGNETOELASTIC EXCHANGE INTERACTION

where M is the magnetization, and CB is the
speci c heat at constant magnetic ﬁeld. For a
paramagnet, M ∝ B/T and thus T ∝ B B/T ;
hence, the temperature of the magnetic material
rises as the magnetic ﬁeld increases, and falls
as it decreases. The magnetocaloric effect is employed to achieve temperatures below 1 K by the
adiabatic demagnetization of paramagnetic salts
(see Adiabatic demagnetization cooling). For ferromagnets below the Curie point, (∂M/∂T )B < 0,
hence T > 0. The magnetocaloric effect attains
its maximum value in the vicinity of the Curie
point, and it is one of the most accurate indirect
methods for determining the Curie temperature
and the magnetic saturation. The magnetocaloric
effect in ferrimagnets exhibits a change of sign in
the neighborhood of the magnetic compensation
point due to the change in sign of the temperature
derivative of the magnetization.
MAGNETODIELECTRIC, magnetoinsulator
A powder magnetic material prepared by pressing, and consisting of ferromagnetic or ferrimag-

netic particles of 1–100 μm size separated from
each other by a non-magnetic insulator (dielectric). Employed as a powder in the magnetodielectrics are: the soft magnetic materials AlSiFe,
carbonile iron, permalloy, etc., and the hard magnetic materials, various ferrites (e.g., the barium
one), as well as alloys of the alni, alnico, etc.,
type. The insulator, acting simultaneously as a
binder, may be: a “liquid glass”, a glassy enamel,
Bakelite, polystyrene, shellac, various resins, etc.
Rubbers are employed as an insulator when using
magnetodielectrics to fabricate elastic permanent
magnets. The properties of a magnetodielectric
can be varied over a wide range by selecting the
composition and size of the magnetic powders,
the type and content of the insulator, as well as
by varying the pressing process techniques. Magnetodielectrics display high resistivity and small
eddy-current loss (see Magnetic loss). They are
used in radioelectronic and telecommunication
equipment (coil cores, magnetic circuits of relays
and chokes, etc.) at frequencies of up to 100 MHz,
to manufacture permanent magnets, holding devices, etc. Magnetodielectrics successfully compete with ferrites in some ﬁelds of application.
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MAGNETODYNAMIC NONLINEARITY

A principal cause of nonlinear electromagnetic
effects that appear in pure metals at low temperatures. Due to the high electrical conductivity
of a metal the electric ﬁeld present in it is usually small, and the magnetic eld generated by
the current ﬂowing through a sample proves to
be the main source of nonlinearity. This magnetic
ﬁeld alters the electron dynamics, and thus inﬂuences the metallic conductivity. The mechanism
of magnetodynamic nonlinearity works most effectively with a strong spatial dispersion when the
conductivity is governed by a small group of conduction electrons conﬁned to an effective potential
well formed by the intrinsic ﬁeld of the nonlinear
wave. These electrons move along the electric current in trajectories that wind adjacent to the plane
where there is a sign reversal of the intrinsic magnetic ﬁeld. They exist only in a nonlinear regime.
There is a pronounced spatial dispersion when
the electron mean free path exceeds the specimen thickness. The magnetodynamic nonlinearity
results in a sublinear current–voltage characteristic in a plate, and voltage stabilization in a wire.
The external magnetic ﬁeld controls the nonlinearity in such a manner that there is the possibility
for a negative differential resistance to be present
in a plate. For high frequencies the strong spatial
dispersion is associated with the anomalous skineffect. A magnetodynamic nonlinearity can lead
to the dependence of the surface impedance on
the amplitude of an incident electromagnetic wave
(nonlinear anomalous skin effect), and the excitation of electric current states in metals.
MAGNETOELASTIC EFFECT
The same as the Villari effect.
MAGNETOELASTIC EXCHANGE
INTERACTION
A magnetoelastic interaction caused by the
dependence of the exchange integral J (see Exchange interaction) of atomic spins of a magneti-

cally ordered crystal on the interatomic distance.
The energy of magnetoelastic exchange is usually
higher than that of ordinary quantum-mechanical
spin interactions. However, magnetoelastic exchange possesses a higher symmetry (that does not
vary for arbitrary uniform spin rotations of a magnet with unchanged atomic positions). By virtue of
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this, there are some magnetoelastic effects that do
not arise from the magnetoelastic exchange interaction, e.g., to describe magnets it is necessary to
allow for other types of interaction. The magnetoelastic exchange interaction controls, in particular,
the volume change that results from magnetic ordering (this can alter the type of magnetic phase
transition), but does not cause elastic strains to appear when the magnetization rotates with its length
unchanged.
MAGNETOELASTIC GAP
An excitation in a spin wave spectrum of

a magnetically ordered crystal whose magnetic
symmetry would not suggest such an excitation
spectrum (see Goldstone theorem); also a contribution to a spin wave excitation due to magnetoelastic interactions (see Magnetoacoustic resonance). The magnetoelastic gap appears most
prominently in the vicinity of spin-realignment
magnetic phase transitions, as the activation due
to the magnetic anisotropy in the spin wave spectrum diminishes. Simultaneously vibrations of the
elastic subsystem are transformed: the dispersion
law for the sound (acoustic wave) interacting with
the spin waves changes from linear to quadratic at
the transformation point. Associated with the magnetoelastic gap is the invariance in the free energy
of a magnetic substance which is linear in the deviations of the magnetization and strain from their
equilibrium values, and determines the presence of
an intrinsic ferroelastic phase transition in the material (see Ferroelastic).
MAGNETOELASTIC INTERACTION
Interaction between the magnetization and elas-

tic displacements (of spin and elastic subsystems)
in magnetically ordered solids. Underlying the
magnetoelastic interaction is the dependence of
the direct (dipole–dipole, spin–orbit), and the exchange interactions of magnetic atoms and magnetic ions upon the spacing between them. Of
special importance are the direct magnetoelastic
interaction and the exchange magnetoelastic interaction. These interactions can be described both
microscopically, in the terms of a spin–phonon
Hamiltonian, and through a phenomenological approach to the physics of magnetism, and they
appear in both static and dynamic situations. The

former (static) case results in magnetostriction,
mechanostriction, in the magnetic anomalies in
thermal expansion, in elastic moduli, in piezomagnetism, etc. The stronger exchange interaction
associated with magnetic phase transitions may
result in isomorphic changes of the structure of
the crystal lattice and its symmetry. In the latter
(dynamic) case the magnetoelastic interaction results in magnetoacoustic resonance, spin–lattice
relaxation, etc. The magnetoelastic interaction is
a relatively weak one, but its importance grows
markedly in the vicinity of a magnetic phase
transition where the magnetic anisotropy energy
decreases. Near a second-order phase transition
the frequency of the soft mode tends toward the
value of the magnetoelastic gap rather than to
zero. Here, as well, the phonon spectrum becomes
highly distorted which, in turn, has a marked bearing on the static, dynamic, thermodynamic and
other properties of the magnetic material.
MAGNETOELECTRIC
See Magnetoferroelectrics.
MAGNETOELECTRIC-ACOUSTIC
PHENOMENA
See Acoustomagnetoelectric phenomena.
MAGNETOELECTRIC EFFECT (predicted by
L.D. Landau and E.M. Lifshits, 1956)
Development (or change) of magnetization

(electric polarization) in a solid under the action
of an electric (magnetic) ﬁeld. Several types of
magnetoelectric effects are known, differing in
their physical nature. The thermodynamic potential of some magnetically ordered crystals may
include the terms Φ = −αik Ei Bk , where Ei and
Bk are the electric and magnetic ﬁelds, respectively. Therefore, the electric ﬁeld induces a magnetization in such materials: M = −∂Φ/∂Bk =
αik Ei , and the magnetic ﬁeld induces an electric polarization: P = −∂Φ/∂Ei = αik Bk . The
classes of magnetic symmetry for which the tensor
αik is nonzero were found by I.E. Dzialoshinskii.
A magnetoelectric effect was ﬁrst observed in the
antiferromagnet Cr2 O3 . Besides the magnetoelectric effects induced by an external ﬁeld, spontaneous magnetoelastic effects exist in ferroelectrics,
which introduce some peculiar features into the
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picture of ferroelectric and magnetic phase transitions, and into the response of such a system to
electric and magnetic ﬁelds. A nonuniform magnetoelectric effect may may appear in the presence
of a macroscopic nonuniformity of the magnetization (e.g., one associated with magnetic domain
walls) in magnetically ordered crystals, as well as
in modulated magnetic structures; such phenomena may take place in crystals of any symmetry
type.
Magnetoelectric effects based on the terms
Φ = −αik Ei Bk are impossible in crystalline paramagnets and diamagnets because the αik tensor
vanishes in crystals without a magnetic structure,
but whose symmetry operations include time inversion, T , by itself (T changes the sign of the magnetic ﬁeld and magnetization). Still the thermodynamic potential of ferroelectric paramagnetic crystals involves the terms Φ = −ξij k Ei Bj Bk , where
ξij k is a third-rank tensor with the same symmetry
as the piezoelectric tensor. Placing such crystals
in a strong magnetic ﬁeld, Bk , one can induce in
them a magnetization along the j direction with a
ﬁeld Ei , or an electric polarization along the i direction with a ﬁeld Bj . Such a magnetoelectric
effect was ﬁrst identiﬁed in a NiSO4 ·6H2 O crystal.
The magnetoelectric effect is also possible in
diamagnetic nonmetallic crystals with paramagnetic centers of impurity ions. This effect can be
conveniently described in this case in terms of the
spin Hamiltonian of a paramagnetic center. If the
local symmetry of the paramagnetic center, as well
as the symmetry of the crystal as a whole, is lacking a center of symmetry then the spin Hamiltonian
parameters will be linear in the ﬁeld E, and so
will the magnetization of the crystal. Along with
the purely static magnetoelectric effects caused
by a change of spin Hamiltonian parameters, diamagnetic nonmetallic crystals with paramagnetic
centers exhibit magnetoelectric effects associated
with an unpaired electron traveling (as a rule, by
way of tunneling) across different sites in the crystal, and with the effects of an electric ﬁeld acting
on such a motion. Under this type of magnetoelectric effect, an enormous enhancement of the
magnetization of a specimen (by over an order of
magnitude) is observable, arising from the action
of an alternating electric ﬁeld on the paramagnetic
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centers. This was ﬁrst experimentally observed
with Al–O− hole centers in quartz. An essential
role belongs to the electric-ﬁeld modulation of
the processes of relaxation of electric and magnetic dipoles. One can interpret this magnetization
enhancement as a quasi-stationary cooling of the
system of paramagnetic centers down to a spin
temperature (see Level population) below the lattice temperature.
The magnetoelectric effect was also predicted
for non-magnetic conductors lacking an inversion
center, where a magnetization must appear due to
an electric current ﬂowing: M = αE, and an electric polarization must emerge in a magnetic ﬁeld.
The pseudotensor α includes the relaxation time;
therefore, as in all kinetic phenomena, the time inversion covariance is not a limiting condition in
this case.
Underlying the magnetoelectric effects is the
fact that the electric and magnetic characteristics
of a solid are determined by the same particles,
namely, electrons that carry, in addition to an electric charge, a magnetic moment (spin and orbital).
There are interactions (exchange and spin–orbit
types) to interrelate the motion of charges in space,
and the mutual alignment of their magnetic moments. External forces affect the energy of the
electric and magnetic subsystems that interact
both with one another and with their environment
(e.g., with phonons). That results in the reciprocal
inﬂuence of the electric ﬁeld upon the magnetic
characteristics, and of the magnetic ﬁeld upon the
electric characteristics, of a solid.
MAGNETOFERROELECTRICS,
magnetoelectrics

Materials featuring simultaneous magnetic and
ferroelectric (antiferroelectric) ordering. The natural magnetoelectrics are orthorhombic ericaite,
Fe3 B7 O13 Cl and chambersite, Mn3 B7 O13 Cl.
However, the ﬁrst studies of magnetoelectrics
were conducted using synthetic crystals of the perovskite type. A large number of both ferroelectric
and antiferroelectric crystals are known, which
may be either ferromagnetic, antiferromagnetic or
ferrimagnetic. Their ferroelectric and magnetic ordering occurs at different temperatures, θE and
θM , respectively (see Curie point). Ordinarily, but
not necessarily, θM < θE . A substance is a magnetoelectric at T < min(θE , θM ). Magnetoelectrics
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are known with θE up to 1000 K and θM up to
400 K.
The speciﬁc properties of magnetoelectric crystals result from the interaction of the ferroelectric
and magnetic subsystems, otherwise known as the
magnetoelectric interaction (MEI). Microscopically the nature of this interaction is the same as
that of the magnetoelastic interaction. One should
distinguish between the exchange and relativistic
MEI. The energy of MEI in magnetoelectrics may
be comparable to the intrinsic energy of either the
spin or the ferroelectric subsystem. MEI produces
speciﬁc phenomena typical for magnetoelectrics
only, such as the spontaneous magnetoelectric effect, the change of atomic magnetic structure by an
external electric ﬁeld, and the change of the electric state by a magnetic ﬁeld. The latter may possibly induce corresponding phase transitions. There
also exist magnetoelectric oscillations and waves
(mutually related spin and ferroelectric waves, see
Magnetoacoustic resonance). The unusual properties of magnetoelectrics make it possible to apply
them to the construction of unique instruments in
solid state microelectronics.
MAGNETOGYRIC RATIO
The same as Gyromagnetic ratio.
MAGNETOINSULATOR
See Magnetodielectric.
MAGNETOMECHANICAL PHENOMENA,
gyromagnetic phenomena

A group of phenomena determined by the
interplay between mechanical and magnetic moments of microscopic particles serving as carriers
of magnetism. Every such particle (electron, proton, neutron, atomic nucleus, atom) with angular
momentum has an associated magnetic moment.
Therefore, an increase of the total angular momentum of the particles comprising a physical body
results in the appearance of an additional magnetic
moment, and the body acquires additional angular momentum at its magnetization. Thus there
appears a magnetic moment in an initially unmagnetized iron rod when it is rotated (see Barnett
effect), and reciprocally, a freely suspended ferromagnetic specimen rotates on being magnetized
(see Einstein–de Haas effect).

MAGNETOMECHANICAL RATIO
The same as Gyromagnetic ratio.
MAGNETOMETRY

Process of measuring magnetic ﬁelds, and
sometimes more generally magnetic properties of
materials. Magnetometers are based on a variety of principles, and are designed to determine
the characteristics of a magnetic eld (magnetic
ﬁeld H , magnetic ux density or induction B, time
and space dependences of the ﬁeld characteristics, etc.) or the magnetic properties of materials
(susceptibility, magnetic moment, magnetization,
hysteresis loops and losses, coercive force, remanence, parameters of magnetic anisotropy (see
Magnetic anisotrometer), etc.).
Such devices are often labeled with more
speciﬁc names originating either from the measurement method (e.g., magnetic balance, a device to gauge magnetic moments and susceptibilities), from the quantity being determined (e.g.,
coercimeter, to measure the coercive force, or
ﬂuxmeter, to measure magnetic ﬂux), or else from
the unit in which the device is calibrated (e.g., teslameter and gaussmeter measure B in the units T
and G, respectively, or webermeter, a magnetic
ﬂuxmeter calibrated in Wb = T·m2 ).
The main methods that have been employed in
magnetometry over the years are as follows. The
ballistic method employs a ballistic galvanometer
to measure the amount of electric charge generated
in a search coil for a change of the magnetic ﬂux
threading through it. The magnetometric method
is based on the magnetizing action of a specimen
upon a magnetic needle, while the electrodynamic
method is based on its action on a bracket with
electric current. The induction method measures
the e.m.f. induced in a secondary coil by an alternating magnetizing current passing through a
primary coil. The vibration method measures the
e.m.f. induced by vibrations of one magnetized
specimen relative to another or to a coil. The ponderomotive method gauges the mechanical force
acting on a specimen in a magnetic ﬁeld (a pendulum, torsion or lever balance). Bridge and potentiometric methods determine the complex magnetic permeability in an alternating magnetic ﬁeld.
The wattmeter method is employed to measure
remagnetization losses. The calorimetric method

MAGNETOOPTICAL EFFECTS IN LIQUID CRYSTALS

measures the changes of a specimen temperature
at its remagnetization. Most of these methods are
now antiquated, and seldom employed.
More widely used in recent years are resonance and quantum methods which depend on
the phenomena of nuclear magnetic resonance,
electron paramagnetic resonance, Josephson effect (see Superconducting quantum interference
devices), etc. Galvanomagnetic methods make use
of the Hall effect, and the changes of the resistivity
in a magnetic ﬁeld (see Galvanomagnetic effects).
Optical methods are associated with the rotation of
light polarization plane (Faraday effect and Kerr effect).
MAGNETOMOTIVE FORCE

A scalar quantity characterizing the magnetizing action of electric currents. The magnetomotive
force F equals the circulation of the magnetizing vector B over a closed circuit L enclosing the
electric currents Ii that generate the magnetic ﬁeld
B dl =

F
L

Bl dl =
L

n


Ii ,

i=1

where Bl is the projection of B on to the direction of the element dl of the integration contour,
and n is the number of conductors (turns) carrying
a current I enclosing the circuit. This concept is
useful for magnetic circuit calculations.
MAGNETON

A unit of magnetic moment with the value
μ = e/2mfp , where e is the electron charge
and mfp is the mass of a fundamental particle.
Of particular importance are the Bohr magneton,
μB = 9.274·10−24 J/T (deﬁned by the mass of
an electron) used for atomic magnetism, and the
nuclear magneton, μN = 5.051·10−27 J/T, with
mfp equal to the mass of a proton. Thus, electronic
magnetism is much stronger by three orders of
magnitude (mp /me = 1836) than the magnetism
of nuclei and nucleons. The magnetic moment of
an elementary particle (as well as that of a system of particles) is quantized, and sometimes it
is a multiple of the corresponding magneton. The
magneton plays the part of an elementary magnetic moment; which is closely associated with
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the quantization of the particle angular momentum. For orbital motion the latter is a multiple of
, for spins it can be a multiple of either  or /2.
MAGNETOOPTICAL EFFECTS

Phenomena consisting in changes of light polarization or intensity in a material medium under the action of a magnetic eld, B, or of a
magnetization, M, that take place as light passes
through a medium, or is reﬂected from its surface.
Falling into the ﬁrst group are: the Faraday effect,
or magnetic circular birefringence, the Cotton–
Mouton effect (see Voigt effect), magnetic circular
dichroism (differential absorption of waves with
left and right polarization in the Faraday effect
geometry), and magnetic linear dichroism (differential absorption of intrinsic waves with linear
polarization in the Cotton–Mouton effect geometry). The changes in the intensity and polarization
of light on its reﬂection from the surface of a
magnetized medium constitute the magnetooptical
Kerr effect. It can be polar (M  n, where n is a
normal to the surface), longitudinal, or meridional
(vector M parallel to the surface and lying in the
plane of incidence), and transverse or equatorial
(vector M parallel to the surface and perpendicular to the plane of incidence). The correlation
between the optical and magnetic properties occurs not only in static, but also in dynamic, phenomena, e.g., in the scattering of light from spin
waves. Magnetooptical effects are found in materials of all types: in insulators, semiconductors
and metals, in diamagnets and paramagnets; but
they are strongest in magnetically ordered materials: ferromagnets, antiferromagnets, etc. The
cause underlying the appearance of these effects is
the dependence of the energy spectrum of a magnetic substance on its magnetic state.
MAGNETOOPTICAL EFFECTS IN LIQUID
CRYSTALS

Changes in optical properties of liquid crystals
resulting from the orienting action of an applied
magnetic ﬁeld upon the director (optical axis of a
liquid crystal) due to the diamagnetic anisotropy
with χa = χ − χ⊥ > 0 (see Electrooptical effects).
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MAGNETOOPTICS

Study of the interrelations between magnetic
and optical properties of matter. These magnetooptical phenomena can be classiﬁed into: magnetooptical effects (Faraday effect, Kerr effect, etc.)
caused by changes in the optical properties of
materials (dielectric constant and magnetic permeability tensors) under the action of a magnetic eld
or magnetization (or sublattice magnetization vectors in multisublattice magnetic substances); and
photomagnetic effects arising from the impact of
optical radiation on such magnetic parameters as
magnetization and magnetic anisotropy (reciprocal
Faraday effect, photoinduced magnetic anisotropy,
etc.). Magnetooptical phenomena appear in all
magnetic materials, but are most pronounced in
magnetically ordered media.
MAGNETOPLASTIC EFFECT

Effects of a magnetic ﬁeld on mechanical
properties of ferromagnets and other materials.
Changes occur in the yield limit, ultimate strength,
permanent set and creep of materials, wear hardness (see Wear), and the durability of parts and
tools. In an alternating ﬁeld the strain is discontinuous. The magnetoplastic effect arises from
the interaction of dislocations with magnetic domain walls, or from magnetostrictive stresses (see
Magnetostriction). The magnetic domain structure
becomes much ﬁner under strain, which makes
the interaction of domain boundaries with dislocations in a weak ﬁeld more intense. In a stronger
ﬁeld, domain boundaries disappear, but the drag
on dislocations due to their disaligning action
upon the spin moments remains. When studying
magnetoplastic effects experimentally, it is necessary to take into account specimen heating by
eddy currents in an alternating magnetic ﬁeld, or at
the switching (on/off) of the permanent ﬁeld. The
magnitude and sign of the magnetoplastic effect
depend on many factors: the magnitude and direction of the magnetic ﬁeld; the sequence in which
stress and ﬁeld have been applied; the temperature
and the rate of deformation; the number of impurity
atoms, the structural homogeneity of the material
including the grain and subgrain sizes; and magnetic characteristics (domain structure, saturation
magnetization, magnetostriction, etc.).

MAGNETOPLUMBITE
A mineral of hexagonal (in the crystallographic

sense) symmetry. Pb2 Fe15 Mn7 (Al, Ti) O38 . Oxide monocrystalline ferrimagnets of composition
n1 (Pb, Ba, Sr)O·2n2 Fe2 O3 (n1  1, n2  3), isomorphous to the above, are referred to as hexaferrites of the magnetoplumbite structure. The unit
cell comprises four alternating blocks: S blocks
of the cubic spinel structure (two-layered), and
R blocks of a hexagonal structure (three-layered),
positioned perpendicularly to the c axis according
to the pattern SRS ∗ R ∗ (where the asterisk denotes
blocks turned through 180◦ ). The space group is
4 ), and the point group has symP 63 /mmc (D6h
metry 6/mmm (D6h ). The best known members
of the magnetoplumbite family are: PbO·6Fe2 O3 ,
barium ferrite BaO·6Fe2 O3 and strontium ferrite SrO·6Fe2 O3 . Typical magnetoplumbite parameters are: crystal lattice constants a = 0.586–
0.589 nm and c = 2.303–2.319 nm; density
5.12–5.67 g/cm3 , magnetic moment per unit
chemical formula ∼20μB , and the Néel point
430–460 K.
MAGNETORESISTANCE

Changes in resistivity of solid conductors under the action of an external magnetic eld, B.
There are transverse and longitudinal magnetoresistive effects with the electric current, I , running
perpendicular to the magnetic ﬁeld B, or with
I  B, respectively. The underlying cause of this
effect is the bending of current carrier trajectories
in the magnetic ﬁeld (see Galvanomagnetic effects). The relative change of the transverse resistivity at room temperature amounts to ( ρ/ρ)⊥ ≈
10−4 at B ≈ 1 T in metals, with the exception of
Bi which has ( ρ/ρ)⊥ ≈ 2 at B = 3 T. The latter
justiﬁes the employment of Bi to gauge the magnetic ﬁeld (see Magnetometry).
Decreasing the temperature and increasing B
result in an increase in ( ρ/ρ)⊥ (see Kapitza
law). In a weak ﬁeld, ( ρ/ρ)⊥ is proportional
to B 2 . The proportionality factor is usually positive, i.e. resistivity increases with magnetic ﬁeld;
the exception being ferromagnets (see Kondo effect, Mesoscopic uctuations). Since resistivity is
sensitive to the presence of impurities and defects in the crystal lattice, and to the temperature,
measurements may yield different ρ versus B dependences. Nevertheless, different data referring
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to one and the same metal are found to ﬁt a single straight line (see Kohler rule).
The magnetoresistive effect is used to investigate electronic energy spectra and mechanisms of
current carrier scattering, and to gauge the magnetic ﬁeld strength.
Larger changes in magnetoresistance called giant magnetoresistance (GMR) have been observed
in ﬁlms made with alternating layers of a ferromagnetic and a non-ferromagnetic material. This
effect was ﬁrst detected in alternating layers of Fe
and Cr, and is more pronounced in Co/Cr layers.
Other materials, such as La0.67 Ca0.33 MnOx , exhibit resistance changes of 103 in a magnetic ﬁeld
of 6 T, an effect referred to as colossal magnetoresistance.
MAGNETORESISTANCE, ANOMALOUS
See Anomalous magnetoresistance.

netically ordered material with characteristic inhomogeneity dimensions of the order of the specimen size. The frequency of magnetostatic oscillations, ω, must satisfy the inequality ω  c/ l
(l is the characteristic specimen size), implying
that one is allowed to neglect the effects of retardation (lag) between different parts of the material. At the same time, the specimen dimensions
should be large compared to the characteristic
exchange interaction length, D 1/2 (l
D 1/2 ,
−12
−14
2
where D ≈ 10
–10
cm ). The magnetic oscillations can be described, for these simplistic
circumstances, by magnetostatics equations and
by the equations of motion of the magnetization of magnetic sublattices (see Landau–Lifshits
equation). The structure of the magnetic ﬁeld and
magnetization, and the spectrum of magnetic oscillations, depend on the specimen shape, and the
boundary conditions at its surface. There is a variety of characteristic magnetic oscillations (see
Walker modes), including those corresponding to
uniform precession of the magnetization. The resonant frequency of ferromagnetic resonance for a
ferromagnetic ellipsoid is given by the Kittel equation (Ch. Kittel, 1948):
ω = γ B + μ0 (Nx − Nz )M

1/2

× B + μ0 (Ny − Nz )M

1/2

where μ0 is the magnetic permeability of vacuum,
γ is the gyromagnetic ratio, M is the saturation
magnetization, B is the magnetizing component
of the external ﬁeld (B  z), and Nx , Ny and Nz
are the demagnetizing factors of the ellipsoid. The
magnetic oscillations are excited with a nonuniform microwave ﬁeld by placing the specimen in
a wave guide or resonator.
MAGNETOSTATICS
A division of magnetism and electrodynam-

ics that studies the properties of a steady-state (or
relatively slowly changing) magnetic ﬁeld (from
a permanent magnet or direct electric currents).
Calculations of the ﬁeld make use of the equations
of magnetostatics, which correspond to a special
case of Maxwell’s equations:
∇ · B = 0,

MAGNETOSTATIC OSCILLATIONS
Free oscillations of magnetization of a mag-

,
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∇ × H = j,

where B is the magnetic ux density, H = B/μ
is the magnetic ﬁeld, and j is the conduction current density. The basic ﬁeld computation methods
in magnetostatics ensue from the Ampère theorem, which asserts that the magnetic ﬁelds of
closed direct current loops can be regarded as the
ﬁelds of paired magnetic charges corresponding
to magnetic dipoles. Introduction of the magnetic
charge concept allows the formal application of
ﬁeld computation methods employed in electrostatics. The magnetostatic ﬁeld in the absence of
conduction currents is a potential ﬁeld, i.e. the
work of the forces of a magnetostatic ﬁeld acting on a probe charge is independent of the path.
The magnetostatic equations describe a varying
magnetic ﬁeld adequately enough, provided the
characteristic dimension of the ﬁeld inhomogeneity is much smaller than the wavelength of the
oscillatory changes in B. Satisfying this condition
is called the magnetostatic limit.
MAGNETOSTATIC WAVES
See Spin waves.
MAGNETOSTRICTION
Strain of a material induced by an applied

magnetic ﬁeld, discovered by J. Joule (1842). It
is characterized by relative changes of the linear dimensions of the body λ = l/ l (linear
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MAGNETOSTRICTION, GIANT

magnetostriction) or of its volume (bulk magnetostriction). The magnetostriction phenomenon is
present in all magnetic materials, with differing
values of λ in different cases. In ferromagnets
and ferrimagnets, λ ∼ 10−5 –10−4 , in antiferromagnets, paramagnets and diamagnets, the magnetostriction is ordinarily smaller (10−6 –10−7 ).
Giant magnetostriction with λ ∼ 10−3 –10−2 is
exhibited by rare-earth elements, actinides and
their compounds. The magnitude of λ depends on
the orientation of the size change direction relative to the external magnetic ﬁeld B and the
crystallographic axes. One can determine λ along
the ﬁeld B (longitudinal magnetostriction) and
perpendicular to it (transverse magnetostriction).
Underlying this phenomenon is the fact that the
interactions deﬁning the magnetic state of a crystal depend upon the distances between magnetic
atoms or ions. Hence, any change in the magnetic state under the action of an applied magnetic
ﬁeld, temperature, elastic stress, etc., results in the
atoms being displaced from their equilibrium positions during the ensuing deformation of the body.
Magnetostriction is known as exchange magnetostriction or direct magnetostriction according to the type of magnetic interactions involved
(exchange interaction, or direct interaction such
as spin–orbit or dipole–dipole). The direct magnetostriction occurs in the region of saturation
magnetization of ferromagnets at B < B s (B s is
the saturation magnetizing ﬁeld) and displays a
marked anisotropy. At B > B s , i.e. in the so-called
paraprocess region, the exchange magnetostriction is typical. In this region, the magnetostriction is isotropic in cubic crystals and anisotropic
in uniaxial ones. The longitudinal and transverse
magnetostrictions are usually opposite in sign for
B < B s in most magnetic materials, and have similar signs for B > B s . The value of λ at B = B s
is called the saturation magnetostriction. Magnetostriction is an even function of the magnetization M.
Antiferromagnets exhibit, in addition to the
usual variety, a magnetostriction linear in the
magnetization, and a piezomagnetic effect (see
Piezomagnetism) reciprocal to it. A strain due to
changes of the magnetic state with temperature
(spontaneous magnetization) is termed spontaneous magnetostriction. An additional strain due

to the magnetic state changing under the action of
external elastic stresses is termed forced magnetostriction, or mechanostriction.
Associated with magnetostriction is the reciprocal process or Villari effect, which is the change
in the magnetic induction B of a ferromagnetic
material resulting from an applied mechanical
stress.
MAGNETOSTRICTION, GIANT
See Giant magnetostriction.
MAGNETOSTRICTIVE MATERIALS (fr. Gr.
μαγ νητ oς , magnet, and Lat. strictio, tightening,
narrowing)
Soft magnetic materials exhibiting a marked
magnetostriction. Some basic parameters of mag-

netostrictive materials are: the magnetomechanical coupling parameter, k, whose square equals
the ratio of the transformed energy (mechanical
or magnetic) to the supplied energy (magnetic or
mechanical, respectively), neglecting losses; the
dynamic magnetostriction parameter, a, deﬁning
the transducer sensitivity in the projector mode;
the relative magnetic permeability; the sound velocity; the saturation magnetostriction determining
the ultimate sound intensity emitted by the magnetostriction transducer; and the coercive force and
electric resistivity responsible for the energy loss
through hysteresis and eddy currents, respectively.
Employed as magnetostrictive materials are iron–
nickel (permalloy), iron–cobalt (permendur), and
iron–aluminum (alfer) alloyed with chromium,
vanadium and other metals as well as with some
soft ferrimagnetic materials. What should be taken
into consideration when choosing magnetostrictive materials are: their corrosion resistance; the
plasticity permitting fabrication into thin sheets; an
operational temperature range conditioned by the
temperature dependences of the material characteristics, and by its Curie point; the ease of processing; and the cost. Typical of iron–cobalt alloys is
the combination of very high values of the magnetostriction, saturation magnetization, and Curie
temperature. For this reason, they are used to design high-power transducers and high intensity
projectors. Some permendur types are remarkable
for their good plasticity. Iron–aluminum alloys
possess large magnetostriction and electric resistivity, and in addition mechanical strength, but

MAGNON

they display low ductility and a pronounced tendency to corrode. The cores of magnetostriction
transducers are assembled from sheets of magnetostrictive materials electrically isolated from one
another to reduce eddy current loss.
Ferrite magnetostrictive materials exhibit a
very high corrosion resistance, and they are used,
due to their high resistivity and the ensuing low
eddy current loss, for the conversion of radio
frequencies, particularly, in magnetostriction ﬁlters. Magnetostrictive materials ﬁnd applications
as projectors, and as receivers of ultrasonic mechanical vibrations.
MAGNETOTHERMAL PHENOMENA

Changes in the thermal states of materials
that take place during changes in their magnetic
states (at their magnetization or demagnetization).
Singled out are: the magnetothermal phenomena
during an adiabatic magnetization and demagnetization (magnetocaloric effect when the body temperature changes), and isothermal magnetothermal phenomena associated with the evolution or
absorption of heat. In principle, magnetothermal
phenomena are observable in any material, since
underlying them are general laws of thermodynamics. A change of the internal energy of a body
(see Thermodynamic potentials) is associated with
a change in its magnetic state.
Most prominent are magnetothermal phenomena in ferromagnets, antiferromagnets and ferrimagnets. The features of the phenomena in these
materials stem from the nature of their magnetization processes: shifting of domain boundaries (see
Domain wall displacement processes); rotation of
magnetic moments of domains (see Magnetization
rotation processes); paraprocess; or processes involving of the decay or induced build-up of a
noncollinear atomic magnetic structure (in antiferromagnets and ferromagnets). Particularly important are thermal effects accompanying the two
latter processes. Closely linked by thermodynamics with magnetothermal phenomena occurring
during magnetization are the anomalies of the speciﬁc heat found in the vicinity of the Curie point,
Néel point, and other magnetic phase transition
points (e.g., near the switch point of the noncollinear magnetic structure in ferrimagnets). The
magnetothermal phenomena in some paramagnets are used to achieve temperatures below 1 K
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(see Adiabatic demagnetization cooling). When the
atomic or nuclear magentic moments of a spin
system absorb microwave or radiowave energy
during a magnetic resonance experiment (see electron paramagnetic resonance, nuclear magnetic
resonance) they transfer this energy to the lattice
vibrations with a time constant called the spin–
lattice relaxation time. If this relaxation time is
very long the spin system can become heated, and
temporarily acquire a spin temperature which is
higher than the lattice temperature.
MAGNET, POWDER
See Powder magnet.
MAGNET, SAMARIUM–COBALT
See Samarium–cobalt magnet.
MAGNON
A quasi-particle corresponding to a spin oscillation wave (spin wave) in a magnetically or-

dered crystal. The number of different magnon
types coincides with that of spin wave branches;
hence acoustic magnons, optical magnons, nuclear magnons, etc., are distinguished. The density
of magnons at thermal equilibrium depends on
the temperature, T , and decreases as T → 0.
Magnons manifest themselves in the thermodynamic properties of magnetic substances, viz.,
they determine the low-temperature behaviour of
the magnetization, M(T ) (see Bloch law), contribute to the speci c heat, thermal conductivity
and other thermal parameters, and also feature
prominently in the microwave and kinetic properties of matter. Describing three-dimensional magnetic materials in terms of a gas of weakly interacting magnons is valid, as a rule, up to a
temperature of the order of half the temperature of
the transition to the paramagnetic state (see Paramagnetism). Taking into consideration, in addition
to magnons, nonlinear excitations such as magnetic solitons, magnon bound states and magnon
bubbles, may be necessary in low-dimensional
magnetic materials, as well as under the conditions
of strong excitation. Direct investigations of the
magnon dispersion law have been carried out using the methods of inelastic neutron scattering and
the scattering of light, as well as with parametric
excitation of spin waves.
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MAGNON BOUND STATE

A stationary state of the Heisenberg magnet
with two spin directions (magnons), their wave
function exponentially diminishing with distance
between the “ﬂipped over” spins. This localized
magnon state is deﬁned by the value of its total
quasi-momentum of magnons, k, and the discrete
quantum number that prescribes the possible number of localized magnon states for a given k,
a number which remains ﬁnite. The localized
magnon state energy levels lie below the minimum
energy of the continuous spectrum of two-magnon
states prescribed by the same value of k. With k
decreasing, the gap separating these discrete energy levels from the continuous spectrum narrows
so that the localized magnon state eventually vanishes at a certain threshold value k 0 . Both oneand two-dimensional Heisenberg magnets have
k 0 = 0, while the value is non-zero for a threedimensional magnet. The nature of the localized
magnon state is identical to that of bound states of
a particle in a potential well. The depth of that well
is controlled by the k vector for the case of a localized magnon state. Localized states of more than
two magnons are also possible (spin complexes,
magnon bubbles). These states may be compared
to magnetic solitons.
MAGNON BUBBLE
Magnetic soliton of a sizeable amplitude, inside which the magnetization vector differs from,

and performs a precessional motion around, its
equilibrium value in the remainder of the crystal.
Magnon bubbles are magnon bound states.
MAGNON, HOT
See Hot magnons.
MAGNON MECHANISM OF
SUPERCONDUCTIVITY

A hypothetical mechanism for the formation of
bound electron pairs in a singlet or triplet spin state
(see Cooper pairs, Spin) in metals with magnetic
ordering of the ferromagnetic or antiferromagnetic
type (see Ferromagnet, Antiferromagnet) occurring through the exchange of virtual quanta of
collective spin excitations, i.e. magnons. Magnon
exchange in ferromagnets always results in repulsion, whereas in antiferromagnets an effective attraction is possible (due to the opposite sign of the

exchange interaction constant) between electrons
in triplet states. Such an attraction may aid triplet
pairing in anisotropic crystals (see Anisotropy of
crystals). The possibility of a magnon mechanism

of superconductivity has been discussed in connection with reentrant superconductors based on
heavy fermions and the superconducting cuprates
(see High-temperature superconductivity).
MAGNON–PHONON INTERACTION
Interaction of two types of quasi-particles:
those associated with spin waves (magnons) and
with elastic waves (phonons), which results from
the magnetoelastic interaction in magnetic substances. Different elementary processes of the

magnon–phonon interaction determine different
physical effects (e.g., a magnon transforming into
a phonon in magnetoacoustic resonance). The
processes of a magnon emitting a phonon, of a
phonon scattering by a magnon, and of a phonon
being converted into two magnons (and vice versa),
play a signiﬁcant part in the establishment of thermal equilibrium in magnetic materials; e.g., they
govern the heat exchange between the magnetic
subsystem and the crystal lattice. One should take
these processes into account to describe the relaxation of spin waves and of sound (see Magnetic
relaxation).
MANGANESE, Mn

A chemical element of Group VII of the
periodic table with atomic number 25, atomic
weight 54.9380. The one stable isotope is 55 Mn.
Outer shell electronic conﬁguration 3d 5 4s 2 . Ionization energies (eV): 7.43, 15.64. Atomic radius
0.130 nm. Ionic radii (nm): Mn2+ 0.080, Mn3+
0.066, Mn4+ 0.060, Mn7+ 0.046 for coordination
number 6. Possible oxidation states are from +2 to
+7 (the most stable being +2, +4 or +7). Electronegativity of Mn(II), Mn(IV) and Mn(VII) is
≈1.42, ≈1.85 and ≈2.07, respectively.
In the free state Mn is a pale gray brittle metal.
It has four allotropic forms (α-Mn, β-Mn, γ -Mn,
δ-Mn). Temperatures of polymorphic transformations: 990 K for α ↔ β, 1360 K for β ↔ γ ,
1412 K for γ ↔ δ. α-Mn is stable at room temperature, and β-Mn is easily ﬁxed in its metastable
state through hardening (hardening that begins at
a temperature within the β-Mn stability interval),

MANY-CONFIGURATION APPROXIMATION

whereas γ -Mn and δ-Mn cannot be ﬁxed on cooling to room temperature. α-Mn has a complex
cubic crystal structure with a = 0.8904 nm at
298 K, space group I 4̄3m (Td3 ). The conventional
unit cell contains 58 Mn atoms, whereas the primitive cell contains 29. Packing fraction is 54.8%.
The structure is considered as a system of interpenetrating body-centered cubic lattices similar to
α-W containing four types of Mn atoms with different coordinations and sizes, assumed to be in
different oxidation states with magnetic moments
in different directions. β-Mn also has a complex cubic structure, space group P 4̄3m, (Td1 ),
a = 0.6470 nm at 1023 K. For non-equilibrium
β-Mn, a = 0.6302 nm at 298 K. Conventional
unit cell has 20 Mn atoms in two types of sites
with different coordinations. Packing fraction is
67.6%. Modiﬁcations of α-Mn and β-Mn, unlike
other metals, have no center of symmetry. Crystal structure of γ -Mn is treated as face-centered
cubic with a = 0.3859 nm at T = 1370 K with
4 atoms in the unit cell and packing fraction is
74.05%, space group F m3̄m, (Oh5 ). There is evidence that, even on rapid cooling to room temperature, γ -Mn attains a pseudo-cubic face-centered
tetragonal structure, slightly deformed along one
17 ),
of the cube edges, space group I 4/mmm (D4h
a = 0.3780 nm, c = 0.3520 nm, packing fraction
68.7%. Crystal structure of δ-Mn is body-centered
cubic, space group I m3̄m, (Oh9 ), containing two
Mn ions, a = 0.3081 nm at 1410 K. Packing fraction is 68.2%. Density of α-Mn is 7.471 g/cm3 ,
of β-Mn 7.245 g/cm3 (at 298 K), of γ -Mn
6.335 g/cm3 (at 1368 K), of δ-Mn 6.239 g/cm3
(at 1407 K); Tmelting = 1517 K, Tboiling = 223 K,
heat of melting 14.9 kJ/mole, heat of evaporation 228.9 kJ/mole, bond energy of α-Mn is
−2.98 eV/atom (at 0 K). Transition heats: α-Mn
→ β-Mn ≈2.54 kJ/mole, β-Mn → γ -Mn 2.28
kJ/mole, γ -Mn → δ-Mn 1.8 kJ/mole; heat of sublimation 224.8 kJ/mole. Speciﬁc heat of α-Mn is
0.477 kJ·kg−1 ·K−1 , of β-Mn 0.649 kJ·kg−1 ·K−1
and of γ -Mn 0.502 kJ·kg−1 ·K−1 at 298 K. Debye
temperature is 410 K; linear thermal expansion
coefﬁcient in temperature range 273 to 293 K is
22.3·10−6 K−1 for α-Mn, 24.9·10−6 K−1 for
β-Mn, 14.75·10−6 K−1 for γ -Mn; thermal conductivity is 66.57 W·m−1 ·K−1 (at 298 K) and
5.86 W·m−1 ·K−1 (at 95 K). Isothermal bulk modulus is 59.65 GPa (at room temperature); Young’s
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modulus is ≈175 GPa at 294 K, shear modulus
is 76.52 GPa (at 298 K); Poisson’s ratio is 0.24
(at 298 K). Rockwell hardness is 70 HRC for
α-Mn and 20 HRC for γ -Mn. At room temperature, α- and β-Mn are hard and brittle; therefore not subject to plastic deformation. γ -Mn is
plastic and easily deformed until it transforms
into α-Mn. Linear low-temperature electronic molar heat capacity: α-Mn ≈15.3 mJ·mol−1 ·K−2 ,
γ -Mn 9.20 mJ·mol−1 ·K−2 . Electric resistivity
(free of residual resistance): α-Mn 1390 n·m (at
295 K), β-Mn 910 n·m, γ -Mn 350–400 n·m
(at room temperature); resistivity temperature coefﬁcient: α-Mn (2–3·104 K−1 , β-Mn 0.00136 K−1 ,
γ -Mn 0.0055–0.0065 K−1 . Work function of
polycrystal 3.83 eV. Manganese is paramagnetic
but at low temperatures α-Mn and β-Mn are
metastable, whereas γ -Mn and δ-Mn turn into
antiferromagnetic state; Néel temperatures: α-Mn
98 K, γ -Mn ≈515 K, δ-Mn 625 K. Entropy
changes of antiferromagnet–paramagnet transformation amount to 0.21 J·mol−1 ·K for α-Mn and
< 4.187 J·mol−1 ·K for nonequilibrium γ -Mn.
β-Mn remains paramagnetic until extremely low
temperatures (1.5 K). Molar magnetic susceptibility of α-Mn is +527·10−6 (at 293 K), of β-Mn
+483·10−6 (at 293 K), of γ -Mn +467·10−6
(at 1367–1407 K). Nuclear magnetic moment of
55 Mn is 3.461 nuclear magnetons. Manganese is
one of the most industrially important metals. It
is used in the manufacture of steel and cast iron
as a deoxidizing and desulfurizing agent which
provides wear resistance, strength, corrosion resistance, as well as in manufacturing of nonferrous
metal alloys. Some industrially-used manganese
compounds are toxic.
MANY-CONFIGURATION APPROXIMATION

A natural extension and reﬁnement of the
Hartree–Fock method. Whereas the latter treats

the wave function of many particles as a product
or determinant that is composed of one-particle
wave functions (the single-conﬁguration approximation), the many-conﬁguration approximation
represents the many-particle wave function as a
linear combination of several determinants that are
constructed from different sets of single-particle
wave functions. Each determinant corresponds
to a certain conﬁguration of electrons distributed over the single-particle functions. Hence, the
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MANY-VALLEY SEMICONDUCTORS

use of the term “many-conﬁguration distribution”.
These determinants must differ from one another
by at least two wave functions, since the energy in
the Hartree–Fock approximation is stationary with
respect to single-particle excitations. Arbitrariness
in the choice of the single-particle functions may
be limited by symmetry considerations on the basis of the requirement that the state must be an
eigenstate of the total spin, of the angular momentum, of its projection on one of the axes, etc. The
form of the functions is reﬁned by the use of a variational principle.
MANY-VALLEY SEMICONDUCTORS
Semiconductors with several minima (max-

ima) of electron energy (treated as a function of
the electron quasi-momentum p) in the neighborhood of the bottom of the conduction band (top of
valence band). If the electron energy has an extremum at point p 1 = 0, then there will be similar
extrema at all points p α that result from applying operations of point group of symmetry. Such
extrema are called equivalent. Since the concentration of current carriers in semiconductors is not
high, they only ﬁll those states that are very near
extremum points, and such groups of states are
called valleys. If there is no degeneracy of the
energy spectrum at the extreme point p α , the electron energy is expressible as a series in powers
of the deviation of the quasi-momentum p from
valley center p α . With an accuracy up to the ﬁrst
nonzero terms, we obtain
E(p) = E(pα ) +

1  (pi − pαi )(pj − pαj )
2
mij
ij

(1)
The quantities 1/mij are components of the reciprocal effective mass tensor. This tensor is symmetric; and when written in the principal axis system
Eq. (1) assumes the form
(p − pα1 )2 (p2 − pα2 )2
+
E(p) = E(pα ) + 1
2m1
2m2
+

(p3 − pα3 )2
.
2m3

(2)

The quantities mij (m1 , m2 , m3 ) are called effective mass tensor components, although, strictly

Isoenergetic ellipsoidal surfaces in the conduction band
of Si.

speaking, these quantities fail to form a tensor.
Isoenergetic surfaces in momentum space near
the band edge are ellipsoids, ellipsoids of revolution when m2 = m3 , and spheres when m1 =
m2 = m3 . If p α = 0, these surfaces are ellipsoids
even in a cubic crystal. Such a situation is realized
for germanium and silicon (see Fig.). The isoenergetic surfaces of these same semiconductors in
the conduction band are ellipsoids of revolution
with effective mass ratios 19.3 and 5.16, respectively. The response of current carriers to external
actions depends on the relative positions of the
valleys and their orientation relative to external
forces. For instance, with the application of a uniaxial crystal strain, or strong applied magnetic
or electric ﬁelds, the relative populations of various valleys can be signiﬁcantly changed, and the
electrical conductuctivity of the crystal is thereby
affected. Intervalley redistribution is responsible
for the Gunn effect, the Sasaki effect, and the generation of intervalley noise.
MANY-WAVE APPROXIMATION
Method of dynamic radiation scattering theory

(X-ray, neutron, or electron scattering), which allows for multiple scattering of an incident wave
into several diffracted waves and vice versa, provided the Bragg law is completely or approximately satisﬁed for several systems of crystallographic planes. As a result, a uniﬁed wave ﬁeld
arises that is a coherent superposition of incident
and diffracted waves with nodes and antinodes
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(standing wave); its interaction with atoms of the
crystal is quite different from the ordinary case. In
particular, the effects of an anomalous passage of
X-rays, indirect excitation of forbidden reﬂections,
etc. take place. For X-rays, thermal neutrons, and
slow electrons, this occurs only if a crystal is
aligned relative to the incident beam with a high
degree of accuracy. In this case, wave amplitudes
and refractive indices are found as eigenvectors
and eigenvalues of a certain matrix, with elements
that describe processes of individual scattering
of waves one by another. The description of the
passage of high-speed electrons or ions along a
crystallographic symmetry axis (high-resolution
electron microscopy, channeling) always requires
the many-wave approximation, and the number
of waves taken into consideration here is rather
high. This approximation is also used in solving
problems of X-ray optics. See also Two-wave approximation.
MANY-WELL POTENTIAL
Adiabatic potential of a polyatomic system,

with two or more minima equivalent in energy
and symmetry. In accordance with the theory of vibronic interactions, the latter are the only source of
instability of highly symmetric conﬁgurations, and
the formation of several minima of the many-well
potential (see Jahn–Teller effect, Renner effect, Vibronic instability). The assumption of a many-well
potential (in particular, of a double-well potential)
is used in various descriptions of molecules, glassy
systems, crystals, metastable states, and also in the
theory of order–disorder structural phase transitions, the theory of noncentral impurities in crystals, in magnetic resonance spectroscopy, etc.
MARGIN OF PLASTICITY

Capability of a material to undergo plastic deformation without failure. The margin of plasticity
is measured by the plastic strain before failure.
For metals with a body-centered cubic lattice, the
margin of plasticity correlates with the ratio of the
values of breaking stress σ F to yield stress (see
Yield limit) σ Y . The greater the ratio σ F /σ Y the
larger the margin of plasticity. As σ Y sharply increases with a decrease in temperature the margin
of plasticity sharply drops upon approaching the
temperature of the viscous–brittle transition (to the

809

temperature of cold brittleness T CB ). That is, the
margin of plasticity for body-centered cubic metals is larger, the greater the difference T − T CB ,
where T is the testing or operating temperature.
When a coarse-grained recrystal structure (see Recrystallization) with perfect grain boundaries is
present, the margin of plasticity determined by the
relative elongation at a temperature T > T CB is
larger than that with a ﬁne-grained or dislocational
cellular structure, but the plasticity in the second
case is retained down to lower temperatures.
MARGIN OF SAFETY

The relation between allowed and actually acting stresses. This is limited by the safety factor
which is usually determined as the ratio of permissible stress (yield limit, ultimate strength, endurance limit, etc.) to the maximum stress that
occurs during the course of construction. The
safety factor takes into account the possibility of
random overloads, the inﬂuence of crystal structure defects (pores, inclusions, dislocations, etc.),
and the nonuniformity of their distribution. The
selection of a value for the safety factor involves
the necessity of conserving material and creating
constructions of minimum weight. Minimum values of the safety factor are adapted for expendable
products with short-term applications, and maximum values apply to constructions of long-term
duration, especially under dynamic loads.
MARTENSITE (named after A. Martens)

1. In some crystalline materials: a low-temperature polymorphous structural modiﬁcation. It
results from a diffusion-free phase transition involving a lattice shift (see Martensitic transformation, Polymorphism), and has the appearance
of individual crystallites that are smaller than the
initial crystal grains. There is a strict crystallographic interrelation between the crystal lattices of
the original and the martensitic phases (so-called
orientation relations), which is responsible for the
parallelism of some close-packed planes and directions of both lattices. As a consequence of the
cooperative and natural (regular) shifting of atoms
during the martensite crystal formation, there occurs a macroscopic shift of the specimen surface
(surface relief arises in the form of ridges and
valleys). Martensite crystals have the shapes of
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needles, wafers and lenses. The internal structure
is more complex, and sometimes includes a high
density of dislocations (1011 cm−2 ) such as twins,
stacking faults, and sets of thin plates.
2. In steel: a structural component that is
an oversaturated solid solution of carbon in a
polymorphous modiﬁcation of alpha iron. Since
austenite dissolves up to 2.0% C at the hardening
temperature, and the body-centered cubic α-iron
lattice dissolves less than 0.002% C at room temperature, all the carbon goes into martensite as
a result of a diffusion-free rearrangement of the
face-centered cubic lattice into the body-centered
cubic one. The carbon atoms are arranged along
the c axis between Fe atoms in octahedral pores,
and form a sublattice that is ordered with respect
to C. In carbon steel martensite, however, ﬁlling
all pores along the c axis never occurs (to accomplish this, the concentration of C would exceed
its ultimate solubility in austenite). As a result
of the inclusion of C atoms, the body-centered
cubic Fe lattice becomes signiﬁcantly distorted,
i.e. a tetragonal or rhombic lattice arises, with
unit cell parameters (a, b, c) that differ from each
another. The degree of tetragonality (c/a ratio) increases linearly with the rise in C concentration,
and when the carbon content reaches 1.8%, c/a
equals 1.08. Martensite crystal lattice distortions
promote high strength and hardness (high-carbon
martensite hardness is about 9.8·108 Pa), and extremely low plasticity of hardened steel.
When steel is heated, C leaves the crystal
lattice, forming disperse particles of iron carbides. As a result, the degree of tetragonality
is reduced, crystal lattice distortions decrease,
hardness and strength also decrease, whereas the
plasticity increases. Martensite with such properties is called tempered martensite. The reverse
martensitic transition in carbon steels is not observed because C, on heating, manages to leave
the martensite lattice, and its reverse transition to
austenite goes through diffusion. In carbon-free alloys (Fe–Ni), α- and γ -transformations proceed
without diffusion. Besides α-martensite (see Alpha phase) with a body-centered cubic lattice,
ε-martensite (see Epsilon phase) with hexagonal close-packed lattice and ε -martensite with
an 18-layered rhombohedral lattice form in manganese steels (>10% Mn). Like austenite, these

phases possess close-packed structures, therefore
they dissolve more C than the body-centered cubic lattice. Interstitial carbon atoms cause less
distortions in ε - and ε-martensite, so the hardness and strength of these steels are less than half
those of hardened carbon steel. In the process of
deformation, both ε - and ε-martensite transform
into α-martensite in the order: γ → ε → ε → α.
At 100 and 200 ◦ C, respectively, ε - and ε-martensite transform into austenite, i.e. the reverse
ε → γ and ε → γ martensite transformations
take place. In other metals and alloys, which contain no interstitial atoms of C or N, the properties
of martensite and the original phase differ very
little. In nonferrous alloys (Cu–Al–Ni, Au–Cd)
the possibility of thermoelastic martensite crystal
formation exists. On cooling, the dimensions of
such martensite crystals increase and, on heating,
they decrease, which is due to forward and reverse
martensite transformations taking place. The formation of martensite in steel is accompanied by
volume increases of 4–5%. As a result, considerable internal stresses arise, leading to warping
and failure of products. Besides, internal stresses
result from directional cooperative shear, which
contributes to crystal growth. These stresses are
partially lowered due to the formation of internal
twins (see Twinning of martensite) and dislocations
inside martensite, as well due as to the formation
of especially shaped martensite crystals and their
distribution in the elastic matrix of the original
phase.
MARTENSITE TWINNING
See Twinning of martensite.
MARTENSITIC POLYTYPES
Polytypes that arise at martensitic transformations (see Polytypism) in a diffusion-free manner,
and are martensitic phases (see Martensite). Un-

like equilibrium polytypes, martensitic polytypes
are nonequilibrium (metastable) and turn under
plastic deformation into other polytype structures.
Martensitic polytypes are generated in metallic alloys with low energies of stacking faults
(γ < 30 mJ cm−2 ), and possess close-packed
structures. In alloys with inﬁnite solubility of the
alloying element (see Alloying) (Fe–Mn, Co–Ni,
Co–Cr, Co–Mn), high-temperature face-centered
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cubic and low-temperature hexagonal closepacked polymorphic modiﬁcations are polytypes
(see Polymorphism). In alloys with limited solubility of the alloying element (Fe–Mn–C, Fe–Mn–N,
Fe–Mn–Cu, Co–C, Co–Ti, Co–Al, Co–Nb, Co–Ta,
Co–W), there arises a variety of martensitic polytypes with various multilayer crystal lattices that
contain up to (and over) 100 close-packed layers in
unit cells. A variety of martensitic polytypes arise
on cooling nonferrous Cu-, Au- and Ag-based
alloys as a result of a martensitic transformation, and from elastic deformation of Cu–Al–Ni
monocrystals oriented along the [100] direction.
As the external applied stresses are either increased or decreased, transitions between various
martensitic polytypes take place, accompanied by
an abnormally large elastic strain (see Superelasticity). Martensitic polytypes are generated also in
a Ti–Ni alloy (nitinol).
MARTENSITIC TRANSFORMATION, martensitic
phase transition
First-order phase transition in solids, which re-

sults in a martensite phase being formed from
the original phase in a diffusion-free manner (see
Diffusion-free transformation, Martensite). The
martensite phase differs by crystal lattice type and
by physical and mechanical properties. This transformation is one of the most common types of
phase transition; it is a special case of a polymorphic transformation. According to the G.B. Kurdyumov theory a martensitic transformation involves a regular reorganization of a crystal lattice
in which the atoms do not exchange places, but
only displace over a distance which does not exceed an interatomic spacing. An example is a
transformation between a hexagonal close-packed
and a face-centered cubic structure by the sliding
of close-packed planes. There is a close crystallographic interrelationship between the lattices
of martensite and the original phase (involving
so-called orientation relations); cooperative and
directional atom displacement lead to the generation of relief on the specimen surface; in most
cases, there is a high formation and growth rate of
martensitic crystals (∼10−7 s); a rapid decay of
the transformation on reaching the speciﬁed temperature; a reverse martensitic transformation into
the original phase on heating. Similar to other ﬁrstorder phase transitions, a martensitic one proceeds

811

through nucleation and nuclei growth; therefore,
upon completion of the transformation, the solid is
composed of a mixture of martensite crystals with
different orientations.
The necessary condition for a martensitic transformation is an increase in the system free energy.
However, the transformation, indicated by a downward pointing arrow on the ﬁgure, does not begin
on cooling to the point of phase equilibrium T0 ,
where the free energies of original and martensite
phases are equal, but rather at a lower temperature
called the martensitic point Ms , and the transformation is completed at the temperature point
Mf (see Fig.). On heating, the reverse martensitic transformation begins at a temperature As
and ends at Af , both higher than T0 : the gain in
free energy must compensate for the energy outlay (in the form of elastic and surface energy)
at the generation of martensite crystals. Martensitic transformations proceed over a wide range of
temperatures: with the initial stage of the process
at Ms , and the ﬁnal stage at Mf . The temperatures
of initial and ﬁnal stages for reverse martensitic
transformation are As and Af , respectively. The
kinetics of a martensitic transformation may be either athermic or isothermal. In the ﬁrst case some
martensite (up to 80%) is obtained at the temperature Ms during a short period of time, but further
holding at this temperature does not lead to growth

Diagram of martensitic points, regions where transformations proceed (diagonally hatched) between the alloy
(A) and martensite (M) phases, and temperature versus
alloying element concentration, as explained in the text.
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MASER

of new martensite crystals. To obtain additional regions of martensite it is necessary to reduce the
sample temperature. An isothermal transformation
runs at a constant temperature with a varying rate,
so the relationship between initial rate and temperature is in the form of a curve with a maximum.
Martensitic transformations were ﬁrst discovered in steels, and then in pure metals (Co, Li,
Ti, Zr), metal alloys (Cu–Al, Ag–Cd, Ni–Ti), minerals, organic crystals, and in other crystalline
substances. The product may be thermally stable
phases (e.g., in pure metals, in certain Ti-, Zr-,
Co-based alloys) or metastable phases (martensitic
steels, phases of Cu–Al, Ag–Cd and Ni–Ti alloys,
etc.). This transformation ﬁnds its greatest practical application in steels (if hardened, steel gains
high strength and hardness), and it underlies the
shape memory effect and the superelasticity phenomenon.
MASER (acronym for Microwave Ampli ca tion by
Stimulated Emission of Radiation)

Quantum generators and ampliﬁers of the radio
frequency and microwave bands. The term laser
(Light Ampliﬁcation by Stimulated Emission of
Radiation) came into use by analogy with maser.
See Solid-state quantum electronics, Quantum ampli er.
MASS, EFFECTIVE
See Effective mass.
MASS OPERATOR OF QUANTUM
MECHANICS, intrinsic energy part
Part of the Dyson equation for interacting
fermions and bosons (see Polarization operator)

that is irreducible (i.e. containing no bare connecting lines in Feynman diagrams) involving Green’s
functions (propagators) of particles and interactions. The quantum-mechanical mass operator
(denoted by Σ or Π ) determines the renormalization of the quasi-particle spectrum, in particular,
of the effective electron mass in normal metals,
due to the Coulomb interaction and the electron–
phonon interaction, as well as the spectrum of
phonons, magnons, and other quasi-particles. The
anomalous quantum-mechanical mass operator Δ
in the Gorkov–Dyson equations determines the
energy gap in the elementary excitation spectrum
of superconductors.

MASS SPECTROMETRY, mass spectroscopy

A technique for investigation of substances,
based on determination of masses and quantities of ionized atoms and molecules from the
material under study. A plot of mass abundance
versus the mass values is called a mass spectrum. The essence of the technique is as follows: positively or negatively charged ions that
have different masses and move in a vacuum
are separated according to their mass-to-charge
ratio under the effect of electric and magnetic
ﬁelds of a mass-analyzer. To make use of the
technique, the investigated sample is ﬁrst ionized
except for the cases when the substance under
study exists in a plasma state (e.g., glow discharge,
ionosphere). Mass spectrometry exhibits a very
high absolute sensitivity (10−12 –10−13 Pa for
gases, 10−11 –10−13 g for solids) and relative sensitivity (10−5 –10−8 % for solids). Mass spectrometry was initially used to determine the isotopic
composition of atoms, and to make precise measurements of atomic masses. Later, it developed
into an analytical method, used in nuclear power
engineering, experimental physics, chemistry, geology, geological chemistry, biology, archeology,
medicine, environmental monitoring, technology
processes, space research, etc. Mass spectrometry allows one to ﬁnd ionization, excitation, and
dissociation energies of molecules, heats of evaporation and free formation energies of compounds,
absolute age of geologic samples, and compositions of gas mixtures. Mass spectrometry underlies
a wide variety of investigation and analysis methods which are used in solid state physics, and
differ in the manner of the sample ionization.
They are: mass spectrometry with surface ionization, atomic probe method (ionization in strong
electric ﬁeld), spark mass spectrometry (ionization
in spark discharge), electronic-probe mass spectrometry (ionization of an electronic-beam evaporated sample by electron impact), secondary ion
mass spectrometry (ionization by ion bombardment and sputtering of solids), mass spectrometry
in rapid-atom bombardment, laser mass spectrometry (ionization during laser probing of a surface), thermodesorption mass spectrometry, and
the method of electron- and irradiation-induced
desorption of ions. Methods are also developed on
the basis of mass spectrometry of neutral atoms,
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evaporated or sputtered along with ions from the
surface of a solid and ionized by electron impact, in glow and high-frequency discharges, or
by means of resonance and nonresonance multiphoton laser ionization. These methods ﬁnd their
use in the general analysis of elemental, isotopic,
and molecular composition of the surface and bulk
of a solid, in analysis of impurities (dopants) in
gases and other substances, in local and layerby-layer microanalysis of high spatial and layer
resolution, in studies of processes of diffusion,
segregation, evaporation, adsorption, desorption,
oxidation, corrosion, catalysis, formation of thin
lm s, sputtering, and other aspects of the interaction between energetic beams of atomic particles
and solids. Of most widespread use in solid-state
mass spectrometry are mass-analyzers with sector
magnetic and electric ﬁelds, quadrupole magnets,
and time-of-ﬂight mass separation.

which causes pore healing (sintering). Foreign inclusions may move as a whole in external ﬁelds
such as an electric ﬁeld E (∇μE = ZeE, where
Ze is the effective atomic charge), a temperature
ﬁeld (∇μT = θ∇T /T , where θ is the thermodiffusion coef cient), or an inhomogeneous vacancy
distribution ﬁeld (∇μv = kB T (∇Cv /Cv ), where
Cv is the vacancy concentration). For stresses that
exceed a threshold the volumetric mass transport
is determined by directional motion of dislocation
ensembles, which may be responsible for crystal
creep: ε̇ = ρbV (σ ) (ρ is the mobile dislocation
density, V (σ ) is the stress-dependent dislocation
motion rate, b is the Burgers vector).
Surface mass transport may be carried out
through the mechanism of surface self-diffusion
and through material transport in a near-surface
gas layer. In the ﬁrst case, mass transport is described by the equation

MASS SPECTOMETRY VIA SECONDARY IONS
See Secondary ion mass spectometry.

n D
JS = − S S ∇S μ,
kB T

MASS TRANSFER, ANOMALOUS
See Anomalous mass transfer.
MASS TRANSPORT

Process of directional transport of material in
a ﬁeld that is external or internal with respect to
a crystal. Volumetric and surface types of mass
transport are recognized. Mass transport occurs
during creep, sintering, changes in shape of pores
and cracks, etc.
Volumetric mass transport may be of either a
nonthreshold (diffusion) or threshold (dislocation)
type. Diffusive mass ﬂux in volumetric mass transfer is deﬁned as
N D
J0 = − 0 0 ∇μ,
kB T
where N0 is the number of electrons per unit
volume, D0 is the coefﬁcient of volumetric selfdiffusion, T is the temperature, and ∇μ stands for
the atomic chemical potential gradient produced
by the ﬁeld to induce the ﬂux. For a curved surface which bounds a hollow pore or a gas-ﬁlled
cavity we can write ∇μk = αω∇k where α is the
surface tension, k is the surface local curvature,
and ω the atomic volume. The gradient ∇μk directs the ﬂux of crystal material into a pore cavity

where ∇S μ is the surface gradient of atomic chemical potential, DS is the coefﬁcient of surface
self-diffusion, and nS is the surface atom density. For a gas mechanism surface mass transport
may run in an evaporation-condensation mode involving diffusion in a near-surface gas layer. The
corresponding ﬂux equations have the following
form:
P (k) − P0
,
Je-c =
(2πmkB T )1/2


n D
Jg-d = − G G ∇μG ,
kB T
where Je-c is the evaporating-condensing current,
Jg-d is the gas diffusion current, P (k) is the pressure of the vapor in equilibrium with the portion
of surface with local curvature k, P0 is the equilibrium vapor buoyancy, DG , NG , ∇μG are the
diffusion coef cient, number of atoms per unit volume, and chemical potential gradient in the gas
layer, respectively; m is the atomic mass.
MASS TRANSPORT, SURFACE
See Surface mass transport.
MASURIUM
See Technetium.
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MATERIALS SCIENCE

A cross-disciplinary science dealing with properties of materials and factors responsible for these
properties. Materials science endeavours to manipulate these properties during the process of
material manufacture, and to predict changes that
occur under operating conditions. The main components of materials science are the material as the
subject of study, the production process, and technical applications. All technological procedures
exert a direct inﬂuence on the material structure,
whereas practical applications are determined by
a whole complex of characteristics. Therefore, the
physical basis of materials science (the subject of
physical materials science) lies in the interrelation
between the structure and properties of a material, while other matters are dealt with in applied or
technical materials science.
Modern materials science is dependent on a
number of disciplines such as crystallography,
solid state physics, physical chemistry, electrochemistry, etc. Of fundamental importance for
materials science are studies of plastic deformation, recrystallization, phase transitions, formation
of texture, etc. Phase transition kinetics studies,
which provided an opportunity to develop the
foundations for the thermomechanical treatment
of metals, have played an important role in the
progress of metal science. A special importance
is the increased understanding of the actual structures of materials, which differ from the ideal
geometric abstraction of a crystal lattice by the
presence of various kinds of defects (point defects,
dislocations, interfaces, impurities, etc.). This explains how many processes occur under strain. The
results obtained in this ﬁeld, along with progress
in the evolution of phase transition theory and
that of electrochemical reactions during corrosion
have, in their turn, promoted the development of
manufacturing processes for materials with special operational characteristics: very strong (see
Strength), wear-resistant (see Wear), corrosionresistant (see Corrosion), etc. Whereas the growth
of structural engineering industries stimulated the
development of metallic materials with deformation characteristics, the progress of electrical
engineering and electronics gave rise to materials with properties governed by their electronic

structure (semiconductors, insulators, superconductors, hard magnetic materials and soft magnetic materials, etc.), which stimulated the development of the electronic theory of the solid state.
Growing demands of metallurgy and electronics,
as well as requirements of civil engineering and
chemical branches of industry, are responsible for
a new impetus toward developing new ceramics,
a class of materials which has been in use for many
centuries. Such inherent features of ceramics, as
high corrosion resistance and high-temperature
strength, compression strength, wear resistance,
and outstanding dielectric properties have been
under intense development.
The application of theories relating structure
and physical properties, which were initially developed for metals and then extended to nonmetals
including ceramic materials, has resulted in the
creation of new engineering and construction materials based on extremely strong ceramics (boron
nitride, silicon carbide and boron carbide, etc.)
as well as in the application of glasses as semiconductors, laser working media (see Lasers),
photosensitive materials, etc. Also of importance
are metallic materials with a vitreous amorphous
structure (metallic glasses, metglasses), possessing unique strength and magnetic characteristics.
MATRIX ISOLATION

Method of accumulation and study of atoms,
molecules, ions, clusters, etc., in a matrix of solidiﬁed gases (see Cryocrystals). Typical matrices are
noble gases, hydrogen, oxygen, nitrogen, carbon
dioxide, clathrates, aerogels, etc. which solidify at
low temperatures (cryomatrices); organic matrixes
are used less often. An ideal matrix has no effect
on the properties of particles that are frozen into it;
it isolates them from collision and interaction with
one another, and stabilizes complexes that are unstable under ordinary conditions. Test clusters for
matrix isolation are obtained through joint condensation of particle and matrix gas ﬂuxes on a
cryogenic substrate. Use is also made of freezing
of plasma components and photochemical synthesis directly into a matrix. It is through matrix
isolation that frozen gases of numerous atoms and
two-atom molecules were obtained. It permits the
investigation of parameters of atoms, free radicals,
and radical ions N, H, NH, C−
2 , CF2 , etc., those of
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excimer molecules ArO, ArN, KrF, XeBr, XeCl2 ,
etc., and complicated biomolecules. A number
of compounds have been synthesized which had
never been observed as a gas, e.g.: MO2 (M = Li,
Na, K, Ca, Sr), M(CO)n (M = Ni, Cu, Ag, Au,
U), M(N2 )n (M = Ni, Pd, U). The main methods of investigations are spectroscopic: photoabsorption, luminescence, Raman scattering of light,
NMR, EPR, etc. These methods allow determining the energy spectrum of particles, to diagnose
processes of dissociation recombination, diffusion,
formation of clusters (see Cluster), and accumulation of particles, and to study interactions of
particles with one another and with elementary
matrix excitations.
MATTHIAS RULE (B.P. Matthias)

An empirically found regular dependence of
the critical temperature of superconductors in crystalline materials on the number of electrons per
atom. A bell-shaped Collver–Hammond curve
(M.M. Collver, R.H. Hammond) is an analogue
of the Matthias rule for amorphous superconductors.
MAXIMUM OVERLAP
See Pauling’s maximum overlap principle.
MAXWELL DISTRIBUTION (J. Maxwell, 1859)

The probability that a large number of identical
classical particles in equilibrium at a temperature T , have particle velocity components in the
range vi → vi + dvi (i = x, y, z):
f (v) dvx dvy dvz

3/2
m
=
2πkB T


m(vx2 + vy2 + vz2 )
dvx dvy dvz ,
× exp −
2kB T
where m is the particle mass, and kB is the
Boltzmann constant. The Maxwell distribution
describes statistical ensembles of various quasiparticles subject to classical statistics, provided
their dispersion law is quadratic (see Boltzmann
distribution). This distribution was corroborated by
O. Stern (1920) in his molecular beam experiments.
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MAXWELL RELAXATION, dielectric relaxation
Relaxation of a space charge and its atten-

dant electric ﬁeld as a result of interactions of
the charged particles that produce it. Some of the
charge carriers must be mobile and satisfy the condition ωp τ  1, where τ is the carrier mean free
path time, and ωp is the plasma oscillation frequency. The characteristic ﬁeld change time for
Maxwell relaxation can be expressed in different
ways: τM = ε/σ , where ε is the dielectric constant, σ the electrical conductivity; τM = RC,
where R is the sample resistance and C is the
capacitance; τM = l 2 /D, where l is the Debye
screening radius, and D the charge carrier diffusion coef cient. During Maxwell relaxation the
electric ﬁeld is established by applying a voltage,
and the charge results from ﬂuctuating electron
thermal motion. The relaxation time τM = ε/σd ,
where σd is the diffusive conductivity, is introduced in the case of a nonlinear current–voltage
characteristic. If σd < 0, τM < 0, the charge grows
gradually with time, corresponding to a strong
ﬁeld regime. If conditions opposite to those of
Maxwell relaxation hold then the characteristic
ﬁeld change time is 1/ωp .
MEAN FIELD APPROXIMATION

The common mean ﬁeld approximation assumes that each magnetic ion in a material or
crystal experiences a local magnetic ﬁeld that is
proportional to the magnetization that is present.
See Molecular eld, Random phase approximation, Coherent potential method, Self-consistent
e ld, Hartree–Fock method, Self-consistent eld
method in superconductivity theory.
MEAN FREE PATH of particles

The average distance which a particle (quasiparticle in solids) traverses between two successive collisions with particles (or obstacles) of a
medium. In the case of relatively rare collisions,
its motion can be speciﬁed by giving values of
the energy and momentum which change abruptly
at the instant of collision. The path length between subsequent collisions depends on the particle energy; and to ﬁnd its mean value it should
be averaged over the particle energy distribution
function. It can involve elastic, inelastic, or ionizing collisions. In the case of inelastic scattering,
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MECHANICAL HEAT TREATMENT OF METALS

the interaction is accompanied by the generation
or absorption of various elementary excitations
(see Quasi-particle) in solids. The mean free path l
is related to the cross-section σ for the corresponding process by the expression l = 1/(σ N),
where N is the concentration of scattering particles (impurity atoms, defects, phonons, plasmons,
and so on). The parameters which determine the
efﬁciency of transport (such as electrical conductivity, thermal conductivity, viscosity coefﬁcient,
etc.) depend on the corresponding mean free paths
of mobile particles. In the case of an electron
energy ≈75 eV, the mean free path of the electrons entering the solid before a collision event
has a minimum value of about 0.5–1 nm. This
allows the use of electron beams with this energy for the purpose of solid state surface analysis
(see Low-energy electron diffraction, Auger electron spectroscopy).
MECHANICAL HEAT TREATMENT OF METALS
Strengthening treatment of metals, which includes a slight (10–15%) plastic deformation and
polygonization stabilizing annealing. Mechanical

heat treatment is an independent type of thermoplastic technology; it brings about the improvement of a complex of mechanical properties
(strength and plasticity) through formation of speciﬁc dislocation substructures that limit the mean
free path and mobility of linear defects.
The cause of the strengthening effect of a
mechanical heat treatment is the formation of a
higher density of intragrain boundaries in a cellular structure, or a polygonal fragmented structure
(see Fragmentation), which interact with dissolved
impurity atoms and mobile linear defects. For
single-phase metals and alloys that undergo no
polymorphic or phase transitions, mechanical heat
treatment is the only effective method for varying technological and operating properties over a
broad range by choosing corresponding dislocation distributions and substructures.
In order to increase the workability of brittle
materials a cellular substructure is formed; while
a polygonal (see Polygonization) substructure that
contains an excess of dislocations of one sign is
formed when resistance of high-temperature creep
is to be increased. A polygonal substructure is
thermally resistant under stress even up to premelting temperatures, which decreases the rate of

creep by 1–2 orders of magnitude. Depending on
the operating conditions, mechanical heat treatment requires optimization of preliminary strain in
order to preclude any recrystallization.
For materials with complicated alloying conditions, mechanical heat treatment may be combined with other types of thermoplastic treatments,
e.g., thermomechanical treatment that forms the
hardened state (see Hardening of materials) as a
result of an accumulation of dislocation-saturated
structures at polymorphic and phase transitions,
ultrasonic treatment, and subsequent aging (see
Alloy aging). Under these, creep resistance, fatigue strength (see Fatigue), impact strength and
resistance to corrosion under stress are increased.
A mechanical heat treatment is usually carried
out using standard pressing, rolling and drawing equipment, or using special equipment developed for new technologies. The application
of a mechanical heat treatment for the hardening of products made of nickel alloys, titanium
alloys, materials containing a metastable β-phase,
molybdenum alloys, tungsten alloys, heat-resistant
austenite steels (see Austenite), or rolled aging aluminum alloys, increases the economic efﬁciency of
the use of these materials due to the improvement
of material properties, the increase of reliability,
and the saving in alloying elements.
MECHANICAL PROPERTIES OF SOLIDS
Ability of solids to resist strain and failure,

combined with the capacity to undergo elastic deformation and plastic deformation under the action
of external forces. Mechanical properties to characterize the elasticity of solids include elastic moduli, proportionality limit and elastic limit. Strength
is described by yield limit, ultimate strength, hardness, and breaking stress. Plasticity is determined
by relative elongation (shortening) and lateral contraction (spreading) in static testing for tension
(compression), as well as by impact strength in
dynamic testing (see also Plastic limit). In cyclic
testing (see Cyclic strength), fatigue limit and fatigue strength (see Fatigue) are determined. The
mechanical properties at elevated temperatures include creep limit, long-term strength, long-term
hardness and relaxation resistance. At low temperatures, the mechanical properties of a solid

MECHANICAL TESTING OF MATERIALS

with metallic bonds depend on the type of crystal lattice. Thus, metals and alloys with a facecentered cubic lattice (Cu, Ag, Au, Al, Pb, Ni,
austenite steels, etc.) on lowering the temperature (down to 4.2 K) retain plasticity with a
certain increase of strength. At low temperatures,
these metals exhibit creep, its rate slightly depending on temperature. Relative elongation, lateral
contraction, and impact strength of many metals and alloys with a body-centered cubic lattice
(W, Mo, Cr, α-Fe, carbon and low-alloy steels) as
well as of those with a hexagonal close-packed
lattice (Be, Mg, Zn) tend to zero on cooling below the viscous–brittle transition temperature Tb
(cold brittleness). On reﬁning grains as well as
on purifying the above metals of impurity atoms,
in particular from interstitial impurities, Tb decreases. Typical of mechanical properties of solids
with covalent bonds are high hardness and brittleness (see Brittle failure) even at the high purity
pertaining to many semiconductors; their plasticity manifests itself at temperatures higher than 0.7
of the absolute melting temperature Tm . Mechanical properties of solids with ionic bonds (TiC, WC)
are also typical for brittle materials, but plasticity manifests itself already at temperatures above
0.5T m . Mechanical properties of polymeric materials have certain speciﬁc features: an elastic
strain that arises nearly instantly upon applying
an external stress is rather small; a large reversible deformation (high-elasticity state), and
irreversible viscous-ﬂuid deformation take place
during a period from a fraction of a second to
many hours, depending on the temperature and
polymer structure (see Rubbers). The alloying of
metals leads to the generation of substitutional
solid solutions (see Substitutional alloys), interstitial solid solutions (see Interstitial alloys) and/or a
heterogeneous system. Such alloys are stronger
than pure metals, but their plasticity is, as a rule,
lower. Certain metal alloys with clearly deﬁned
cold brittleness provide an exception, e.g., alloys
of tungsten and molybdenum with rhenium, their
strength growing along with plasticity. Heat treatment and thermomechanical treatment enhance
mechanical properties of solids that experience
phase transformations (see Polymorphism, Alloy
ordering, Alloy aging). Mechanical properties of
solids change under irradiation. Irradiation hardening and irradiation embrittlement are observed;
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they are due to the generation of radiation-induced
defects and to irradiation doping (at large irradiation doses). Mechanical properties of a solid in a
metastable state change under irradiation because
of the progress of radiation-induced processes,
in particular, of radiation-induced diffusion. The
environment has an effect on the mechanical properties. Thus, testing brittle materials, e.g., NaCl,
in a saturated water solution causes a noticeable
increase in strength (Ioffe effect), whereas dehardening takes place in the presence of surface-active
agents (Rebinder effect, see Strength reduction
through adsorption). High pressures increase the
elastic moduli and strength of solids. Brittle solids
exhibit a signiﬁcant increase of the plasticity limit
(see Hydroextrusion). The increase of plasticity is
especially substantial when a phase with covalent
or ionic bonding transforms under high pressure
into a phase with metallic bonding owing to a r storder phase transition.
MECHANICAL STRESS

The force acting on an arbitrarily chosen unit
region inside a body; a measure of internal forces
arising during strain. Mechanical stresses are quantitatively characterized by the stress tensor. They
stem from interatomic forces, whose range is of
the order of interatomic distances. Forces that
cause internal stresses are referred to in elasticity theory as short-range forces which act between
neighboring points only. Forces that are exerted on
a part of a body by surrounding regions act directly through the interface between them. This
does not apply if the deformation of the body is
accompanied by the generation of space charges
and macroscopic electric or magnetic ﬁelds in
it (semiconductors, pyroelectric materials, piezoelectric materials, magnetostrictive materials).
MECHANICAL TESTING OF MATERIALS

Tests consisting of determining, by mechanical means, those properties of materials that are
responsible for the ability to resist deformation
and failure, together with elastic and plastic behavior, under the action of external forces. The
tests are carried out at room temperature, lowered
and elevated temperatures. Mechanical testing of
metals is divided into static types (sample loaded
slowly and smoothly, or load remains constant
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during a long period), dynamic types (sample is
loaded rapidly, i.e. with grippers moving faster
than 1.6·10−4 m/s), and cyclic types (sample undergoes repeated loads that vary in magnitude and
possibly also in direction). The level of mechanical properties of a certain material depends on its
nature, and on the nature of the applied stresses
(type of the state of stress). Therefore, mechanical
tests are also classiﬁed by types of loading (tension, compression, shearing, ﬂexion, torsion, etc.)
that permit testing in a linear, planar or spatial state
of stress. Static testing evaluates such properties
as elasticity, resistance to primary plastic deformation, resistance to major plastic deformation,
plasticity. These properties are determined by tests
for tension, compression, e xure, and torsion. The
hardness of a specimen is determined by pressing
into it a rigid tip (indenter) in the shape of a ball,
cone or pyramid that experiences no appreciable
deformation during the test. The state of stress thus
attained makes it possible to use the hardness determination method for materials that are brittle in
other kinds of testing. Micromechanical testing is
used for assessing properties of a small amount of
material (generally of a metal; e.g. welded joints,
local quenching or strain hardening, degree of
inhomogeneity, degree of anisotropy of crystals,
etc.). Prolonged static loads are used to determine
the resistance to plastic deformation (creep limit),
and resistance to failure (long-term strength); these
tests are carried out under special conditions (exposure to elevated temperatures, hostile media,
etc.). Fracture toughness (short-term crack resistance) as an estimate of the resistance of a material
to brittle failure is determined through static tests
for tension or ﬂexure on samples with purposefully induced fatigue crack (see Fatigue).
The principal objective of dynamic impact testing is to provide the simplest and least laborconsuming determination of the hazardous brittleness of metals for comparison purposes. Dynamic
tests evaluate technical properties of metals at increased rates of deformation, when it is necessary
for structures to experience high-rate loading under operating conditions.
Cyclic testing allows the determination of fatigue resistance, because most working parts of
devices experience variable loads that cause the
generation of fatigue cracks, their propagation and

failure. The following schemes of loading are used
to carry out tests for fatigue: pure bending at rotation; lateral ﬂexure at rotation; the same operation
in plane; tension–compression; variable torsion;
and internal pressure. In addition, tests with combined loading are often used. Sometimes, along
with tests for ordinary many-cycle fatigue, those
for few-cycle, high-frequency, impact, thermal,
thermomechanical and corrosion-mechanical fatigue are used.
MECHANICS
See Analytical mechanics, Continuum mechanics, Physicochemical mechanics, Quantum mechanics.
MECHANOCALORIC EFFECT (J.G. Daunt,
K. Mendelssohn, 1938)
Heating of liquid helium 4 He in a vessel during

a rapid transfer of He II from one vessel into another through a narrow capillary or a slot (∼1 μm)
at a temperature below that of the transition to
the superﬂuid state (lambda point, 2.19 K at standard pressure), and the cooling of the escaping
helium. The mechanocaloric effect has been observed below 0.4 K (P.L. Kapitza). For a slight
temperature difference T the ﬂow-over process
stops at the pressure difference P = ρS T ,
where ρ is the helium density, and S is its entropy. The mechanocaloric effect is a macroscopic
example of quantum liquid properties. The inverse
phenomenon also occurs: spouting of He through
a capillary at the addition of heat (thermomechanical effect). Both effects are explained by the
quantum theory of super uidity. The increase of
temperature in a vessel raises the concentration of
quasi-particles inside it. The behavior of He II is
approximately described with the help of two sets
of equations: one involving the normal component
and the other the superﬂuid component of the interpenetrating liquids. The latter has zero entropy
and does not interact with the normal component.
MECHANOCHEMISTRY

A branch of chemistry concerned with chemical and physicochemical transformations that take
place when a material is exposed to external
mechanical action: polymer degradation and synthesis of polymers, chemical reactions with friction, strain and failure of a solid (tribochemistry),

MELTING TEMPERATURE

reactions that take place under exposure to ultrasound and high pressures, etc. Methods of
mechanochemistry are used in plasticization of
raw rubbers, hydrolysis of cellulose, production
of building materials, ultrasonic manufacturing of
medicinal preparations, for prevention of chemical
processes that cause aging and failure of assemblies and working pieces of machinery, etc.
MECHANOSTRICTION

Generalized term for a phenomenon related to
strain of a body under the action of external elec-

tric or magnetic ﬁelds. According to the type of
applied ﬁeld, electrostriction and magnetostriction
are distinguished. Electrostriction is observed in
solid, liquid and gaseous insulators as a result of
polarization of insulator in an electric ﬁeld (displacement of ions of electric dipoles, or change
of their orientation). Electrostriction applies to all
solid dielectrics regardless of their structure and
symmetry, as distinct from piezoelectric materials where the anisotropic structure (see Anisotropic
medium) is of primary importance. Magnetostriction is strongly pronounced in ferromagnets and
in certain ferrites, whereas it is very weak in
antiferromagnets, and only rarely occurs in diamagnets and paramagnets. The deformation of
bodies in a magnetic ﬁeld is also called the Joule
effect (J. Joule, 1842). An inverse phenomenon
also occurs that involves the change of magnetic
properties of a body under its forced deformation.
In this case, an electromotive force arises in a coil
that is wound, e.g., on a ferromagnetic core. The
direct and inverse effects are used in sonic and ultrasonic emitters and receivers, respectively. The
Wiedemann effect (G. Wiedemann, 1858) consists
in the twisting of a current-carrying conductor in a
longitudinal magnetic ﬁeld.
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MEISSNER EFFECT (W. Meissner,
R. Ochsenfeld, 1933)
Phenomenon of absolute diamagnetism of su-

perconductors (susceptibility χ = −1 in SI units)
involving complete expulsion of the magnetic ﬁeld
from the entire bulk superconductor except for
a thin subsurface layer (see Penetration depth of
magnetic eld), in ﬁelds B not in excess of the
thermodynamic critical magnetic eld Bc (T ) for
type I superconductors, and the lower critical eld
Bc1 (T ) for type II superconductors. The Meissner
effect is due to the shielding of the external ﬁeld
B by undamped surface super currents that exist
via macroscopic quantum coherence and stability
of the wave function of a superconducting condensate of Cooper pairs, with their lower energy
state separated from the upper excited one-particle
states by an energy gap of 2Δ (see Landau superu idity criterion). Type II superconductors in the
range of ﬁelds Bc1 (T ) < B < Bc2 (T ) exhibit an
incomplete Meissner effect in which the magnetic
ﬂux partially penetrates into the bulk superconductor in the form of Abrikosov vortices (see Mixed
state, Shubnikov phase). In type I superconductors
of an arbitrary shape and orientation relative to the
external ﬁeld B, partial ﬁeld penetration can occur
through the coexistence of normal and superconducting regions (normal domains, see Intermediate
state).
MELTING

The transition of a substance from the crystalline solid state to the liquid one (see States of
matter). The process of melting involves absorption of heat (latent heat), and is a rst-order phase
transition.
MELTING HEAT
See Heat of melting.
MELTING, INCONGRUENT
See Incongruent melting.

MEDIUM, ACTIVE

See Active medium.
MEGA. . . (fr. Gr. μεγ ας , large)

Preﬁx for a physical unit to obtain a 106 multiple of the original unit, with the symbol: M.
Example: 1 MW (megawatt) = 106 W.

MELTING TEMPERATURE, melting point
The temperature Tmelting of the phase transition of a crystalline solid to the liquid state

under a constant external pressure; a particular
example of a rst-order phase transition. As the
melting arises from the breakage of some interatomic (intermolecular) bonds, Tmelting depends
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Table 1. Melting temperatures (in ◦ C) of various high melting materials at atmospheric pressure
Metals and covalent crystals

Refractory compounds

Material

Tmelting

Material

Tmelting

Material

Tmelting

Material

Tmelting

Material

Tmelting

Ti
Th
Pt
Zr
V
Cr
Rh
Hf
Ru
Nb

1670
1750
1769
1852
1900
1915
1966
2222
2250
2415

Ir
Mo
Os
Ta
Re
W

2410
2610
2700
3000
3180
3410

Si
B

1410
2070

ThC
WC
MoC
SiC
VC
TiC
NbC
ZrC
TaC
HfC

2625
2630
2692
2830
2830
3250
3480
3530
3875
3890

TiN
ZrN
TaN
HfN
BN
TiB2
NbB2
ZrB2
TaB2
HfB2

2950
2980
3100
3310
3700
2730
3000
3040
3120
3250

Al2 O3
Y2 O3
SrO
BeO
CaO
MgO
VO2
ZrO2
CeO2
ThO2

2050
2410
2450
2570
2600
2800
2800
2800
2900
3050

on the type of interatomic bond, the coordination
number, and other characteristics of the crystal lattice. The melting temperature of a metal depends
on the concentration of the electrons that determine the energy of the metallic bond. See Table 1.
MEMBRANE

Three types of membranes are as follows:
1. A ﬂexible thin stretched lm that serves
as a sensor surface for a number of acoustic
devices. The membrane elasticity arises from external forces that hold it stretched. In this regard
it differs from a plate, since the elasticity of the
latter is a function of its material and width. According to the shape of their border where the
tension is applied, membranes are classiﬁed as
rectangular, circular, etc. Natural vibrations of a
membrane are systems of standing waves with particular patterns of nodal lines. Different systems
of two dimensional standing waves correspond to
different normal modes, the totality of the latter
making up the discrete spectrum of membrane
natural frequencies. Transverse vibrations of a homogeneous, uniformly stretched membrane are
described by solutions of the wave equation
 2
2 
∂2ξ
2 ∂ ξ +∂ ξ ,
=
c
∂t 2
∂x 2
∂y 2
where ξ is the lateral displacement of a point
(x, y), t is time, c = (T /σ )1/2 is the velocity of
propagation of the vibrations, T is the tension,
and σ is the membrane surface density. Solutions
must satisfy the boundary condition ξ = 0 at a

ﬁxed membrane edge, and initial conditions ξ =
f (x, y), (∂ξ/∂t) = g(x, y) at t = 0. The natural
frequency spectrum of a rectangular membrane is
given by the formula
νik =

c
2



 2 1/2

n
m 2
+
,
a
b

(m, n = 1, 2, . . . , a, b are membrane dimensions).
Such an approach leaves out the scattering (emission) of energy, but this does not affect the calculation of natural frequencies. Allowing for emission
loss is necessary only when calculating amplitudes
of forced vibrations with frequencies that are close
to resonance.
2. A membrane in engineering is a partition
or diaphragm which exhibits selective penetrability for various compounds, and provides for the
separation of those compounds, perhaps with the
help of chemical catalytic processes. The membrane does not clog after long use, as is the case
for ﬁltration. Separation of a mixture ﬂux into two
components (one passing through the membrane,
the other being retained) is due to the selective
penetrability. The ﬂux is caused by the application
of gradients of pressure, concentration, electric
potential, or temperature to the membrane.
3. A membrane in biology is a thin shell, often a bilayer which is two (perhaps elongated)
molecules thick, conﬁning a cell or subcellular
formation. It provides sites for enzymes; ensures
intercellular contacts; participates in processes of
motion, secretion, absorption, protein synthesis,

MESIC ATOM

and cell division; exhibits electrical activity (neurons) at the propagation of nerve impulses; detects
and transmits information on minor environmental changes via special molecule-receptors and
molecule-mediators, and facilitates storage of this
information.
MEMBRANE MATERIALS
Polymeric ﬁlm (see Polymeric materials), a thin
metallic, ceramic or glassy plate, a layer of liquid,

gas or vapor. Membrane materials are obtained
through pressing, rolling, extrusion (stamping),
leaching, spraying, electrophoresis, polymerization, casting, etching. Preferential and selective
properties of membrane materials are governed
by the structure of factors that arise during their
formation: channels, slots, nets. The main function of membrane materials consists in separating
the components of mixtures based on physical
processes: diffusion, evaporation, ultra-ﬁltration,
reverse osmosis, etc. Membrane materials are
widely used for puriﬁcation and desalination of
water, technological separation of gases, in chemical, food and microbiological industries, in medicine.
MEMORY, SOLID-STATE
See Solid-state memory.
MEMORY, STRUCTURAL
See Structure memory.
MENDELEVIUM, Md
See Transuranium elements.
MENISCUS (fr. Gr. μηνισ κoς , half-moon,
crescent)

Shape of surface of liquid in a narrow vessel or
a tube. Wetting liquids form a concave meniscus,
and non-wetting liquids form a convex one (see
Wetting).
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shells is 4f 14 5d 10 6s 2 . Ionization energies are
10.43, 18.752, 34.3, 45.98 eV. Atomic radius is
0.150 nm; radius of Hg2+ ion is 0.110 nm. Oxidation state is +1, +2. Electronegativity is ≈1.6.
Mercury is silvery-white liquid metal, the only
metal which remains liquid at low temperatures. It
has a rhombohedral crystal lattice; a = 0.2999 nm,
α = 70◦ 45 . Density is 13.5951 g/cm3 (at 273 K)
and 13.5459 g/cm3 (at 293 K). Tmelting =
234.3 K, Tboiling = 630 K. Heat of melting is
2.352 kJ/mole; heat of evaporation is
58.38 kJ/mole; volume thermal expansion coefﬁcient of solid mercury is 12.5·10−5 to
17.1·10−5 K−1 (in temperature range 183.2 to
233.7 K), temperature coefﬁcient of liquid mercury is 1.823·10−4 to 1.889·10−4 K−1 (in temperature interval 234.3 to 623 K). Speciﬁc heat
is 0.1419 kJ·kg−1 ·K−1 (at 234.3 K), 0.1404
kJ·kg−1 ·K−1 (at 273 K), 0.1396 kJ·kg−1 ·K−1
(at 293 K), 0.1371 kJ·kg−1 ·K−1 (at 373 K),
0.1357 kJ·kg−1 ·K−1 (at 623 K). Electrical resistivity is 9.17 n·m (at 273 K), 9.5833 n·m
(at 293 K). Mercury is diamagnetic with speciﬁc magnetic susceptibility −0.168·10−6 CGS
units (at 293 K). Viscosity of liquid mercury is
0.001544 kg·m−1 ·s−1 (at 293 K). Mercury vapor
at low temperatures consists mainly of atoms, with
increasing temperature the degree of association
increases, and at the critical temperature it almost
totally consists of diatomic molecules. Pressure of
saturated mercury vapors is 0.00193 Pa (at 203 K),
27.273 mPa (at 273 K), 173.05 mPa (at 293 K),
1786.49 mPa (at 323 K). Adiabatic elastic moduli
of mercury monocrystal: c11 = 36.0, c12 = 28.9,
c13 = 30.3, c14 = 4.7, c33 = 50.5, c44 = 12.9
(in GPa) at 83 K. Mohs hardness of frozen mercury is 1.5. Compressibility of liquid mercury is
40.51 pPa−1 (at 303 K and pressure from 105 Pa
to 5·106 Pa); compressibility coefﬁcient of solid
α-Hg is 35.2 pPa−1 (at 200 K and normal pressure). Mercury is widely used in the chemical
industry, electronics, lighting engineering, etc.

MERCURY (Lat. hydrargyrum ), Hg

A chemical element of Group II of the periodic system of elements; atomic number 80,
atomic mass 200.59. Natural mercury has 7 stable
isotopes: 196 Hg, 198 Hg, 199 Hg, 200 Hg, 201 Hg,
202 Hg and 204 Hg; 23 radioactive isotopes are
known. Electronic conﬁguration of ﬁlling outer

MESIC ATOM, muonic atom

Atom of some chemical element where one of
the electrons is replaced with a negatively charged
muon (μ− ) which, like an electron, is also a lepton
and behaves like a heavy electron. When the substance is irradiated with fast muons, mesic atoms
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form as the muons are decelerated: μ− is trapped
at a high-excitation state and replaces one of the
atomic shell electrons. The transition to lower
energy states is accompanied by radiation of characteristic gamma quanta, or by the Auger effect.
Intensities of certain lines of characteristic radiation by a mesic atom depend on the nature of its
bonding to nearest neighbors, which allows the determination of the type of chemical compound that
is involved. As the transition of the muon to the
K-shell takes place, the electron shell of a mesic
atom with atomic number Z becomes similar to
that of an ordinary atom with number Z − 1 because of the small Bohr radius of the bound muon.
The small sizes of mesic atoms with hydrogen
nuclei (radius of 10−11 cm) allow them to penetrate into electron shells, and even into nuclei of
other atoms. This results in the generation of mesic
molecules, and causes reactions that involve nuclei
and muons (muon catalysis).
MESONIC CHEMISTRY

Chemistry of compounds containing mesic
atoms. Replacement of one of the electrons with a
negatively charged meson (muon, π - or K-meson)
may take place as these particles are decelerated
in the material. Since masses of mesons are hundreds of times that of an electron, the Bohr radius
of a mesic atom appears to be signiﬁcantly smaller
than that of an ordinary atom. This results in the
capability of the simplest mesic atom (mesonic
hydrogen) to penetrate inside atomic shells of ordinary atoms and initiate nuclear transformations,
formation of mesonic molecules, etc.
MESONS (fr. Gr. μεσ oς , average, intermediate)

Unstable elementary particles that possess zero
or integral spin. The ﬁrst to be discovered and
the best studied are π - and K-mesons that have
masses between those of a proton and an electron; see also muons (at ﬁrst erroneously called
μ-mesons). Intense meson beams are obtained in
proton accelerators, the so-called meson factories.
This allows using mesons to study solids. The
method of charge exchange of π -mesons on hydrogen nuclei is known; the probability of charge
exchange depends on the atomic number of the
nucleus that is bound to hydrogen, as well as
on the nature of the chemical bond. This method

allows identiﬁcation of states of hydrogen in various media. Methods of X-ray spectrum analysis
have been used for mesic atoms. Channeling behavior of π + -mesons and μ+ -muons have been
observed.
MESOPHASES

Thermodynamic phases of liquid crystals characterized by speciﬁc ranges of temperature, pressure, and concentration. In thermotropic liquid
crystals, mesophases are found between the isotropic ﬂuid (I ) and solid crystal phases (S). The
normal sequence of mesophases follows the decrease of degree of ordering with increase of
temperature: S ↔ smectic B(H ) ↔ smectic C ↔
smectic A ↔ nematic N ↔ (cholesteric-Ch) ↔ I .
In certain liquid crystals and their mixtures there
can be deviations from this sequence, e.g., C ↔
N ↔ A ↔ N ↔ I . Melting points of mesophases
range between −60 and +400 ◦ C, and the width
of mesophases varies from 0.01 to ∼100 ◦ C. Transitions S ↔ N are rst-order phase transitions
with H ∼ (2–15)·103 cal/mole. Phase transitions N ↔ I and N ↔ A are also ﬁrst order
with H ∼ 10−1 –10−2 and 1–10−2 kcal/mole,
respectively. In lyotropic liquid crystals, thermal
transitions N ↔ I are ﬁrst order phase transitions
with H ∼ 10−3 kcal/mole. Transformations of
mesophases are usually second-order phase transitions.
MESOSCOPIC FLUCTUATIONS

Scatter of observed parameters over an ensemble of specimens that exhibit identical macroscopic characteristics (dimensions, shape, impurity concentration, etc.) but differ in the speciﬁc
conﬁgurations of static disorder.
It is reasonable to describe mesoscopic ﬂuctuations in statistical terms. This approach seeks
neither to depict atomic level motion of a particular specimen (microscopics, see Microscopic
description of solids), or to limit itself to computing ensemble-averaged observables (macroscopics, see Macroscopic description of solids). Rather,
its aim is to study the distributions of mesoscopic
(intermediate length scale) ﬂuctuations. The irregular dependence of these ﬂuctuations on an
external ﬁeld allows one to observe them despite
the fact that it is a particular specimen under experimental investigation, rather than the overall

METAL–INSULATOR–SEMICONDUCTOR STRUCTURE

ensemble. For instance, the relationship between
the total electrical conductivity of a specimen G
and the magnetic ﬁeld B has the form of a random
process, but it is reproducible for a given specimen. It has been called the “magnetic ﬁngerprint”
of the specimen. Other “ﬁngerprints” are relationships between G and electric ﬁeld, or between G
and the electron concentration.
The magnitude of mesoscopic ﬂuctuations is
unexpectedly high because of quantum effects. In
the region of weak localization at zero temperature T , the root-mean-square mesoscopic conductivity ﬂuctuation δG is of the order of the
universal value e2 / h ≈ 4·10−5 −1 regardless of
the size or shape of the sample, and decays rather
slowly with increased T . The relative magnitudes
of mesoscopic ﬂuctuations of other physical quantities are often of the same order as δG/G  1.
However, if the mean value of X is small due to
symmetry considerations (e.g., the thermal electromotive force is small because of electron–hole
symmetry), then it is possible that δX > X even
in the region of weak localization. In an Anderson
insulator, δX  X at T = 0 (see Anderson localization).
An important feature of mesoscopic ﬂuctuations consists in their sensitivity to minor changes
in the disorder (conﬁguration of impurities). For
instance, a displacement of one impurity in a ﬁlm
of ﬁxed width causes a ﬁnite change of G for any
length of the ﬁlm.

METAL–INSULATOR INTERFACE

A transition layer between a metal and insulator in contact (see Condensed matter interface).
The layer is heterogeneous in its chemical composition and structure. As a rule, the interface
contains a large concentration of surface electron
states. The quality of this interface to a great extent determines the electrophysical properties of
metal–insulator–semiconductor structures and the
characteristics of instrumental devices based on
them.
METAL–INSULATOR–SEMICONDUCTOR
STRUCTURE (MIS structure), metal–oxide–semiconductor structure (MOS structure)
A capacitor consisting of a semiconductor
plate, an insulator layer (SiO2 ) and a metal elec-

trode. During the charging of the capacitor the
electrical conductivity of the semiconductor
changes in the neighborhood of the semiconductor–insulator interface due to a change in the
concentration of charge carriers. This fact underlies the operation of a number of devices. The
most common is a silicon based metal–oxide–
semiconductor ﬁeld effect transistor (MOSFET)
(see Fig.). A thin insulating layer (width 100 nm)
of silicon dioxide SiO2 is applied by oxidation to
a Si p-type substrate, then a metallic electrode
(gate) is deposited. Two electron conduction regions are formed at a certain distance from each
other under the surface of the oxide in the p-type
Si; two metallic contacts (a source and a drain) are
brought to these regions. If a positive voltage is

METAL, AMORPHOUS

See Amorphous metals and metallic alloys.

METAL AND ALLOY FERROMAGNETISM

See Ferromagnetism of metals and alloys.

METAL, ANTIFERROMAGNETIC

See Antiferromagnetic metals.

METAL CURRENT STATES

See Current states in metals.
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MOSFET transistor diagram.
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applied to the gate, then all the electrons under
it in p-Si will become attracted to the thin oxide
layer, thereby creating a semiconducting inversion
layer of n-type in it. This results in the generation
of a current-carrying channel between the source
and the drain. Such a system is equivalent to a
vacuum triode (source is cathode, drain is anode,
gate is grid). It may also serve as a memory unit.
A two-layer insulator is used for this purpose: thin
layers of SiO2 and of silicon nitride. Electrical
charge brought into Si may be transferred from
Si to traps on the oxide–nitride interface. These
traps remain charged for a relatively long time after removing the voltage between the gate and the
substrate (memorization). This state may be read
out by the change in properties of the subsurface
area of the substrate. The MOS structure is a basic
element of solid-state electronics; it is also used
for studying surface properties of semiconductors
(near the boundary with an insulator).
METAL–INSULATOR TRANSITION
See Anderson localization, Mott metal–insulator
transition, and Peierls transition.
METALLIC BOND
Type of chemical bond in materials exhibiting

metallic properties. Most atoms of the ﬁrst three
groups of the periodic table, as well as transition
elements, have their electronic structure signiﬁcantly modiﬁed when included in crystal lattices
of metals and alloys. Their weakly bound outer
s- and p-electrons lose their afﬁliation with their
“own” atoms and move more or less freely through
the whole crystal. The most typical example is
Group I metals Li, Na, K as well as Cu and Ag,
which serve as univalent cations immersed in an
electron ﬂuid. Compared to an isolated atom with
a wave function that decays rapidly with distance,
a nearly free electron has a wave function of a
smoother character, corresponding to a kinetic energy far below the Fermi energy. It is this energy
decrease, along with the Coulomb energy of an ion
in a roughly homogeneous electron ﬂuid, that is responsible for the metallic bond energy. Typical of
metals are highly symmetric body-centered cubic,
face-centered cubic and hexagonal close-packed
lattices with high coordination numbers 8, 12 and
12, respectively. This explains their comparatively

low melting points, high forgeability and plasticity.
On the other hand, transition elements possessing
several d-electrons (up to 8–9, as in Ni, Pd, Pt)
exhibit a high metallic bond energy; and they are
refractory and brittle, like, e.g., W. They have a
large covalent bond contribution from highly localized d-electrons. Ions that differ very little in
size easily replace one another, and this facilitates the formation of alloys over a wide range of
composition, e.g., alloys of gold with copper and
silver, bronzes, brasses, alloys of tin with lead, and
many others. Intermetallic compounds InSb, InBi,
HgTe have both metallic and covalent bond contributions. Tin can form different phases: a zero-gap
covalent crystal α-Sn, and metallic β-Sn.
METALLIC CORROSION
See Corrosion of metals.
METALLIC GLASSES
Amorphous metallic alloys that are obtained

through ultra-high-speed melt cooling. The rate of
cooling must be about 106 K/s to prevent crystallization of the melt; this is attainable if at least one
dimension of the specimen to be hardened is small.
Therefore, metallic glass specimens have the form
of foils, strips, wires with thickness of tens (more
rarely, hundreds) of micrometers.
Types of metallic glasses. Melts capable of
turning into glasses are called glass forming, and
this capability depends on the melt composition. Several families of two-component metallic glasses are: transition metal–polyvalent metal
(e.g., Fe80 B20 , Pd80 Si20 ); polyvalent metal–polyvalent metal (e.g., Mg70 Zn30 ); “heavy” transition
metal–“light” transition metal (e.g., Ni60 Nb40 );
rare-earth
metal–polyvalent
metal
(e.g.,
La70 Al30 ); rare-earth metal–monovalent noble
metal (e.g., La80 Au20 ); transition metal–“light”
transition metal (e.g., Cd70 Ni30 ); uranium–transition metal (e.g., U70 Cr30 ). Multicomponent
metallic glasses include atoms of more than one
metal from a given group instead of only one of
them; e.g., the alloy Fe40 Ni40 P14 B6 belongs to
the transition metal–polyvalent metal family.
Structure. Integral and partial radial distribution functions of atoms in metallic glasses,
obtained through various diffractometry analysis
methods, indicate the presence of short-range order (see Long-range and short-range order) in
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Diagram of alloy structure states.

the atomic arrangement extending over several interatomic distances. Mössbauer spectroscopy and
other investigation methods indicate the presence
of one or more types of local atomic ordering,
and studies of surface structure of some metallic glasses using the scanning tunneling microscope (see Scanning tunneling microscopy) and
the high-resolution electron microscope reveal ordered areas up to 2.5 nm in size. With the help
of transmission electron microscopes, a domaintype structure was discovered in a number of
glasses, the domain sizes being of the order of
10 nm. A number of models of metallic glass
structure have been suggested. The random closepacking model, supplemented by concepts of free
volume (see Free volume model), dates back to
Bernal’s liquid model, but fails to allow for intermetallic bonds and the existence of local topological and compositional order. In polycrystal
models an amorphous body is considered as a
dislocation- and disclination-disordered crystal, or
a ﬁne-grained polycrystal. The distances between
extensive defects in paracrystals must extend over
several interatomic distances, but as yet there is
no experimental proof of their existence in metallic glasses. A polycluster model (see Polycluster
amorphous solids) treats a metallic glass as an aggregation of locally matched, regular clusters with
each atom in the cluster locally ordered. There

may be several types of local order which may
alternate randomly. Cluster boundaries are locally
disordered and contain tunneling states responsible for low-temperature anomalies in amorphous
solids.
Properties. The density of metallic glasses is,
as a rule, 1–2% lower than that of the crystal alloy of the same composition. Metallic glasses owe
their high strength to their lack of topological order (ultimate strength approaches the theoretical
value). The bulk modulus is nearly the same and
the shear modulus is 10–30% smaller than that of
the crystal analogue. Plasticity is about 1% at temperatures below 0.7Tg (where Tg is the vitri ca tion
temperature) and up to several tens of percent at
temperatures close to Tg . Plastic deformation is
uniform and is described via Newton’s equation
at T ≈ Tg . At low temperatures, plastic deformation is nonuniform; and slip bands about 20 nm in
thickness are generated, separated by up to several
μm. Uniform plastic deformation in polyclusters is
a diffusely viscous ﬂow controlled by diffusion and
slip over cluster boundaries. At low diffusion mobility of atoms, this ﬂow switches to a nonuniform
deformation mode accompanied by the generation
of slip bands. In the free-volume model, plastic deformation is associated with realignment of units
containing free volume.
Due to the lack of thermodynamic equilibrium,
metallic glasses undergo structural relaxation and
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crystallization with a typical crystallization enthalpy of 1–5 kJ/mole. The rate of structural
relaxation and crystallization is determined by the
speed of diffusion displacements of atoms, and
the rate of formation of stable conﬁgurations and
crystalline-phase nucleating centers by atoms. Instead of compositional phase diagrams, structural
transformation diagrams in temperature–time coordinates are constructed for metallic glasses. The
ﬁgure shows the structural equilibrium diagram of
an alloy, with the thin line on the left corresponding to the curve of the melt cooling regime which
ensures the formation of a metallic glass.
Diffusion coef cients of intrinsic atoms in
metallic glasses are, as a rule, noticeably greater
than those in crystals at the same temperature. Microscopic mechanisms of diffusion are not completely clear. In a free-volume model, the diffusion
occurs along free cavities, the volumes of the latter
being comparable to atomic volumes. In polyclusters two-dimensional diffusion occurs along
cluster boundaries, while volume diffusion in clusters occurs mostly along vacancies.
The electrical resistivity of metallic glasses at
temperatures near the Debye temperature is close
to that of the melt. The thermal resistance coefﬁcient may have a small positive, negative or
zero value, depending on the composition of the
glass. The Mooij correlation (J.H. Mooij, 1973)
between the resistivity and the thermal resistance
coefﬁcient is observed. Some amorphous alloys
are superconductors (see Superconducting alloys).
The transformation temperatures of amorphous alloys into the superconducting state are, as a rule,
lower than those of their crystal analogues, and
usually do not exceed 9 K. Yet, amorphous superconductors ﬁnd practical application because of
their narrow range of transformation temperatures
(about 0.05 K) and their high plasticity. Metallic glasses feature low-temperature anomalies in
the heat capacity, heat conductivity, velocity of
propagation and absorption of sound, which are
typical of various types of glasses, and result from
characteristics of their atomic structure, in particular, from the existence of two-level systems. At
low temperatures, features of the resistance and
magnetoresistance temperature dependences are
found, which result from weak localization of electrons.

Many iron-, cobalt- and nickel-based metallic
glasses of the “transition metal–polyvalent metal”
type, which contain about 80% transition metals, are magnetically ordered media (see Amorphous magnetic materials, Amorphous magnetic
substances). Their Curie point may be changed
over a wide range (up to approximately 1000 ◦ C)
by varying the composition of the alloy. Corrosion
properties of metallic glasses are, as a rule, noticeably better than those of their crystal analogues.
Because of their extraordinary mechanical, electric and magnetic properties, metallic glasses ﬁnd
various practical applications. Their applicability is limited by comparatively low crystallization
temperatures, insufﬁcient thermal stability, and
small thickness of the materials that are obtained
in the form of strips and wires.
METALLIC HYDROGEN

A hypothetical high-pressure phase of solid
hydrogen which exhibits metallic properties. According to general concepts of a metal–insulator
(Peierls) transition, the change of electric properties is due to the broadening of energy bands
and the disappearance of the band gap between
metal and insulator, with strong compression of
the material. Hydrogen becomes a conductor but
retains the hexagonal close-packed structure of a
molecular crystal by the gradual overlapping of the
gap between the valence band and the conduction
band. The further increase of pressure promotes
the transition to the atomic metal phase with a
body-centered cubic structure that is typical of
alkali metals. Then, the appearance of one partially ﬁlled band to replace two overlapping ones
provides high electrical conductivity. The experimental evidence indicates only a tendency for
such a rearrangement into an atomic phase: as
evidenced by Raman scattering of light, the vibration frequency of H2 decreases under pressure
above 0.3 Mbar, i.e. the strength of the bond
decreases. The formation pressure of metallic hydrogen is theoretically estimated to be of the order
of 2–7 Mbar. An important question is the stability
of metallic hydrogen after removing the applied
pressure. There is particular interest in the problem of metallic hydrogen because of its possible
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onset of superconductivity with a high critical temperature, perhaps Tc ≈ 100 K.
METAL-LIKE COMPOUNDS
Compounds of metals with nonmetals (hydro-

gen, bromine, carbon, nitrogen, silicon, phosphorus, sulphur, germanium, arsenic, selenium, and
tellurium). The nature of the chemical bond in
metal-like compounds determines their properties. The presence of electrons delocalized over
the crystal is responsible for their crystal chemistry characteristics: face-centered cubic, bodycentered cubic, hexagonal close-packed or more
complex structures, considerable electrical conductivity (with high negative temperature coefﬁcient), thermal conductivity, and high melting temperatures. Unlike metals, metal-like compounds
exhibit high hardness, small values of the ultimate
strength and plastic limit at low temperatures, comparatively low values of the linear temperature expansion coefﬁcient, and low resistance to thermal
shock. Some metal-like compounds are actually
superconductors. Most metal-like compounds are
phases of variable composition, whose properties
depend on the ratio of metal and nonmetal components. Transformation into semiconducting phases
may also occur.
METAL, LIQUID
See Liquid metals.
METALLOGRAPHIC ANALYSIS
Analysis of metal microstructure by means

of a metallographic microscope with the aid of
reﬂected light. Before carrying out the metallographic analysis, a section of the metal specimen
under study is prepared. The metal is cut, ground,
polished and etched in such a way that there are
no distortions of the structure as a result of a
mechanical or thermal inﬂuence. Then, the metallographic specimen is examined under the microscope where the light beam is reﬂected from
regions of the specimen according to their orientation. This is done so that those elements of the
structure, which are perpendicular to the beam, appear as bright spots and those which are inclined
with respect to the beam, appear as dark spots in
the image.
These features reveal various aspects of the microstructure which were etched in different ways
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during the preparation of the specimen. Metallographic analysis uses a wide range of techniques
and procedures. For bright-ﬁeld illumination, the
specimen is positioned perpendicular to the optical
axis of microscope. Oblique illumination requires
either displacement of the light source, or illumination of the specimen from under the objective
lens; this allows increasing the contrast of the
picture, but is difﬁcult to implement when high
magniﬁcation is needed. Dark-ﬁeld illumination
is achieved by placing the specimen in the ray
that bypasses the objective lens and is directed
by special reﬂectors. The contrast achieved by
using dark-ﬁeld illumination is opposite to that
of bright-ﬁeld illumination, i.e. those structure
details, which appear dark under bright-ﬁeld illumination, appear bright under dark-ﬁeld illumination, and vice versa. The microscope resolution
does not decrease with dark-ﬁeld illumination.
Special methods of metallographic analysis
include the phase contrast method, interference
method, those of high-temperature and low-temperature analysis, those based on the application of
polarized light, etc. Metallographic analysis is one
of the main techniques for structure studies in the
physics of metals, metal science, materials science, and heat treatment.
METALLOPORPHYRINS

Complexes formed by the porphyrin molecular structure with metals. According to chemical
bond type, complexes are classiﬁed into ionic
(labile) and covalent (stable), and according to
coordination center N4 M geometry (N is a pyrrole ring nitrogen, and M is the metal), they are
classiﬁed into centrally symmetric planar and noncentrally symmetric nonplanar types, into purely
porphyrin complexes and porphyrin extracomplexes (depending on saturation state of central atom coordination number). There are also
sandwich-type metalloporphyrins and various
polymeric ones. The molecular structure of metalloporphyrins is highly specialized; it results from
high covalence and strength of conjugated C=N
and C=C bonds, and strong σ -electron overlap
along the macrocycle which consists of four pyrrole rings connected by methine (–HC=) bridges.
This results in the formation of very strong intramolecular compounds capable of extra-coordination. The diversity of metalloporphyrin structures
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is due to numerous chemical modiﬁcations of
the molecules which do not effect the system
of π -electrons. Metalloporphyrins of most metals (excepting alkalis, alkaline earths, lanthanides)
are extra-stable complexes (stability constant in
glacial acetic acid is 1035 –1045 ). Materials produced on their basis exhibit a wide range of useful
features. They are sensitive and selective catalysts for many chemical processes; when included
into a thin ﬁlm of polymer they act as photoelectrochemical energy converters. “Organic metals” exhibit properties of semiconductors; electrochromic materials have a long working life;
photosensitive materials are used in phase threedimensional holography, etc.
METALLURGY (fr. Gr. μετ αλλoυργ ια ,
metallurgy)
Study of metals, including processes of extrac-

tion from ores and other materials, and subsequent
treatment in liquid and solid states, to provide
them with speciﬁed shapes and properties. The
most important metallurgic products are hot- and
cold-rolled bar and sheet products, pipes, metal articles. By-products include chemical compounds,
fertilizers, building materials, etc. Ferrous and
nonferrous metallurgy are known. Ferrous metallurgy covers the manufacture of steels and ironbased alloys (cast iron, steel, ferrous alloys), while
nonferrous metallurgy involves nonferrous metals
and alloys based on them. Powder metallurgy involves the preparation of ferrous and nonferrous
metal powders that are transformed into ﬁnished
parts by pressing and subsequent sintering.
The production system of modern metallurgy
includes mining complexes and concentrating
mills, by-product coke plants, factories specializing in ferroalloys and refractory materials, metallurgical and metal-working combines and enterprises. There are four process stages:
(1) metallurgical production proper includes
blast-furnace involvement,
(2) steel-making stage (open-hearth furnaces,
converters, electric furnaces),
(3) rolling-mill procedures (roughing and billet
mills, sheet, plate and section mills),
(4) there is an ever-increasing signiﬁcance and
wide application of operations of heat treatment, thermomechanical treatment, chemical

heat treatment, and other kinds of rolled stock
treatment, cold plastic deformation, application of protective, decorative and other kinds
of coatings, and so on.

At present, the principal process is the twostage (coke/blast-furnace) method of metal making that is based on the production of cast iron and
reprocessing it into steel. A radical innovation was
the development of continuous feed casting machines, which led to abandoning the reprocessing
of ingots into feeds (blooming-slabbing mills) and
reduced the consumption of rolling steel. However, there are disadvantages inherent in this twostage method (high coke consumption with limited
reserves of coking coal; minimal prospects of
equipment productivity growth; unfavorable ecological aftereffects, etc.) that inspired a renewed
interest in direct processing metallurgy. This involves the direct production of iron according to
the scheme: shaft metallization furnace–electric
furnace–continuous feed casting machine–rolling
mill, without any blast-furnace or accompanying
coke-chemical and agglomeration process stages.
It may also be possible, through improved
methods of iron ore dressing which prepare practically pure iron oxides with economically acceptable performance, to employ deep reduction to
obtain iron powders for the manufacture of work
pieces, or to press compact feeds for rolling. This
could provide ﬁnished products through bypassing
the blast-furnace and steel-making process stages,
without liquefying the metal (so-called solid-state
metallurgy).

METALLURGY, ION

See Ion metallurgy.

METALLURGY, POWDER

See Powder metallurgy.

METAL MODIFICATION

See Modi cation of metals.

METALS

METAL OPTICS

Branch of physics that studies the interaction
of metals with electromagnetic waves in the optical region (electrodynamic properties of metals).
Metals typically have a high reﬂectivity R over
a broad range of wavelengths λ due to the high
concentration of conduction electrons. By interacting with an electromagnetic wave incident on
the metal surface, conduction electrons produce
alternating currents, and most of the energy acquired by electrons from the wave is emitted
in the form of secondary waves that initiate an
echo wave. A portion of the absorbed energy is
transferred to lattice vibrations due to their interaction with the electrons. The conduction currents
screen the external electromagnetic ﬁeld, and attenuate the wave inside the metal (see Skin-effect).
Conduction electrons can absorb arbitrarily small
quanta ω of electromagnetic energy (ω is the radiation frequency). Therefore, they contribute to
optical properties of metals, a contribution which
is especially large in the infrared and radio-wave
spectral regions. These properties are related to the
complex dielectric constant ε(ω) = ε − iσ (ω)/ω
(where ε is the dielectric constant minus the
contribution of conduction electrons, σ is the electrical conductivity of the metal), i.e. to its refractive
√
index n = n − iκ = ε (where κ is absorption
index). The imaginary part of n represents the exponential attenuation of the wave inside a metal. In
the IR and optical frequency regions, the ﬁrst approximation yields ε(ω) = ε(∞) − (ωp /ω)2 (here
ωp is the electron plasma frequency). At frequencies ω  ωp , plasma oscillations of electrons are
excited in the metal, and they bring about transparency at ω > ωp . In the UV region, R falls
off, and metals come close to insulators in optical
properties. In the X-ray region, electrons of inner atomic shells determine the optical properties,
and metals differ little from insulators. Like insulators, metals exhibit absorption bands that result
from resonance excitation of transitions between
different electron energy bands, and these resonances lead to variations in ε (ω). By virtue of the
strong interaction of electrons, absorption bands in
a metal are considerably broader than in an insulator. Metals usually exhibit several bands situated
mostly in the visible and near-UV, more rarely in
the IR. There is a difference in phase between the
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waves reﬂected from a metal surface when polarized in the plane of incidence, and perpendicular
to it, so plane polarized light becomes elliptically
polarized upon reﬂection. As distinct from insulators, waves polarized in the plane of incidence
always have R = 0.
METAL OVERHEATING
Heating of a metal above admissible operating temperatures (e.g., heating for quenching lies

within the temperature range 850–950 ◦ C for most
types of steel). Heating to 1000 ◦ C and above at
hardening of steel is an example. Overheating of
a metal results in an increase in grain size and a
deterioration of mechanical properties. Hot plastic
working of high-alloy steels is performed within
the temperature range 1200–1000 ◦ C (there is a
speciﬁc narrow temperature range for each particular type of steel, but none of these individual
ranges falls outside the above limits). Heating for
forging to higher temperatures causes undesirable
structural changes (e.g., segregation of carbon
to grain boundaries), which may be responsible
for the deterioration of plasticity. Operation (even
short-term) of an article above a certain admissible temperature causes a decline of its mechanical
properties, and a complete or partial drop in serviceability. The consequences of overheating are
corrected through a repetitive heat treatment in accordance with the technological process adopted
for a given article and a given steel type. If a metal
is heated to temperatures which considerably exceed permissible ones, then the process of internal
intergranular oxidation is observed (this kind of
overheating is called burn in metallurgical practice); the mechanical properties of a work piece
degrade drastically, and do not recover through repeated heat treatments.
METAL PHYSICS
See Physics of metals.
METALS

Materials exhibiting high electrical conductivity, characteristic luster, plasticity and forgeability.
The high conductivity and high electromagnetic
wave reﬂection factor in metals are due to the
presence of free electrons with concentrations
1022 –1023 cm−3 . The free (delocalized) electrons
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inﬂuence various thermodynamic characteristics
of metals, e.g., terms linear in temperature are
added to the speciﬁc heat and thermal expansion
coefﬁcient. Direct proof of the electronic nature
of metallic conduction is provided by electrical
inertia experiments. Most crystals composed of
identical atoms are metals, with only 19 elements
forming nonmetallic crystals under equilibrium
conditions. Under changes of temperature, pressure and magnetic ﬁeld, crystals may undergo
structural phase transitions (so-called polymorphism). Crystals that are not electrical conductors
may, in this process, become metals. For instance,
under high pressure the semiconductors silicon
and germanium become metals, while metallic
crystals may become nonmetals (e.g., white tin
is a metal, and gray tin a semiconductor). Under
elastic deformations that have no effect on the lattice symmetry, electronic topological transitions
(see Lifshits transition) caused by abrupt change in
dynamical properties of conduction electrons are
observed in a number of metals. The concept of
metallic structure as an ionic skeleton surrounded
by an “electron ﬂuid” that compensates for the
forces of repulsion between ions and binds them
in a solid is a fairly good representation of reality.
Electrical and thermal properties of metals.
According to the electronic theory of metals, electrons are capable of moving through an ideal
lattice without any resistance. The appearance of
electrical resistance is due to electron scattering by
faults in the lattice due to atomic thermal motion,
the presence of impurity atoms, vacancies, dislocations, and other static defects. Conduction electrons in metals are charged low-energy excitations
(quasi-particles) of an electronic Fermi liquid, and
form a slightly imperfect Fermi gas with degeneracy temperature T0 = εF /k B ∼ 105 K (εF is the
Fermi energy). These values of T0 correspond to
characteristic electron velocities ∼108 cm/s. With
decreasing temperature, the amplitude of atomic
oscillations decreases with the result that the electron mean free path l increases. This behavior of
l causes an increase of conductivity with the decrease of temperature, which is typical of metals.
At T → 0 the electric resistance of actual metals
saturates, that is it tends to a limit referred to as the
residual resistance ρresidual which is a measure of
the lattice perfection. The criterion for this saturation is kF l > 1 (Ioffe–Regel rule). The residual

resistance of pure metals (e.g., W, Ga, Mg) is 105
times smaller than their resistance at room temperature. The electron mean free path l in these
metals at T → 0 is as long as several centimeters.
At low temperatures samples of the same metal,
differing in impurity content, follow the relationship ρ = ρresidual + ρideal called the Matthiessen
rule (L. Matthiessen, 1864) where ρideal is the resistance due to scattering of electrons by thermal
lattice vibrations. At T
ΘD (ΘD is the Debye temperature) ρideal ∝ T , while for T  ΘD
the temperature dependence has the typical form
ρ ∝ aT + bT 5 . Here, a and b are constants that
measure the scattering of electrons by electrons
and thermal lattice vibrations (thermal phonons),
respectively. Highly disordered metallic systems
(amorphous metals) may experience Anderson localization that leads to a metal–insulator phase
transition through quantum interference phenomena, the latter arising due to repeated scattering
of electrons by static defects. Superconductivity
occurs in 25 pure metals and numerous metallic
alloys.
The superconducting state in metals is due to
the formation of a condensate of Cooper pairs
in the degenerate electron gas as a result of the
electron–phonon interaction. The values of the superconducting transition temperature Tc for pure
metals range from 0.026 K for Be to 9.25 K for
Nb; the highest Tc for a classic metallic compound
being 23 K for Nb3 Ge. Cuprate high temperature superconductors have transition temperatures
as high as 133 K. The transition into the superconducting state in an external magnetic ﬁeld is
accompanied by expulsion of the ﬁeld from the
bulk metal (Meissner effect). The superconducting
state is destroyed by an applied magnetic ﬁeld that
exceeds a certain critical value Bc . For pure metals, Bc ≈ 10–100 mT; for alloys, Bc ≈ 1–10 T.
Electrons participate in the transfer of electric
charge as well as heat.
There is a simple relationship
K
π2
=
σT
3




kB 2
e

between the thermal conductivity K and the electrical conductivity σ called the Wiedemann–Franz
law. This law is valid in temperature regions where
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inelastic processes are negligible in electron scattering. Metals display a number of thermoelectric
phenomena.
An external magnetic ﬁeld bends electron trajectories, and thus affects transport processes in
metals (galvanomagnetic effects and thermomagnetic phenomena). This effect is largest when the
condition rL  l (here rL is the ion Larmor radius)
is satisﬁed. At T = 4 K, the resistance of some
pure metals increases in a magnetic ﬁeld by a factor of 104 to 105 . Studying galvanomagnetic and
thermomagnetic phenomena in monocrystalline
metals at rL  l provides the topology of the
Fermi surface, while the concentration of charge
carriers in a metal is determined by the Hall effect.
A magnetic ﬁeld makes possible a nonuniform
current distribution in a metal across the specimen cross section (static skin-effect). Interband
tunneling of electrons in a magnetic ﬁeld (magnetic breakdown) was detected in many metals.
Under conditions of magnetic breakdown, the kinetics of electrons in pure metals is governed by
quantum interference of electron waves that arise
in band-to-band tunneling. Such interference may
transform a pure metal into an incommensurate
system with absolute quantum localization of a
certain group of conduction electrons. Due to the
high value of the metallic conductivity, a highfrequency electromagnetic wave cannot penetrate
far into the metal depth, i.e. practically all the
high-frequency current ﬂows in a narrow skindepth layer near the specimen surface (skin-effect).
In typical metals, the depth of the skin-layer is δ ∼
10−6 cm at the frequency ω ∼ 108 Hz. Depending on the ratio between the values of l and δ, two
types of skin-effect are distinguished: the normal
skin-effect (δ
l) and the anomalous skin-effect
(δ  l). Two types of phenomena are observed
in a magnetic ﬁeld under the conditions of the
anomalous skin effect. The ﬁrst is cyclotron resonance that arises when the Larmor frequency of
some group of electrons coincides with the frequency of the applied high frequency ﬁeld. The
other includes various kinds of slightly decaying
electromagnetic waves that cause an anomalous
penetration of the high-frequency ﬁeld into the
metal to depths considerably exceeding δ.
At high temperatures, the evaporation or emission of a small number of electrons (thermionic
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emission) takes place. The number of departing electrons is proportional to exp[−U/(kB T )],
where U is the work function (Richardson equation). The escape of electrons from a metal may
also take place without heating, through the tunnel effect that arises when an electric ﬁeld is
applied ( eld electron emission). Substantial ﬁeld
emission is observed in ﬁelds E ≈ 107 V/cm.
The magnitude of the ﬁeld-emission current is an
exponential function of E, and is practically independent of temperature. The electrical resistance
of metals changes abruptly on melting (increases
two- or threefold); three known exceptions being
Bi, Sb and Ga: whose resistance decreases at melting.
Optical properties of metals; X-ray spectra.
The characteristic luster of metals is caused by a
high reﬂectivity (exceeding 99% in many metals)
for electromagnetic waves with frequency ω lower
than the plasma frequency ωp (radio waves, IR,
visible region). At ω > ωp , metallic optical properties are close to those of insulators. In this case,
of key importance are quantum effects – electron
transitions between energy levels with the absorption of light quanta, and γ -quanta of X-radiation
(inner level photoemission effect). For instance,
the reﬂectivity of silver is 35% in the visible region and decreases to 4.2% in the UV (reﬂection
by glass). In the X-ray region metals differ from
insulators in optical properties by the structure of
the absorption band edge. In a metal, the edge of
the soft X-ray absorption band is sharply cut off,
which reﬂects the degeneracy of the electron distribution in the conduction band. X-ray absorption
bands contain information on the energy spectrum
of a metal, i.e. they allow determining the overlap
of energy bands by impurities
Mechanical properties of metals. Not only do
free electrons deﬁne the electronic and thermophysical properties of metals, but they also noticeably affect the cohesive forces of atoms in a lattice,
as well as the elasticity, strength and plasticity.
A salient feature of a metallic bond consists in the
decrease of the kinetic energy of a valence electron
compared to its value in an isolated atom. The spatial directionality of p- and d-electron atomic orbitals leads to substantial anisotropy of elasticity,
strength, and plasticity properties of monocrystals.
Elastic properties of metals depend only slightly
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on the temperature. The role of conduction electrons makes itself evident in the change of mechanical properties of metals at a transition into
superconducting states, e.g., the elastic limit of Pb
becomes 5% lower, i.e. the process of dehardening takes place. According to the nature of the
thermal change of plasticity metals can be divided
into two groups: those that remain plastic down
to liquid-helium temperatures, e.g., Al, Cu, Ni,
Pb, and those that become brittle under cooling,
the so-called cold brittle metals (see Cold brittleness), e.g., α-Fe, Mo, Cr. Plastic deformation
of crystals occurs in the form of slip, twinning
of crystals, faulting. The carriers of the elementary act of plastic deformation are dislocations.
The theoretical strength of metals is observed
on perfect (dislocation-free) crystals; the actual
strength is smaller by factor of 100–1000 because
of structural imperfections. Mechanical properties
of metals depend on a number of external factors (temperature, force application rate, type of
stressed state) and internal factors (chemical composition, microstructure). Application of alloying
and various kinds of heat treatment and thermomechanical treatment (hardening, programmed
hardening and other methods) substantially extend the range of practically important mechanical
properties of metals.
Magnetic properties of metals. Essential to
magnetic properties of metals is the division of
metals into two groups. Weak magnetic materials
form a group of metals exhibiting either diamagnetism or paramagnetism. Strong magnetic materials exhibit paramagnetism and, with decreasing
temperature, attain magnetic ordering that results
from the cooperative interaction of electrons from
inner incomplete d- and f -orbitals of an atom
(see Ferromagnetism of metals and alloys and Antiferromagnetism). In magnetic ﬁelds that exceed a
certain, so-called critical value Bc , antiferromagnetic metals may turn into either ferromagnetic
or paramagnetic states. The magnetic structure of
an antiferromagnetic metal may be either commensurate or incommensurate with their crystallographic structure. Rare-earth metals (see Magnetism of rare-earth metals) exhibit complicated
atomic magnetic structures: spiral (screw) structures with a pitch that is incommensurate with

lattice parameters. At low temperatures in magnetic ﬁelds, metal single crystals exhibit complicated oscillating relationships between the magnetic moment and the ﬁeld (see De Haas–van
Alphen effect), which is due to the Landau quantization of the energy spectrum of conduction
electrons in a magnetic ﬁeld (see Landau diamagnetism). After investigating the de Haas–van
Alphen effect along various crystallographic directions, one can reconstruct a Fermi surface, and
ﬁnd the effective mass of an electron in each of its
extremal cross-sections.
METAL SCIENCE, physical metallurgy

Comprehensive study of the composition,
structure and properties of metals (alloys), as well
as their changes in response to thermal, chemical,
mechanical, and other types of inﬂuences; a subﬁeld of materials science. It provides the scientiﬁc
basis for synthesizing metallic materials (e.g. alloys) with controlled properties. Metal science is
closely related to the physics of metals.
METALS, CREEP
See Radiation-induced creep.
METAL–SEMICONDUCTOR JUNCTION

The area around the contact or junction between a metal and a semiconductor which includes a transition layer with a space charge
region. Together with a semiconductor junction
and a metal–insulator–semiconductor structure the
metal–semiconductor junction is one of the main
elements of semiconductor electronics, and is
widely used as an ohmic contact.
The properties of this junction arise either from
the difference between the work functions ϕM
and ϕS of the metal and semiconductor, or are
determined by the surface states on the phase interfaces. In the ﬁrst case the surfaces in contact
become oppositely charged due to the difference
in the movement of electrons from the metal
and semiconductor, and a space charge region is
formed. This results in the energy band bending
in the neighborhood of the contact (see ﬁgure).
An n-type semiconductor with an upward turning
band curvature has its space charge area depleted
of majority carriers, has increased resistance, and
is referred to as a gate layer. For downward band
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by the presence or absence of the gap, the involvement of one or two charge carrier types,
and by their transition mechanisms through the
contact (over-barrier current, tunneling current,
generation–recombination current, current involving surface conditions, etc.). For direct contact we
have


eVn n0
ϕ0
exp −
,
IS =
4
kB T

Energy plots for a metal (M)–semiconductor (S) junction
with a gap (G) (a, c), and without a gap (b,d) for various
band curvatures, where εF is the Fermi level.

curvature of an n-type semiconductor the space
charge region is enriched with majority carriers, it
has less resistance, and is referred to as an antigate layer. For a p-type semiconductor upward
band bending corresponds to an antigate layer and
downward bending to a gate layer.
The band curvature value is ϕ0 = f (ϕM − ϕS ):
for contact with a gap ϕ0 < ϕM − ϕS , and for direct contact ϕ0 = ϕM − ϕS . When the bending of
the bands is caused by the surface conditions then
only the bending direction and the type (gate or
antigate layer) are determined by the charge, and
ϕ0 = f (ϕM − ϕS ). In an intermediate case the
band bending can depend on both the work function difference and the surface charge conditions.
The gate layer possesses rectifying properties, and
the dependence of the current I on the voltage U
usually follows the form



 
eV
eV1
− exp − ∗ 2
,
I = IS exp
nkB T
n kB T
where U = V1 + V2 , V1 and V2 are the voltage drops in the space charge region and at the
gap, respectively; IS , n and n∗ are determined

where n = 1 and n∗ = ∞. For low alternating signal injection the contact behaves as a resistance
and a capacitance in parallel.
The capacitance value for direct contact in the
case of a majority carrier current is determined by
the space charge region recharging, and is equal to
C = εε0 /L, where the width L of the space charge
region is given by


2εε0 (ϕ0 − eU ) 1/2
,
L=
e 2 n0
and ε and ε0 are dielectric constants of the semiconductor and vacuum, respectively. Such a capacitance is referred to as a barrier capacitance.
The resistance value for direct contact is




IS e −1
eU
.
exp −
R=
kB T
kB T
If the current through the contact is determined
by minority carriers, the metal–semiconductor
contact capacitance includes also the diffusion capacitance CD which for direct contact at low
frequencies is equal to




eτ
eU
I exp
,
CD =
2kB T S
kB T
where τ is the lifetime of minority carriers. The
barrier capacitance does not depend on the frequency up to values ω ≈ 1/τM , where τM is the
Maxwell relaxation time. The diffusion capacitance decreases with increased frequency beginning with ω ≈ 1/τ , and at ω → ∞, CD → 0.
A metal–semiconductor contact on the base
of a gate layer is used as an active element in
the following devices with a Schottky barrier: detector, mixer and parametric ultrahigh frequency
diodes, eld-effect transistors, bipolar transistors
with bridging contact and collector on the base
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of metal–semiconductor contact, fast optical detectors, semiconductor solar cells, charge coupled
devices, etc. (see Semiconductor devices). The
advantages of these devices are operating speed,
technological simplicity, small size of active region, etc.
METALS, HEAT TREATMENT
See Mechanical heat treatment of metals.
METAMAGNETISM
See Antiferromagnetism.
METASTABLE STATE

State of incomplete thermodynamic equilibrium of a macroscopic system, corresponding to
a local minimum of its free energy, with a long
lifetime before transformation to the equilibrium
state. This transition usually occurs via the formation of nucleating centers of the new phase
(see Nucleation). These centers may be, e.g., fragments of polar phases in ferromagnets and ferroelectrics. In quantum systems at low temperatures
the metastable state may collapse by activation, or
because of macroscopic quantum tunneling.
MICA
Minerals from the group of layered aluminosilicates with the common formula AB2–3 [T4 O10 ]-

(OH, F)2 where A is K, Na, Ca; Ba, B is Al,
Mg, Fe; T is Si, Al. The chemical composition
is variable, and often one cation is exchanged
for another. Micas can be divided in accordance
with their chemical structure into subgroups:
black
mica
K(Mg, Fe)3 [Si3 AlO10 ](OH, F)2
(magnesium–iron mica), muscovite mica KAl2 [AlSi3 O10 ](OH)2 (aluminum mica), lepidolite
KLi2 Al[(Si, Al)4 O10 ](F, OH)2 (lithium mica).
A mica may be colored black, brown, reddish, colorless, white, or ruby. Hardness by Mohs scale is
2.5 and 4 parallel and perpendicular to the layers, respectively. Syngony (crystal class) is monoclinic. Structure consists of three layer sheets
connected with each other by intercalated alkali cations. Each sheet consists of two siliconalumino-oxygen tetrahedral layers and one inner
octahedral layer with divalent or trivalent cations.
Univalent cations (alkalis) are not in the sheets, but
rather are situated between them. Physical properties are of the same type. Mica is an insulator,

relative dielectric constant ε = 9.7–10.0 for black
mica, 6.0–8.0 for muscovite, 6.7 for lepidolite.
Magnetic susceptibility χ = (3–80)·10−6 cm3 /g
for black mica, (3–5)·10−6 cm3 /g for muscovite.
Cohesion is rather perfect within layers. Micas are
used in radio and electrical engineering as thermal
and electrical insulating materials.
MICHELL PROBLEM (J.H. Michell, 1900)

The problem involves describing the state of
stress of a prismatic rod with a uniformly loaded
lateral surface. With the acceptance of the SaintVenant principle (effects of a system of forces that
add vectorially to zero applied to a region of a
solid are only felt within that region), the problem reduces to the Saint-Venant problem involving
forced e xure and rod twisting, and also to a certain
plane problem of elasticity theory.
MICRO. . . (fr. Gr. μικρoς , small)

Preﬁx for a physical unit, which allows obtaining a multiple unit, equal to 10−6 of the initial
unit. Symbol: μ. Example: 1 μs (microsecond) =
10−6 s.
MICROBRIDGE, SUPERCONDUCTING
See Superconducting microbridges.
MICROCRACK–DISLOCATION INTERACTION

This is the interaction of the elastic ﬁelds of
dislocations with the vertex of a microfracture.
For a crack of size l  d (d is a crystallite di-

mension) the elastic interaction of the crack with
randomly distributed dislocations, where longrange ﬁelds introduce an additive term in the
elastic energy (see Elasticity), is described by the
effective tension P e = (P 2 + Aμ2 b2 n)1/2 . Here
P is the external tension, μ is the shear modulus,
b is the Burgers vector, n is the dislocation density,
A is a coefﬁcient of order 1 for the case of a crack
located within a grain, and of order 0.1 for a crack
at a grain boundary. The effective increase in the
loading and the consequent reduction of the critical size of the crack is caused by the relaxation of
stresses from dislocations in the region with a size
of order l in the vicinity of the crack cavity. For
the continuum limit d  l the above mentioned
relaxation is described by introducing an effective
speciﬁc surface energy γe = γ0 − Bμb2 nd/(24π)

MICROCRYSTALLITES

(γ0 is the true speciﬁc surface energy, B is a
coefﬁcient of order 1). Relaxation of energies of
randomly distributed dislocations located in the
region of dislocation cell boundaries, can completely compensate for the increase of surface
energy when the crack is being opened, which
explains the strati ca tion-type failure. The cracks
can occur in equilibrium with different dislocation structures (e.g., with pile-up of dislocations).
Changing the external conditions can shift this
equilibrium either toward the healing (see Healing of defects) or toward the growth of fractures
(see Fatigue crack growth). At high temperatures
the elastic diffusion microcrack-dislocation interaction is signiﬁcant (see Diffusion), and it can
result in the healing of cracks with the formation
of a limited dislocation wall.
MICROCRYSTALLITE PARAMETERS
The physical quantities: surface energy, molar

surface, radius, content per mole, spacing between
microcrystallites in amorphous bodies.
The surface energy of microcrystallites is not
equal to the surface energy of a crystal in vacuo
since microcrystallites are in contact with one
another, and the external bonds of their surface
atoms are partially saturated by their coupling with
the surfaces of neighboring microcrystallites. The
molar surface energy is given by the equation
σ̃ms = σ̃1 − σ̃2 , where σ̃1 = [(kv − ks )/kv ]U is
the total molar surface energy of microcrystallites
(kv and ks are coordination numbers of atoms
in the volume and at the lattice surface, U is
the molar lattice energy). The quantity given by
1/3 ṽ 2/3 σ (coefﬁcient f dethe equation σ̃2 = f N
A
A is the
pends on the surface layer structure, N
Avogadro number, ṽ is the molar volume, σ is the
surface energy) is the part of the energy required
by a certain region of a microcrystallite surface.
The surface energy of microcrystallites in metals
exhibiting body-centered cubic and face-centered
cubic lattices is close to the value of the surface
energy of the corresponding melts.
The molar surface (the total surface occupied by one mole of microcrystallites) is given
by the equation 
S = q̃/σms , where q̃ is the heat
of melting, σms is the surface energy density of
microcrystallites. The microcrystallite mean radius R and content per mole ñ are determined
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from the following expressions: R = 3ṽ/
S and
ñ = 
S/(4πR 2 ). In the case of metals with a bodycentered cubic or face-centered cubic lattice, the
area of a molar surface 
S amounts to thousands of
square meters per mole, and the microcrystallite
radius ranges from 10 nm (alkali metals) to 1.5 nm
(metals with high melting temperatures Tmelting );
the product RTmelting is thus roughly constant and
amounts to ∼3·10−4 cm·K.
The mean intercrystalline distance is a + a,
where a is the mean interatomic distance of the
S ( ṽmelting is the
lattice, a = ṽmelting /(1/2)
volume increment due to melting). The ratio a/a
is nearly the same for different metals and amounts
to ≈0.28. The distance between microcrystallites
increases with increasing temperature: a/a =
B exp(−Tmelting /T ), where B is a dimensionless numerical factor. The average value of B for
monatomic materials (including alkali metals, noble gases in solid state, platinum, gold) and water
is 0.78. Molecular solids may exhibit deviations
of B from 0.78 toward both higher (1.3 for O2 and
PH3 ) and lower (0.58 for CS2 ) values.
MICROCRYSTALLITES

The smallest individual blocks or constituents
of a polycrystal, with sizes of the order of several
interatomic distances, which retain the structure of
a crystal. In accordance with one of the microcrystallite models of the structure of the amorphous
state of a solid, glasses (see Vitreous state of matter) are an aggregation of microcrystallites with
random relative orientations. A modiﬁcation of the
microcrystallite model, known as the paracrystallite model, assumes that there are no distinct
boundaries between individual microcrystallites;
short-range distortions (see Long-range and shortrange order) are not localized in the neighborhood
of boundaries, but rather are smoothly spread
over the entire bulk of microcrystallites (see Fig.).
In the limiting case this model is equivalent to
the random continuous network model of bonds,
or random close-packing model of spheres with
small uctuations of short-range order parameters.
The existence of microcrystallites in the majority of amorphous solids has not been conﬁrmed
by direct (diffraction) methods, since diffraction
lines broaden as crystals become smaller in size.
Broadening of lines may possibly result, not from
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Microcrystallite (a) and paracrystallite (b) models of the
structure of amorphous solids.

the lack of long-range order, but from the large
growth of amplitudes of thermal vibrations of surface atoms on the microcrystallite boundaries.
Evidence for a microcrystallite structure of amorphous lms of Si, Ge, WO3 has been recently obtained through direct observations with the help of
a high-resolution electron microscope; the dimensions of individual microcrystallites are 1–3 nm.
According to some liquid state models microcrystallites may also exist in liquids.
The mechanism for the decomposition of a
monocrystal into microcrystallites at the melting
temperature may be associated with the anomalous thermal expansion at the surface (and at the
sites of defects) of a crystal. As a result of irregular growth of interatomic distances on cooling,
these distances at sites of defects increase faster
and reach critical values at the melting point when
the shear modulus becomes closer to zero. Under these conditions, the growth of microcracks
(see Cracks) takes place, the crystal decomposes
into individual microcrystallites and becomes capable of ﬂowing, as in the liquid state. Dimensions
of microcrystallite cannot be smaller than certain
limits in order to be compatible with the ordered
structure of a crystal lattice, since the effect of
anomalous thermal expansion of their boundaries
would then die out. See also Cybotaxes.
MICROELECTRONICS, integrated circuit
electronics

Branch of electronics which deals with the
creation and application of extremely small-sized
electronic devices with a high degree of integration. Such devices include integrated circuits

(IC, or chips), functional microcircuits (see Functional electronics), as well as microcomponents
of integrated devices. To produce an IC involves
various actions taken on microscopic areas of a
semiconductor: irradiation either with a narrow
electron, X-ray, or laser beam, or through masks
(protective coatings with specially prepared small
windows and proper topology, see Lithography),
selective etching, local diffusion of impurities and
ionic doping, etc. As a result, various microareas of a crystal attain the properties of elements
of an electronic circuit. Creation of a ﬁlm IC involves the layer-by-layer deposition of thin lms of
various materials and with various conﬁgurations
on a solid substrate, and the simultaneous generation of IC elements. Use is made of epitaxial
build-up (see Epitaxy), ﬁlm deposition, chemical
or electrochemical ﬁlm application, plasmochemical treatment, oxidation, metallization, methods
of local surface treatment, etc. Combined application of ﬁlm technology and micro-sized discrete
devices produces a hybrid IC. An IC can include active elements to convert signals (diodes,
transistors, thyristors, etc.) and passive elements
to provide electric connections across the system
(resistors, capacitors, inductors). Microelectronics
involves a uniﬁed technological cycle of IC production, i.e. concurrent production of the entire
set of circuit elements. Using a parallel method
of production, a large number of devices are simultaneously formed on the surface of a plate
that is several centimeters in diameter, and then
the plate is sliced into individual crystals, each
of them comprising a device (e.g., a transistor, or
an entire IC). Development of microelectronics is
accompanied by growth of the degree of integration and updating of the IC production technology
(microtechnology). A chip can hold millions of individual elements with submicron sizes.
Integrated circuits may perform a wide variety of functions: applications to microcomputers,
automatic control, robotics, data transmission and
processing, etc. Functional operation principles
are the same as those of the corresponding electronic circuits. Physical principles of the control
of electron ﬂows and electromagnetic waves are
based on electronic processes operative in semiconductors used in transistors and semiconductor
diodes.

MICROMAGNETISM

Functional circuits have no direct analogs of
electronic circuit elements. Functions of signal
transformation in such a device are distributed
over the bulk of a solid, and it is impossible to put
individual functions in correspondence with certain parts of the crystal. The device matrix may
include materials that exhibit semiconducting, ferroelectric or superconducting properties. Transfer
and transmission functions in these circuits are realized not only by electric processes, but also by
optical, acoustical, and magnetic processes that
exert some inﬂuence on each other. Optoelectronics provides a connection between optic and
electric signals. The optical part of conversions is
based on processes of real-time holography, and
on nonlinear optical effects (see Nonlinear optics). The relation between optical and electric
processes is based on the phenomena of photoconductivity, electroluminescence, radiative recombination, etc. (see Optoisolator). Acousto-electronics
uses the mutual inﬂuence between mechanical deformations of a crystal and its electric properties,
e.g., in piezoelectric crystals. This allows transforming electrical signals into acoustic ones and
vice versa. In opto- and acousto-electric transducers, certain circuit elements may be electrically
insulated from one another. One of the rapidly developing trends of functional microelectronics is
magneto-electronics, which uses magnetic materials (thin magnetic lms, magnetic semiconductors,
and possibly materials with magnetic bubble domains), as memory elements, transfer elements
and other active circuit elements. Of possible future importance is the use in microelectronics of
superconducting (see Superconductivity) and other
low-temperature features of materials; this trend
of functional microelectronics is sometimes called
cryoelectronics. A switching element based on the
property that an abrupt change takes place in the
electrical conductivity of a superconductor under
the action of a magnetic ﬁeld exceeding the critical
value B c2 is called a cryotron. Functional microelectronics is at a stage of rapid development.
MICROFIELD TOMOGRAPHY

See Tomography of micro e lds.
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MICROHARDNESS

Hardness of microscopically small amounts of
material. Typically, it is determined by the static
indentation method or the scratch technique. As a
rule, tests for macrohardness are carried out with
specimens at least 5 μm in size. Modern ultramicrohardness gauges allow measuring the depths
of indenter penetration as small as 20 nm. The
method of microhardness is widely used for studies of mechanical properties of brittle solid materials, the anisotropy (see Anisotropy of mechanical
properties) of these properties, for studies of plasticity, Young’s modulus, and brittleness of coatings,
epitaxial structures, thread-like crystals, various
small-sized objects; it also provides estimates of
the mobility of dislocation ensembles and starting
stresses of dislocations. Measuring the length of a
crack of the microhardness indentation can reveal
the fracture toughness of the material. Recently, a
method was developed for determining the brittleness of materials by measuring acoustic emission
that arises in deformation by an indenter. Generation of an impression in microindentation on
many materials is caused by dislocational plasticity (see Dislocation model of plastic deformation).
However, of considerable importance for brittle
solid crystals and covalent semiconductors can be
the plasticity caused by the mobility of interstitial
atoms. In semiconducting materials, high hydrostatic pressure (approximately equal to hardness)
is generated under the indenter, which allows investigating phase transitions under pressure, in
particular, transitions to a metallic phase.

MICROMAGNETISM

Branch of the phenomenological theory of
magnetism, based on detailed calculations of the
distribution of the magnetization of magnetically

ordered bodies at the micrometer length scale with
the help of the Landau–Lifshits equations, together
with the Maxwell equations. In a narrow sense, the
term is mainly limited to the investigation of the
magnetization of ferromagnetic bodies of arbitrary
shape and, with special reference, to cases involving magnetic domain structure. The term “micromagnetism” was introduced by W.F. Brown.
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MICRON

MICRON (μ)

Dated term, with symbol μ for a fractional
length unit, equal to 10−6 m; the currently accepted name is micrometer (μm).
MICROPROBE (fr. Gr. μικρoς , small)

A narrowly-focused electron beam incident on
a small area of a sample for the spectroscopic
analysis of the emitted X-rays. The electron beam
generated by an electronic optical device may be
either stationary, or scanned in a raster pattern over
the surface of the part of the solid under study.
This principle is used in an X-ray microanalyzer
(sometimes called electron microprobe), in a scanning electron microscope (raster microscope), an
Auger electron microanalyzer and similar analytical electronic optical devices. The most important
parameters of a microprobe are its minimal diameter d min that controls the localization of the
X-ray microanalysis, the resolution and depth of
focus (varies from 0.1–1 μm for the former, and
from 5–100 nm for the latter), and the maximal
microprobe current i max that controls analytic parameters of the X-ray microscopic analysis, and
optic parameters of the scanning electron microscope.
MICROPROBE X-RAY DEFECT STRUCTURE
ANALYSIS, X-ray diffraction microscopy
Use of X-ray diffraction methods for investigating defects in crystals. Microprobe X-ray structure

analysis, which originated in works of W.S. Berg
(1931) and C.S. Barret (1945), is based on determining the of extent of crystal perfection through
the analysis of the intensity distribution of Bragg
reﬂections.
There are many approaches to this defect
structure analysis, which differ in observational
geometry and use either monochromatic or polychromatic radiation to obtain the crystal image
in the diffracted beam. The ﬁrst group includes
the Berg–Barret, Weissmann, Lambo methods,
and others. Polychromatic radiation is used in
the Schultz, Fujivara, Guinier–Tenevin methods,
and others. With the help of these methods, sizes
and angles of disorientation of grains (subgrains)
are determined. Individual defects (dislocations,
stacking faults, segregations of impurity atoms)

are observed using topographic microprobe methods which are based on the phenomenon of extinction contrast (Lang method) and anomalous
passage of X-rays (Borrman method). The Lang
method is used for investigating dislocation structure of thin crystals (μd < 1, where μ is the
linear absorption coefﬁcient, d is the crystal thickness); the Borrman method is used for crystals with μ ∼ 10. Topographic methods of investigation of defects are applicable to comparatively perfect crystals (with density of dislocations
 105 cm−2 ). See also X-ray structure analysis,
X-ray topography.
MICROPROBE X-RAY SPECTRUM ANALYSIS

Nondestructive method for studying the elemental composition and distribution in microscopic volumes of solids. It is based on exciting
and measuring the characteristic X-ray radiation
of analyzed elements in the sample by an electron
beam of energy 3–40 kV, which is focused to a
thin probe (50 nm–1 μm in diameter). Resolution
of the method for qualitative analysis is limited by
scattering of probe electrons in the target material; hence when investigating bulk samples, the
method provides quantitative data on the composition for microvolumes at least 1 μm in size. In
studies of thin lms , the resolution is determined
by the diameter of the electron probe. Accuracy
of analysis reaches 2% of actual element content
in the volume under study, and sensitivity varies
from 0.01 to 0.5% depending on the atomic number of the element.
Information on element distribution may be
gained from recording the distribution of radiation intensity for linear motion of the object
under the electron probe, or from raster-type images of the X-irradiated object via absorbed and
back-scattered electrons. Raster-type images in
absorbed, back-scattered and, especially, in secondary electrons also yield information on surface
topography, and may be used for the investigation
of surfaces with clearly deﬁned relief. Here, the
depth of focus is higher by 2–3 orders than that
of optic microscopes. It should be noted that exact quantitative data on composition of a solid are
not obtainable from investigation of solids with
clearly deﬁned relief. See also X-ray spectrum
analysis.

MICROSCOPIC DESCRIPTION

MICRORADIOGRAPHY

A collection of methods for X-ray studies
of the microstructure of solids (size and orientation of subgrains, impurity segregations, ﬁnedispersion precipitations, microporosity, distribution of dislocations, stacking faults, etc.). Microradiography includes X-ray projection (dark ﬁeld)
microscopy used when structural components of
the material under study have different coefﬁcients
of X-ray absorption so that an X-ray beam, passing
through the sample, forms a nonuniformly intense
image of the object on the photographic ﬁlm; and
also X-ray diffraction microscopy based on obtaining an image of the crystal via diffracted X-rays.
As a rule, all microradiography methods produce
an image of natural size, or at a slightly enlarged
scale. The necessity of subsequent optical magniﬁcation requires high-resolution photographic
materials (∼400 lines per mm).
The advantage of microradiography over other
methods of observation of defects is its nondestructive nature; it requires no special etching of
samples, and allows detection of the structure and
concentration of inhomogeneities in the bulk of
the sample (see also X-radiography, Microprobe
X-ray defect structure analysis, X-ray microscopy).
MICROSCOPIC DESCRIPTION in solid state
physics

Provides an insight into the atomic structure
of solids, and of the motion of the atomic and
subatomic particles in it. The complexity of this
microscopic description stems from the necessity
to coordinate the interaction of microscopic particles in the concentration range 1022 –1024 per
cm3 . A major task of a microscopic description
is to reveal the nature (and, if possible, to calculate the values) of quantities responsible for
a macroscopic description in solid state physics
(conductivity tensors, generalized susceptibilities,
etc.). The points of departure for this description are the structure and energy spectrum of the
solid, and the quasi-particles that implement this
spectrum. It is important to ﬁnd out how the particles that make up the body or the quasi-particles
that describe elementary motions in the body contribute to the various properties and phenomena.
As a rule, the microscopic description of a property (phenomenon) is achieved when macroscopic
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coefﬁcients (e.g., conductivity) are expressed in
microscopic terms. The determination of the temperature dependence of a physical quantity always
calls for a microscopic approach since k B T is the
measure of the thermal energy and motion of a single particle.
While formulating a microscopic description
of properties of solids, it is highly important to
state the “level of penetration” into the structure
of the solid. Thus, when describing properties of
ionic crystals, it sufﬁces to treat ions with ﬁlled
electron shells as structural units (e.g., the structural units for an NaCl crystal are Na+ and Cl−
ions). Similarly, the structural units of metals are
ions and conduction electrons, although every ion
(in an ionic crystal or metal) consists, naturally,
of a nucleus and many electrons, and a nucleus
consists of nucleons. This restriction is substantiated by the fact that many properties of solids
are not affected by the structure of individual ions
or (nuclei). Moreover one can easily identify the
properties that require a consideration of the structure of ions and nuclei for their description (e.g.,
X-ray absorption or Mössbauer effect).
A microscopic description often involves an intermediate (i.e. semiphenomenological) approach.
An example is the Drude–Lorentz–Sommerfeld
model of a metal, which postulates the existence of
a degenerate (see Degeneracy) gas of conduction
electrons. Macroscopic characteristics (electrical
conductivity, magnetic susceptibility, etc.) are expressed via the electron density, charge, mean
free path, magnetic moment. A self-consistent microscopic description should establish why there
are free electrons in a metal, and evaluate their
mean free path. As a rule, microscopic theory
puts certain limits on various macroscopic descriptions. Thus, a linear relationship between j
and E in electrical conductors (Ohm’s law) is
valid, if the energy that an electron acquires between collisions is small compared to its mean
thermal energy. A microscopic description in solid
state physics uses statistical thermodynamics and
physical kinetics with their well developed theoretical physical tools (method of Green’s functions, kinetic equations, etc.), and makes extensive
use of numerical methods for comparison of various models with experiment (see Pseudopotential
method, Computer simulation).
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MICROSCOPIC THEORY OF FERMI LIQUID
Non-interacting particles obeying Fermi–Dirac
statistics form a Fermi gas, and when these par-

ticles interact with each other in such a way that
their properties remain close to those of a Fermi
gas they constitute what is called a Fermi liquid.
The microscopic theory of a Fermi liquid (a
liquid whose particles obey Fermi–Dirac statistics) provides an explanation for the appearance
of zero-sound vibrations in a neutral Fermi liquid, and it also establishes a connection between
the Landau correlation function and the forward
scattering amplitude of quasi-particles at the angle
zero. These considerations are based on the investigation of the properties of the vertex function
Γαβ,γ δ (p1 , p2 ; p3 , p4 ) ≡ Γαβ,γ δ (p1 , p2 ; k),
(1)
where k = p1 − p2 = p4 − p3 , k ≡ (k, ω) for
neighboring values of the pairs of variables (k → 0
for forward scattering). Γαβ,γ δ is obtainable by
the summation of diagrams of the “ladder” approximation which have a singularity at k → 0
that, in its turn, leads to the appearance of a singularity in $αβ,γ δ : namely that the result of taking
the limit depends on the relation between ω and
|k|. By this the function
ω
Γαβ,γ
δ (p1 , p2 )

=

lim

k→0, |k|/ω→0

Γαβ,γ δ (p1 , p2 ; k)

(2)

corresponds to the nonphysical limiting case of the
scattering of quasi-particles on the Fermi surface
with a small transfer of energy and a transfer of
momentum strictly equal to zero, and the function
k
Γαβ,γ
δ (p1 , p2 )

=

lim

k→0, ω/|k|→0

Γαβ,γ δ (p1 , p2 ; k)

(3)

corresponds to real physical processes of the scattering of quasi-particles on the Fermi surface with
a change of momentum, but no change of energy. The functions Γ ω and Γ k are connected
by an integral relation. The poles of the function
Γαβ,γ δ (p1 , p2 ; k) characterize acoustic Bose excitations of a Fermi liquid. The equation describing these excitations coincides with the equation

∂n
(kv − ω) δ n̂ − kv 0 η(p, p  ) δn δτ  = 0 (4)
∂ε

for zero-sound vibrations, and the role of the
kernel in the equation is played by the function
∞ (p, p  ) (where z is the renormalizazp zp Γαβ,γ
p
δ
tion constant of the quasi-particle Green’s function), which allows one to identify it with the
Landau correlation function
∞ (p, p  ).
fαβ,γ δ (p, p  ) = zp zp Γαβ,γ
δ

(5)

As in the case of Γ ω and Γ k , the function f ∗ is
connected by an integral relation to the physical
forward scattering amplitude:
k

gαβ,γ δ (p, p  ) = zp zp Γαβ,γ
δ (p, p ).

(6)

The connection of the Landau correlation function with the vertex function allows one to obtain
a sum rule for the Landau parameters Al and Bl
of a charged Fermi liquid, taking into account the
long-range Coulomb interaction:



Al
Bl
1
=−
(2l + 1)
+
.
1 + Al
1 + Bl
1 + A0
l
(7)
In the case of a neutral Fermi liquid the sum rule
is obtained by equating the left side of Eq. (7) to
zero.
The isotropic model of a Fermi liquid is strictly
applicable only for the alkali metals Na and K. The
application of the Fermi liquid theory for describing the properties of other metals is complicated
by the sharp anisotropy of the Fermi surface. Experimental values of the parameters A2,3 , B0,1,2
for Na and K are small (A2 ≈ (3–5)·10−2 , A3 ≈ 0;
B0 ≈ −0.2 to 0.3; B1 ≈ 5·10−2 , B2 ≈ 0). The
only appreciably large Landau parameter is
A0 ∼ 1. However, due to the complications involved in separating the electronic terms, it turns
out that A0 , A1 cannot be determined experimentally. Experimental Fermi liquid effects have been
observed in 3 He, where they start to appear at
T < 0.1 K. The values of the Landau parameters
A0.1 , B0 depend on the pressure P , thus: A1 =
2.1, A0 = 10.8, B0 = −0.67 at P = 3·104 Pa;
and A1 = 4.8, A0 = 75.6, B0 = −0.72 at P =
2.8·106 Pa.
MICROSCOPY, ACOUSTIC
See Acoustic microscopy, Thermoacoustic microscopy.

MICROSPALLING RESISTANCE

MICROSCOPY, THERMAL
See Thermal microscopy, Thermoacoustic microscopy.
MICROSHOCK LOADING

Spatially nonuniform action of forces on a solid
surface, which changes at a rate above 106 s−1 ,
and is localized within several grains or structural components of the material. The stresses
produced are comparable to or exceed the yield
limit (or ultimate strength) of the material, which
were obtained in static testing (see Mechanical
testing of materials). Microshock loading occurs
also under cavitation, at collisions between the
solid surface and ﬁne (1–100 μm) solid particles,
drops of liquid (∼1 μm diameter), with velocities ranging from tens to 1000 m/s (see Cavitation
resistance). Microshock loading can produce surface erosion of material, which depends on the
reaction of microstructures on the arising ﬁeld of
dynamic stresses.
MICROSPALLING

An ideally brittle spalling (break-off of fragments) of the crystal lattice of a body-centered
cubic metal, which results from nucleating crack
growth at the initial stage of its avalanche-like
propagation. The speciﬁc crack propagation work
at microspalling equals the ideal surface energy
γ of a solid, since the lattice in submicrovolumes
of the material surrounding the crack may be considered as ideal so plastic relaxation is prevented.
Microspalling arises as an initial stage of macrofailure of body-centered-cubic iron and steel at
the critical stress R MS (microspalling resistance),
when the microspalling criterion is met.

limit of the material). The ﬁrst equality describes
the Grifﬁth opening of the nucleating crack (see
Grif th theory), the second is the condition of ﬂuidity in a complex strained state. The microspalling
criterion may be represented in the form of dimensionless parameters: j = Kv for si = sf (here
j = sI /sf is the rigidity of the strained state,
Kv = Rms /sf is the viscosity coefﬁcient for steel).
The dimensionless form of the microspalling criterion is convenient for describing the conditions
of failure in a general case of complex strain, as
given by the strain tensor. The microspalling criterion may be used for engineering computations of
the extremal states of construction elements when
evaluating the possibility of brittle failure of a unit,
provided the phase diagram of its principal strains
is known for those local volumes in which the
criterion of ﬂuidity of the substance si = sf is satisﬁed.
MICROSPALLING RESISTANCE
The critical (Grifﬁth, see Grif th theory) stress,

which results in the failure of a solid through
an avalanche-type spread of nucleating cracks, as
occurs in slip bands at grain boundaries, or at
sections (spallings) of inclusions of microparticles of the second phase in body-centered cubic
iron and steel. The magnitude of microspalling resistance Rms is experimentally determined from
low-temperature tension tests in the form of failure stress Sf during a drop of plasticity: Sf ≈ σu ,
Ψ ≈ 2–3%, where σu is the ultimate resistance,
Ψ is the necking (see Neck). The microspalling
resistance may be theoretically estimated from
general constants of the steel microstructure (in
gr
millimeters): the size of a crystal grain dgr (Rms ≈
−1/2

MICROSPALLING CRITERION

Strength loss through macrofailure of iron and
steels with a body-centered cubic lattice, when
such macrofailure begins at the submicrolevel via
microspalling. Spalling itself is breakup into chips
or bits. A necessary and sufﬁcient condition for
microspalling is the initial state of failure when the
strain reaches its critical value Rms (microspalling
resistance) under the conditions of active plastic
deformation: sI = Rms ; si = sf (sI is the maximum principal stretching strain, si is the intensity
of strains at the microspalling site, sf is the yield
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18dgr

·103 Pa), the thickness of cementite lami−1/2

c ≈ 0.8d
), the diameter
nas in pearlite dc (Rms
c
cg
−1/2
of the cementite globule dcg (Rms = 2.5dcg ).
The Rms does not depend on the alloy intragranular submicrostructure, temperature, deformation
rate, or type of state of stress, but rather it involves
properties of a fundamental mechanical type (material constants), and may be used with calculations of the strength of structures undergoing
composite stress. The magnitude of microspalling
resistance changes substantially when a material
undergoes plastic deformation.
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MICROSTRAIN

MICROSTRAIN
Strain caused by microstresses in a solid, or a

small strain (relative deformation 10−4 ) induced
in a solid when examining its microplasticity (see
Plasticity) by the application of small external
loads which induce no macroﬂuidity of the sample. Microstrain is detected with the help of resistance transducers, inductive and capacitive pickups, and electromechanical and optic-mechanical
systems.
MICROSTRESSES, microscopic stresses
Internal stresses that prevail in solids in the ab-

sence of external forces, and are balanced in small
volumes (see Stress scales of defect structures).
The causes of microstresses are crystal defects:
point defects, linear, planar, volume defects (and
ensembles of defects). In polycrystalline bodies
(see Polycrystal), the term “microstresses” means
stresses balanced in volumes of the order of crystal grains or mosaic blocks (see Mosaic crystals).
Microstresses can have a pronounced effect on the
physical properties of solids, and their behavior
during failure.
MICROTOMOGRAPHY
See Computational microtomography.
MICROWAVE DEVICES
See Microwave semiconductor devices, Photocontrolled microwave semiconductor devices, Superconducting microwave electronic devices.
MICROWAVE FREQUENCY BANDS

The frequency intervals of the ultra-high frequency region of the electromagnetic spectrum are
subdivided in accordance with radar standards established for waveguides. In solid-state physics the
most widely used are the three-centimeter X-band,
the one and a half-centimeter K-band and the
eight-millimeter Q-band. In particular, the majority of electron paramagnetic resonance spectrometers are designed for operation in these bands.
The frequencies within the range 8.2 to 12.4 GHz
(wavelengths 2.4 to 3.7 cm) correspond to X-band
propagating in rectangular waveguide with crosssection 22.9 × 10.16 mm2 ; K-band from 18.0
to 26.5 GHz (wavelengths 1.1 to 1.7 cm) uses
10.63 × 4.32 mm2 waveguide, and Q-band from

26.5 to 40.0 GHz (wavelengths 7.5 to 11.3 mm)
employs waveguide with 7.11 × 3.56 mm2 crosssection.
MICROWAVE SEMICONDUCTOR DEVICES

Instruments in which the interaction of current carriers with variable electromagnetic ﬁelds
occurs at frequencies between 0.1 and 100 GHz
(microwave range). Microwave semiconducting
devices are used to generate, amplify, transmit,
and transform signals. To generate and amplify
microwave oscillations generation type semiconductor diodes and transistors are used. To transform and transmit signals use is made of generator diodes, transistors, p –i –n-diodes, Schottky
diodes, varactors, etc. These various devices typically have small linear dimensions of active areas
(spatial ranges in which electron ﬂuxes interact
with alternating electromagnetic ﬁelds). The carrier transit time through that range is comparable
to the period of the generated oscillations. Further
miniaturization for higher frequencies results in
lower output power, and this becomes the principal limiting factor for their energy characteristics.
Another factor limiting their energy capabilities is
the thermal regime in which they operate. Moreover, durability of such devices strongly depends
on the temperature of their active layers.
The most powerful source of continuous microwave oscillations at frequencies up to 10 GHz
are bipolar transistors (output power reaching tens
of watts). In the range from 10 to 33 GHz there
are impact ionization avalanche transit time diodes
(IMPATT diodes), built from gallium arsenide
(output power up to several watts). As for the millimeter range, there are double IMPATT diodes
built from indium phosphide (output power from
tens to hundreds of milliwatts). An output power
up to hundreds of watts may be obtained in the
centimeter range from trapped plasma avalanche
triggered transit diodes (TPATT diodes) operating in a pulse mode. IMPATT diodes are the
most powerful emission sources in the millimeter band. For example, one diode operating in a
pulse mode in the atmospheric transparency band,
94–96 GHz, puts out up to 30 W of power at an
efﬁciency of about 6%. The drawback of IMPATT
and TPATT diode generators is their high noise
level. This is explained by processes related to

MIGRATION

the formation of the electron–hole plasma. Such
a drawback is absent in generators built on Gunn
diodes that typically have lower output power but
high-quality spectral characteristics of their output
signal. However, they have a relatively low frequency threshold of negative conductivity (up to
80–90 GHz in GaAs and 140–160 GHz in InP). To
raise this upper frequency threshold, since the frequency is being limited by the inertia of electron
transfer, one may operate Gunn diodes in a biharmonic mode, so the microwave power is derived
from the second or even from the third harmonic
of the fundamental frequency. In the mid-1980s
GaAs Gunn diodes were putting out up to 80 mW
at 94–96 GHz (power obtained from second harmonic), while the third harmonic yielded 3–5 mW
at 140–150 GHz. Indium phosphide Gunn diodes
yield up to 150 mW at 94–96 GHz (fundamental frequency) and up to 10 mW at 180–200 GHz
(second harmonic).
Field-effect transistors made of GaAs are
mainly used for low-noise ampliﬁers in the millimeter range. For example, a noise level of 4.5 dB
is achieved at the frequency of about 10 GHz using these devices. The most powerful ampliﬁers
are built on silicon bipolar transistors. Modern tendencies in building transistor ampliﬁers consist in
merging several amplifying cascades into a monolith integrated circuit.
The principal materials used to produce microwave semiconducting devices are silicon, GaAs,
and InP. Devices operating on the basis of GaAs,
InP and solid solutions of these materials feature
a high efﬁciency and low noise level. Electron
inertia, however, affects the functioning of such
devices in the millimeter range. The time required
for electrons to reach their required distribution
in microwave semiconducting devices is comparable to the microwave oscillation period, and this
limits the potentially achievable frequencies and
output power of the devices. Generally, microwave
semiconducting devices are widely used to build
various microwave instruments.
In parallel with perfecting semiconducting devices of the lumped type, solid state electronics is
developing toward microwave devices functioning
in the distributed operational mode. Dangling ultrasonic waves that interact with the electron ﬂux
resulted in the design and production of a new
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class of microwave semiconducting devices (see
Acousto-electronics). See also Photocontrolled microwave semiconductor devices.
MIGRATION

Outward movement of objects away from locations in space; the physics of the condensed state
of matter usually deals with migrations of small
particles of microscopic (including atomic) sizes,
and also of quasi-particles. Migration of interstitial
atoms, vacancies, of autolocalized electron states
(see Self-localization) of small radius, etc. represents a sequence of randomly oriented jumps with
length of the order of interatomic distances; the
activation energy of a jump is determined by the
height of a potential barrier. Migration of conduction electrons and holes, Wannier–Mott excitons,
etc. may be described as a motion of a particle
with a quasi-momentum that changes when the
particle interacts with phonons, defects in crystals, current carriers, etc. At low temperatures, the
mean free path of a particle between two successive collisions generally considerably exceeds an
interatomic distance. The mechanism of migration
of particles with small masses may also involve
tunneling of particles through a potential barrier
(see Tunneling phenomena in solids). Mobile particles in a material experience random collisions
with atoms and electrons of the medium as well
as with one another, and, with no preferred direction present, execute random walks (stochastic
motion). One should distinguish macro- and microscopic aspects of migration. If no reactions
involving mobile identical particles take place, the
initial macroscopic uniform spatial distribution of
the latter is retained. But the microscopic distribution changes continually; and if the medium
has some centers capable of undergoing reactions
with particles (e.g., trapping at traps for mobile
particles, recombination), the migration leads to
the actualization of such reactions as the particles
approach the centers. If the macroscopic distribution of centers is nonuniform, this will cause
nonuniformity in the distribution of mobile particles. If the initial macroscopic spatial distribution
of particles is nonuniform, then migration leads
to equalization of the concentration. The change
of concentration of particles n(r, t) per unit volume about point r at instant of time t that results
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from diffusion via a random walk is described by
the equation ∂n(r, t)/∂t = ∇ 2 Dn (where ∇ 2 is
the Laplacian operator, D is the diffusion coef cient). Besides a diffusion component, migration
includes a drift component that arises when forces
act on the particle, e.g., those due to macroscopic
electric, magnetic, elastic ﬁelds, or to the ﬁeld of a
defect of atomic scale. The force −∇U (r) (where
∇ is the gradient operator, U (r) is the particle potential energy) causes an increase of the hopping
rate along the ﬁeld, and its decrease in the opposite
direction, when the migration occurs via a “hopping mechanism”. If migration proceeds without
activation, this force causes oppositely directed
accelerations along and against the ﬁeld. Drift results in a nonuniformity of particle distributions,
or the establishment of a stationary current, depending on the boundary conditions. In the general
case, ∂n/∂t is the sum of diffusion and drift terms,
as well as terms that describe the generation and
annihilation of particles.
Migration of a particle involves transport of
mass; charge, spin and energy may also be simultaneously transferred in this process. Energy
transport is also possible without mass transport,
if the migrating particle is an excitation wave in
a crystal, e.g., exciton, phonon, plasmon, etc. In
particular, excitation of a certain region of a nonmetallic crystal under light absorption may cause
luminescence from the dark region, induced by
resonance transfer of an excited state between
identical atoms. Migration of Wannier–Mott excitons, their subsequent trapping by defects of
various types, and radiative recombination may
cause luminescence at different frequencies. Energy transfer in condensed media may also occur
directly by photons.
MILLER EFFECT (R.C. Miller, 1965)

Abrupt increase of the intensity of the second
harmonic signal during the process of a nonlinear
interaction between a laser beam and a ferroelectric crystal. It is observed in certain manydomain crystals with domain sizes comparable to
the length of the coherent interaction. If domains
are inclined at an angle of 90◦ to one another, as,
e.g., in KDP crystals (potassium dihydrogen phosphate, KH2 PO4 ), then the beam, in passing from
one domain to another, changes its phase at the

second harmonic frequency; growing in intensity
by a factor of hundreds. The Miller effect ﬁnds application in the nonlinear optics of solids.
The term Miller effect also refers to the effective capacitance between terminals in a vacuum
tube.
MILLER INDICES
See Crystallographic indices.
MILLER RULE (R.C. Miller, 1964)
A rule in nonlinear optics, which allows one

to evaluate approximately the components of the
nonlinear quadratic susceptibility tensor dij2ωk that
are responsible for the efﬁcient second harmonic
generation in anisotropic piezoelectric crystals
and other media lacking a center of symmetry. The
said components are determined from the components of the linear susceptibility χij through a
2ω , the Miller tensor,
third-rank tensor δij
k
ω χ ω δ 2ω .
dij2ωk = χii2ω χjj
kk ij k
This relationship may be extended to the case of
sum-frequency generation ω3 = ω1 + ω2 :
ω

ω

ω

ω

ω

3
.
dij 3k = χil 3 χj m1 χkn2 δlmn

Since the components of the tensor δij k differ
from one material to another to a considerably
lesser extent than the components of dij k (in
practice one can set δij k ≈ const), an order-ofmagnitude estimate of δij k for any material may
be found from the value of its refractive index n at
a given frequency (χ = n2 − 1).
MILLI. . . (fr. Lat. mille, thousand)

Preﬁx for a physical unit, which gives the fractional part equal to 10−3 of the initial unit. Symbol: m. Example: 1 mA (milliampere) = 10−3 A.
MINERALS

Naturally occurring chemical compounds
(more rarely, native elements), which are products of various physicochemical processes taking
place in the Earth’s crust. A typical feature of
minerals is their comparative homogeneity that results from a deﬁnite chemical composition and
regular arrangement of atoms in a structure. The
physical properties and characteristic geometrical shapes of minerals are related to the speciﬁcs

MIXED STATE

of their composition and structure. Most geologists consider only solid compounds as minerals,
but Vernadsky included some liquids and gases
as minerals. There is disagreement on including
certain compounds of organic origin (e.g., fossil resins), silicate glasses, and other compounds
among minerals. Underlying the classiﬁcation are
differences in types of compounds, crystal structures, and features of the spatial arrangement
of these structures (e.g., insular, chain or laminated structures). About 3000 types of minerals
are known: silicates (25%), oxides and hydroxides
(12%), sulﬁdes and analogs (13%), phosphates,
arsenates, vanadates (18%), halides, carbonates,
sulfates and other oxygen-containing salts, native
elements. Silicates include 6 structure types: Neso
(individual SiO4 tetrahedra), Soro (double tetrahedra Si2 O7 ), Cyclo (rings (SiO3 )N , N = 2, 3,
4, 6), Ino (single (SiO3 )N or double (Si4 O11 )N
chain), Phyllo (layered (Si2 O5 )N ), and Tekto
(three-dimensional (SiO2 )N network).
Diagnostic attributes of minerals are: the shape
of the crystal and precipitation, color, density, optical, mechanical, electrical, magnetic etc. properties. Products of laboratory or industrial processes
with the composition and structure of natural minerals, are classed as artiﬁcial minerals. The latter
may differ somewhat in their properties from natural minerals.
MIRROR GLIDE PLANE
See Glide-re ection plane.
MISHIMA ALLOYS (after T. Mishima)
High-coercivity alloys of the Fe–Ni–Al system
(see Alni), which are used to manufacture permanent magnets.
MIXED CRYSTALS
Phases of variable or nonstoichiometric com-

position (berthollides) formed by two or more
materials. Mixed crystals are widespread, and
are found in many mineral and rock compositions. Mixed crystals may be separated from
gas, liquid and solid phases. Mixing can vary
over a wide range (from fractions to 100%). In
the simplest cases it can be predicted from calculations based on thermodynamic potentials of
mixed crystal formation. Two types of mixing,
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isovalent and heterovalent, are distinguished. At
isovalent mixing one atom is replaced by another atom, or one ion by another, and true
solid solutions are formed that are described by
thermodynamic equations such as that of Gibbs–
Duhen and others (e.g., K(Rb)Cl, KCl(Br), and
so on). At heterovalent mixing it is possible
to have two cases: without change of common
atom numbers in formula units, but with different
charge states of atoms (e.g., ZnS–GaAs, BaSO4 –
KMnO4 , 2SnO2 –FeNbO4 ), or with a change in
the number of atoms. This case leads to vacancy
formation (in CdCl2 added to NaCl there is one
vacancy per Cd2+ ion); insertion of ions at interstices (see Interstitial atom) (in CdF2 –YF3 one
F− ion is changed by one Y3+ ion), and ﬁlling
of already existing vacancies (in YO1.5 –PrO1.5+x
with x oxygen atoms (x < 0.5) ﬁlling vacancies
in the oxygen sublattice of Y2 O3 ). Such mixed
crystals have certain features: point defects, irregular charge distribution, quasi-chemical complexes, ordering phenomena. Mixed crystals are
increasingly used: ruby (Al2 O3 with 0.05% Cr),
LiY(Nd)F4 and others are active elements in
solid-state lasers; YO1.5 –PrO1.5+x is used for
magnetohydrodynamic generators (due to electrical conductivity and thermal resistance), Na(Ti)I
monocrystals are scintillators. Ferrites, and some
ferroelectrics, are ordinarily mixed crystals (e.g.,
Fe3 O4 is Fe2 O3 plus FeO).
MIXED STATE of superconductors, vortex state
A condition involving a type II superconductor with a heterogeneous magnetic ﬂux distribu-

tion and an average internal ﬁeld B = nΦ0 when
present in an applied ﬁeld B0 with a value between the lower critical eld Bc1 and the upper
critical e ld Bc2 . This mixed state is a result of
the penetration of Abrikosov vortices into the superconductor. Each vortex has one ux quantum
Φ0 = h/2e, and they are distributed with the density n(B), with the value 0 below the ﬁeld B0 =
Bc1 and the maximum value at the ﬁeld B0 = Bc2
(nmax ∝ 1/ξ 2 , where ξ is the coherence length).
The dependence of the superconductor magnetization M = (B − μ0 H )/μ0 on the applied ﬁeld
B0 has the form depicted in Fig. 1. The values of
exthe critical ﬁelds Bc1 and√Bc2 are given by the√
pressions: Bc1 = [Bc /(κ 2)] ln κ, Bc2 = Bc κ 2,
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Fig. 1. Type II superconductor magnetization curve
M(B) dependence on the applied magnetic ﬁeld B0 in
the absence of demagnetization effects (solid line), and
for a demagnetization factor n = 0 (dashed line), where
 = (1 − n)B .
Bc1
c1

Fig. 2. Lines of constant order parameter |ψ| (dashed)
and supercurrent ﬂow (solid) in the case of a triangular
vortex lattice.

√
where Bc = Φ0 /(2 2πξ λ) is the thermodynamic
critical magnetic eld, κ = λ/ξ is the Ginzburg–
Landau parameter, and λ is the penetration depth
of magnetic eld.
At equilibrium, Abrikosov vortices form a regular triangular lattice on a plane perpendicular to
the ﬁeld (Fig. 2). Such a mixed condition structure
is characteristic of an ideal type II superconductor. When there are defects or inhomogeneities,
vortices form bundles located at defects. During
current ﬂow of density j through the superconductor the Lorentz force f L = j × Φ 0 (f L is force on
vortex per unit length) acts on Abrikosov vortices
and makes them move in a direction perpendicular to j and B. The Abrikosov vortex motion
induces an electric ﬁeld E in the superconductor, and as a result the superconductor enters a
resistive state (see Dynamic mixed state) that is

characterized by a nonlinear dynamic electrical resistivity ρ(j ) = ∂E/∂j depending on the current
density, temperature, magnetic ﬁeld strength, and
frequency. In real superconductors when transport current values are high enough, j > jp (jp is
the current density for the onset of vortex motion), then the Lorentz force overcomes the vortex
pinning force that holds vortices at defects and
inhomogeneities of the superconductor, and the
Abrikosov vortex lattice is set into a coherent motion characterized by a linear dynamic resistance
of viscous ﬂow ρ(j )|j >jp = ρf − ρn B/Bc2 (T )
(ρn is the metal resistivity in the normal state).
For a current j < jp Abrikosov vortex motion
may occur due to thermally activated processes
(magnetic ﬂux creep), and the dynamic resistance
depends on the phase state of the vortex ensemble (position on the B versus T phase diagram
of the mixed state), and also on the anisotropy
and the type of superconductor defects. For example, the condition of a so-called vortex liquid state
when current density values are small is characterized by the presence of a linear (ohmic) thermally assisted ﬂux ﬂow (TAFF) resistance ρ(j ) =
ρTAFF (j ) ∝ ρf exp[−U/(kB T )], where U (T , B)
is the vortex activation energy, and the “vortex
glass” or “vortex crystal” state exhibits a nonlinear dependence ρ(j ) of the type ρ(j )j <jp ∝
exp[−(j0 /j )μ U/(kB T )], where μ is a characteristic critical index. The role of thermally activated
processes in the motion of Abrikosov vortices
is very important for the electrodynamic characteristics of the mixed state in high-temperature
superconductors in which the resistive state during moderate applied ﬁeld values may be pulled
into the temperature region where T is substantially lower than the critical temperature Tc .
MOBILITY EDGE

Term used for either the localization threshold
(N.F. Mott, 1966) or the energy E c that separates
localized states from non-localized ones in disordered solids. Neither the density of states itself
nor its derivatives undergo discontinuities at E c
(D.I. Thouless, 1970). The mobility edge concept
is applicable to systems with spatial dimensionality d  2, since all the states of a one-dimensional
system remain localized, no matter how minimal
the disorder (N.F. Mott, W.D. Twose, 1961). See

MOBILITY OF CURRENT CARRIERS

also Anderson localization, Amorphous semiconductors.
MOBILITY OF CURRENT CARRIERS
Average rate of current carrier drift in an elec-

tric ﬁeld of unit intensity; deﬁned by the equation μ = |v|/|E|, where v is drift rate, E is
electric ﬁeld intensity. The value of the mobility μ is determined by the balance between the
acceleration of current carriers due to the electric ﬁeld and the scattering of the carriers. The
mobility μ of current carriers is related to the
diffusion coef cient D by the Einstein relation
μ = eD/(k B T ). In the absence of degeneracy of
the carriers it follows from the solution of the
Boltzmann equation that the electron (hole) mobility is given by μ = (e/mn )τp (ε), where e is
charge, mn is effective mass, ε is energy, τp (ε)
is the relaxation time of the quasi-momentum
of scattered particles, the operator . . . indicates
averaging of current carriers over energy states
with the help of the distribution function. If electrons (holes) are strongly degenerate, then μ =
[e/mn ]τp (εF ), where εF is Fermi energy, because
by virtue of the Pauli exclusion principle only
electrons with ε ≈ εF are scattered. Anisotropy
of energy spectra of electrons and phonons leads
to anisotropy of the effective mass and relaxation
time, which are described by the reciprocal effective mass tensor and the relaxation time tensor,
respectively. If the crystal exhibits high microscopic crystal symmetry then, in spite of this
anisotropy, the mobility of current carriers is a
scalar quantity, which depends on components of
the above tensors. The combination of reciprocal effective mass tensor components, which is
included in the equation for the mobility instead
of mn , is sometimes called conduction effective
mass, Ohmic effective mass, or optical effective
mass. The last name owes its origin to the fact
that the above combination of tensor components
is included in the high-frequency mobility, which
is introduced at the description of the motion
of current carriers in an ac ﬁeld of frequency
ω
1/τp . Often this is the region of visible
radiation.
In many-valley semiconductors with cubic symmetry (germanium, silicon) the electrons of every
valley have an anisotropic mobility. The inclu-
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sion of simultaneous electron drift in all valleys,
which takes place due to the symmetrical location
of electrons in reciprocal space (k -space), leads
to isotropy of the mobility. A change of the relative contributions to the current from different
valleys, which takes place, e.g., at the Sasaki effect or at strain, results in anisotropy of mobility of
current carriers. A low-symmetry crystal exhibits
anisotropy of mobility of current carriers.
The temperature dependence of μ is determined by the mechanism of current carrier scattering. The mobility μH , which is obtained from
measurements of electromotive force or Hall current (Hall mobility), differs from μ: μH = rμ,
where the Hall factor r is a numerical parameter
which depends on the mechanism of current carrier scattering, structure of energy bands and the
magnitude of the magnetic ﬁeld (see Galvanomagnetic effects). The difference between μ and μH is
related to the fact that μ describes the response of
current carriers to the force −eE, which has an
equal action on all current carriers, whereas μH
describes the response to the Lorentz force, which
depends on the particle velocity, and therefore exerts a different action on every current carrier.
For Hall mobility determinations the quantity μ
is sometimes called conduction mobility (mobility in terms of conduction) or drift mobility. The
latter term is also used in reference to mobility,
which is determined from the time of drift of
current carriers between two separated points of
the sample. Ambipolar drift (see Ambipolar diffusion) is described in terms of ambipolar mobility;
mobility in terms of magnetoresistance is determined from magnetoresistance. Surface mobility of
current carriers and ﬁeld-effect mobility are introduced at consideration of the motion of current
carriers at a semiconductor surface. Surface mobility of current carriers is the mean mobility of
current carriers, which are situated in channels
at different distances from the surface; it takes
into account the surface scattering of current carriers. The ﬁeld-effect mobility is the derivative of
the current which ﬂows through a sample of unit
length and width, with respect to the charge of the
ﬁeld-effect electrode. The value of this quantity
depends on the trapping of current carriers by electron surface states.
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MOBILITY OF DOMAIN WALL

MOBILITY OF DOMAIN WALL

See Domain wall mobility.
MOBILITY ON A SURFACE

See Surface mobility.
MODEL OF CHARGES ON BONDS

Semiempirical model involving an approximate representation of the long-range part of the
adiabatic potential for valence crystal atoms. The
potential is the sum of a screened Coulomb interaction of nuclei, and the interaction of negative
charges on bonds with one another and with nuclei. In semiconductors with a ﬁnite gap Eg , as
distinct from metals where free electrons completely screen the potentials of ions at distances in
excess of a Debye length, the screened potential of
each nucleus (or lattice atom) decreases at inﬁnity
as Ze/(ε∞ r), where ε∞ is the high-frequency dielectric constant. Yet, this is incompatible with the
condition of crystal neutrality. J. Phillips proposed
assigning compensation charges −Ze/ε∞ to regions of the overlap of electron wave functions
of nearest covalent bonded atoms. In addition, the
adiabatic potential must contain short-range terms
to ensure stability of the system of charges.
MODIFICATION OF METALS

Introduction of modiﬁers (magnesium, ferrosilicon, aluminum, etc.) into metallic melts. Small
amounts of modiﬁers (often a fraction of a per
cent at most) promote crystallization of structural
components of an alloy in a granular or spheroidal
shape to improve its mechanical properties.
MODIFICATION OF POLYMERS

Purposeful modiﬁcation of properties of polymers by regulating supramolecular structure (nucleation in crystallization, heat treatment), or by
varying the molecular chemical composition (introducting reactive groups, etc.) in order, e.g., to
increase the impact strength of plastics, or facilitate the dyeing of synthetic ﬁbers.
MODULATED ELECTRIC FIELD

See Electric eld modulation method.

MODULATED MAGNETIC STRUCTURES
Atomic magnetic structures with a periodic

nonuniform distribution of spin density, the spatial
constants λ of these structures being in a general case incommensurate with the crystal lattice
spacing a, and dependent on the temperature. In
various systems, λ varies by an order of magnitude
from several a to hundreds (and even thousands)
of a. If λ
a, modulated magnetic structures
may be represented as long-period modulations
of simple (spatially uniform) magnetic structures
(ferromagnetic or antiferromagnetic). Sometimes
the following terms are used to describe the same
entities: long-period magnetic structure, incommensurate magnetic structure, magnetic superstructure. The main types of modulated magnetic
structures are (see Fig.): SS-structure (simple spiral, spiral magnetic structure, helical magnetic structure); FS-structure (ferromagnetic spiral,
2
umbrella-shaped magnetic structure); SS-structure
(its particular case is the cycloidal magnetic structure); FAN-structure (fan shaped structure, or
pseudo-ferromagnetic structure existing only in an
applied magnetic ﬁeld); LSW- and TSW-structures
(longitudinal and transverse spin density waves,
respectively). They differ by the magnitude of the
projections of the magnetic moments of the ions
on the direction of the modulated magnetic structure vector q (direction of spatial gradients), and
on the plane that is perpendicular to it.
The existence of modulated magnetic structures results from the presence of minima of a
thermodynamic potential F of a magnetic material,
the potential being considered a function of q at
symmetry (“non-Lifshitz”) points of the Brillouin
zone. Modulated magnetic structures may appear
in a phenomenological description of a magnetically ordered state, that includes exchange, when
terms with order parameter derivatives are included in the magnetic part of the system potential F . Speciﬁc modulated magnetic structures
can result from the competition of interactions described by the square of the ﬁrst spatial derivative
of the order parameter, or they can result from
terms in F that are linear in the ﬁrst spatial derivatives of the order parameter. The latter situation
is characterized by a large value of the spatial
constant λ (λ a). An exchange-modulated magnetic structure of the SS-type has been identiﬁed

MODULATION SPECTROSCOPY
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Modulated magnetic structures.

in the cubic crystals MnSi and FeGe which lack a
center of inversion (space group P 21 3, T 4 ). This
structure owes its origin to the invariant M∇ × M
(V. Baryakhtar, E.S. Stefanovsky, 1968) that describes the nonuniform Dzialoshinskii–Moriya interaction (see Dzialoshinskii interaction).
MODULATED STRUCTURES

Regularly and quasi-periodically arranged regions that are, e.g., either coherent precipitates
in aging (see Alloy aging), ordered, eutectically
decomposing alloys (see Eutectic alloys, Alloy decomposition), individual (or group) stacking faults
in one-dimensionally disordered alloys; or else
antiphase domains in antiferromagnets and ferroelectrics. Complicated atomic or molecular complexes in minerals, in chemical organic or inorganic structures may also be considered as
such regions. Modulated structures were ﬁrst
discovered by the X-radiographic investigation
(see X-radiography) of an aged cunife alloy: the
X-ray spectrum of this alloy has additional reﬂections (satellite lines) observed near the main Bragg
reﬂections. The effect is explained by the model of

a periodic change of the concentration of alloying
elements (see Alloying) along one of the alloy’s cubic directions. In diffuse phase transitions (aging,
alloy ordering, eutectoid decomposition), a modulated structure is an ensemble of domains where
the precipitates of the second phase form a macrolattice. One-, two-, and three-dimensional modulated structures are known. One-dimensional ones
have the highest thermal stability in aging alloys
as they correspond to a minimum of the elastic energy of the system. The formation of modulated
systems is accompanied by a signiﬁcant change in
their physical and mechanical properties.
MODULATION SPECTROSCOPY

Investigation of optical spectra under conditions of modulation of material (sample) parameters (internal modulation), or of the light beam
(external modulation). Used for producing modulation can be electric and magnetic ﬁelds, illumination intensity, temperature, uniform or uniaxial
pressure. One can modulate such light beam parameters as wavelength λ, angle of incidence,
polarization, etc. Since it is the change of light
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MODULATOR, ELECTROOPTICAL

reﬂection R (or light absorption) by the sample that is experimentally detected, a modulation
spectroscopy method is called electro-, photo-,
thermo-, piezo-, and wavelength-reﬂection (absorption). The main application ﬁeld of this spectroscopy in solid state physics is the investigation of band structure and surface phenomena.
Through the use of synchronous detection, modulation spectroscopy methods have a high sensitivity (in reﬂection up to R/R ∼ 10−6 ) and
high resolution. In the region of weak ﬁelds, they
are equivalent to the third derivative of the optical constants with respect to the photon energy.
Such differentiation of an optical reﬂection (or
absorption) spectrum cancels its constant component and emphasizes singularities of the spectrum,
which are due to critical points in electron bands
of a bulk crystal (van Hove singularities), or in the
spectra of surface electron states. Electric modulation, the most convenient and widely used type,
exhibits several types of modulation effects. Primary electrooptical effects due to the inﬂuence
of the ﬁeld on the wave function of electrons
of the medium include (1) nonresonance effects:
quadratic Kerr effect and linear Pockels effect, and
(2) resonance effects: Franz–Keldysh effect for
band-to-band and band-impurity transitions, ﬁeld
quenching, and energy shift of excitons, phonons
and other quasi-particles. Related to electric modulation effects are electron concentration mechanisms for changes of dielectric constant (band
ﬁlling effect, intraband transitions in semiconductors and semimetals, solid-state plasma; changes
of concentration of adsorbed particles, changes of
chemical composition of transition layer, etc.).

Mohr diagram.

MOHR DIAGRAM (O. Mohr, 1882)

Diagram (see Fig.), which provides a graphical determination of normal stress σN and shear
stress σS for an arbitrarily selected direction, if
the principal values σ i , i = 1, 2, 3, and principal axes of the stress tensor (see Principal axes
of a tensor) e(i) , i = 1, 2, 3, are known. If the unit
vector in direction e has components v1 , v2 , v3
(v12 + v22 + v32 = 1) with respect to the tensor principal axes, then σN and σS in a Mohr diagram are
coordinates of the point p that is located at the intersection of circumferences


 2
1
σS2 + σN − σ (i) + σ (j )
2
=

2
1  (i)
σ − σ (j )
4



+ vk2 σ (i) − σ (k) σ (j ) − σ (k) ,

where indices i, j, k form a cyclic sequence 1, 2, 3.
The region of possible values of σN and σS on the
Mohr diagram is shown by hatching. Another way
to determine values of σN and σS is with the help
of the stress surface. The Mohr construction is applicable to any symmetric second rank tensor Sij
by letting
σN = Sij vi vj ,

MODULATOR, ELECTROOPTICAL

See Electrooptical modulators.

σS2 = Sij Sj k vi vk − (Sij vi vj )2 .
Here, summation is meant to be taken over repeated indices.

MODULUS OF ELONGATION

See Young’s modulus.

MODULUS OF RIGIDITY

See Shear modulus.

MOLARITY

Measure of concentration, number of moles of
a solute in 1 liter (1 dm3 ) of solution. Alternate
name: volumetric molar concentration. Measured
in mole/liter (often denoted by M).

MOLECULAR ENERGY DIAGRAM

MOLECULAR BEAM EPITAXY
Epitaxial growth of lm s of chemical com-

pounds from molecular or atomic beams of the
constituent elements in a super-high vacuum (see
Epitaxy). The advantage of this method is the
following: (i) high purity is achieved through
the use of highly puriﬁed initial materials and a
super-high vacuum with negligible concentrations
of H2 O, CO and O2 ; (ii) low levels of surface
defects result in a decreased density of surface
states, plus an improvement of reproducibility
and reliability; (iii) the possibility of obtaining
very sharp (1 nm) variations of the composition
and the level of doping through rigid control of
the layer growth rate and the beam composition;
(iv) the possibility of controlling the composition and the structure of layers by using analytical apparatus in situ. Molecular beam epitaxy is
employed in the manufacture of high-technology
semiconductor devices with multilayer crystals
( eld-effect transistors, lasers, optical waveguides,
superhigh-frequency transducers and ampliﬁers,
see Microwave semiconductor devices). A variation of the method is ion beam epitaxy.
MOLECULAR CRYSTALS

Class of solids whose intramolecular (i.e. internal) chemical bond energy signiﬁcantly exceeds
the intermolecular interaction energy. Owing to
this, molecules in molecular crystals retain their
individual identities and properties. In the case of
polar molecules, the main contribution to the intermolecular interaction energy is from the dipole–
dipole interaction (or the quadrupole interaction),
while in the case of nonpolar molecules it arises
from the van der Waals interaction (see Van der
Waals forces). Molecular crystals also include a
group whose molecules are linked together by
hydrogen bonds. These bonds arise if molecules
contain hydroxyl, OH, groups, or amino, NH2 ,
groups. Excited states give rise to new interactions; in particular, an important role is played
by resonance interactions, their energy being inversely proportional to the cube of the distance.
In the solid state these molecular crystals are
formed by noble gases (atomic molecular crystals,
He, Ne, Ar); by molecules with strong chemical bonds H2 , O2 , HCl, CH4 , etc.; by halogens;
by compounds with molecules consisting of nitrogen and phosphorus, of sulfur and phosphorus,
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of sulfur; by metal carbonyls. Crystal structures
with molecular bonds are also formed by certain
polymer chains (polyethylene), and by biological
structures. Organic compounds form the largest
group of molecular crystals.
In their electrical properties most molecular
crystals are, as a rule, insulators, but some of them
may under certain conditions exhibit noticeable
electrical conductivity (see Organic semiconductors). Nearly all molecular crystals (except O2 and
NO2 ) in the ground state are diamagnets. Absorption of electromagnetic radiation is caused by intramolecular electronic and electronic-vibrational
transitions that are delocalized and generate an elementary excitation, an exciton. Lattice phonons
also take part in the absorption of electromagnetic
radiation.
Weak intramolecular bonds are responsible for
the low mechanical strength of molecular crystals,
low temperatures of melting (ranging from several
tens to several hundreds ◦ C) and often of evaporation. Their heat of sublimation is of the order
of 10–20 kcal/mole, approximately 10–20 times
smaller than isolated molecule dissociation energies.
Molecular crystals are widely used as scintillators and moderators of heavy particles in nuclear
physics and industry, and as insulating materials in
electrical engineering (molecular crystal resistivity ≈106 ·cm). Various organic compounds are
found in medicines and dyes. A number of unique
physical properties of molecular crystals should be
useful in what might be called molecular electronics.
MOLECULAR ENERGY DIAGRAM

Scheme to illustrate the arrangement of energy
levels of molecules according to their energies, in
combination with the basic characteristics of the
levels. For one-electron energy levels the scheme
is usually called a molecular orbital diagram.
The genetic relations of molecular orbitals with
the single-electron levels of atoms which form a
molecule are often indicated in the orbital diagram. These diagrams are constructed either from
qualitative considerations, or using data calculated
by, e.g., the Hartree–Fock method. For displaying
multielectron energy levels, a scheme of molecular electron terms is utilized. Designations of the
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MOLECULAR FIELD

levels reﬂect their group theory classiﬁcation, as
a rule involving the irreducible representations of
the symmetry point group of the molecule, and
thus they provide the (orbital) degeneracy of the
levels. For multielectron molecular terms, the multiplicity of the spin degeneracy of the state is also
indicated. In analogy with electronic levels, similar diagrams are used for rotational, vibrational,
and more complicated states, e.g., for electronicvibrational states (vibronic states), etc.
MOLECULAR FIELD (B.L. Rozing, P. Weiss,
1907)

One of the most widely used approximations
for explaining magnetic properties in a solid is
to invoke a molecular ﬁeld (self-consistent eld,
average ﬁeld). The molecular ﬁeld approximation assumes that the interaction of a certain spin
Si with N neighboring spins is approximated by
introducting a molecular ﬁeld B MF that is proportional to the magnetization in a ferromagnet:
gμB B MF = λM. Here, λ is the molecular ﬁeld
constant, g is the Landé g -factor, μB is the Bohr
magneton, and M is the magnetization. In the
presence of an external magnetic ﬁeld B eff =
μ0 H , M satisﬁes the self-consistent equation
M = 2NgμB SBS [(λM + gμB B)/(k B T )], where
B S is the Brillouin function, and N is the number
of nearest neighbors. At B = 0, this equation describes the behavior of spontaneous magnetization
that disappears in the paramagnetic state above the
Curie point. In a microscopic approach, the local
molecular ﬁeld is expressed in terms of parameters
Jij of the exchange Hamiltonian and mean values
of spins: gμB BMF (i) = j Jij Sj . This allows
one to perform self-consistent calculations of spin
behavior both in ferromagnets, and in more complicated atomic magnetic structures. This approximation is an asymptotically exact solution in models with an inﬁnite exchange interaction radius R,
and hence, it serves as a zero-order approximation
in the perturbation theory of the thermodynamics
of spin systems, which is based on an expansion in
terms of 1/R or 1/N . The molecular ﬁeld is also
used to describe other phase transitions: structural
and ferroelectric types, those from the normal state
to the superconducting state, and from the normal
state to the superﬂuid state. When the role of ﬂuctuations is signiﬁcant (regions of critical behavior

in the neighborhood of a phase transition temperature, one-dimensional systems, two-dimensional
XY -models and Heisenberg model, dilute magnetic materials with short-range exchange in the
neighborhood of ﬂux thresholds, etc.), the molecular ﬁeld approximation yields qualitatively incorrect results. In addition this approximation fails
to describe collective spin excitations (magnons),
and some low temperature features in Heisenberg
magnets.

MOLECULAR INTEGRALS

The same as Quantum chemistry integrals.

MOLECULAR MASS DISTRIBUTION OF
POLYMERS

Distribution of macromolecules of a given
polymer sample expressed in molecular mass units.

This molecular mass discussion pertains to polymers only, and results from the random nature
of reactions of polymer generation and polymer
degradation. The concept of molecular mass distribution loses its meaning for three-dimensionally
linked polymers (see Polymer cross-linking), when
the whole polymer body behaves as if it were a
single “molecule”. Two types of molecular mass
distribution are known: proper distribution ρn (M)
of macromolecules in the number of chains with a
given molecular mass M (numeric molecular mass
distribution) and distribution ρω (M) in masses
of chains with a given molecular mass (mass
molecular mass distribution). These are related
through the expression ρω (M) = ρn (M)MM n ,
where M n is the so-called number-average mole
cular mass given by M n = 0∞ ρn (M)M dM.
There is also a mass-average molecular mass

M ω = 0∞ ρω (M)M dM to characterize molecular mass distribution. The inequality M ω > M n is
always true, and the deviation of the ratio M ω /M n
from unity serves as a measure of the molecular
mass distribution width (typically, 1 < M ω /M n
< 2). The molecular mass distribution of a polymer is most often determined by sedimentation,
fractionation, and chromatography experiments.

MOLYBDENUM

MOLECULAR ORBITAL

Single-electron wave function of a polyatomic
(molecular) system. A molecular orbital is the
generalization of atomic orbital to the case of
several atoms. In the case of a crystal it is sometimes called a crystal orbital. The most common
approximate method for determining a molecular
orbital consists in its preliminary representation as
a linear combination of atomic orbitals (LCAO),
followed by ﬁnding the coefﬁcients of the linear
combination. The concept of molecular orbital is
of fundamental importance in the theory of molecules and the theory of solids.
MOLECULAR SPECTRAL ANALYSIS

Determination of qualitative and quantitative
composition of gaseous, liquid and solid compounds by absorption spectra of electronic-vibrational, vibrational, and rotational excited states,
as well as by Raman spectra (see Raman scattering of light). Molecular spectral analysis of solids
is the most efﬁcient, using IR absorption spectra with their highly characteristic lattice vibration
frequencies, local vibrations and quasi-local vibrations. The use of molecular spectral analysis
by Raman spectra became as widespread as optical absorption spectroscopy after the invention
of lasers, their radiation having no background.
In certain cases Raman spectroscopy is used even
more often, especially in the analysis of the composition of inorganic crystals, in particular, of
semiconductors. To carry out the analysis, there is
no need to record the entire spectrum or a major
part of it. It sufﬁces to use one or two characteristic frequency band peaks since they have only a
weak dependence on the composition.
MOLECULE CHANNELING

Passage of fast molecules through thin crystals
without dissociation. It is observed for hydrogen
molecules that have energies 0.2–1 MeV/nucleon
and pass through polycrystalline and monocrystalline foils about 1–10 μg/cm2 (5–50 nm) thick.
Despite the fact that the molecules lose their electrons upon entering the material (undergo complete “shelling”), the transit time through a solid
is so short (<10−16 s) that it is insufﬁcient for
Coulomb explosion of the molecule to separate
protons by a large enough distance. The small
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spread in energy loss of protons ensures their escape from the solid with a small relative energy.
It gives a molecule the possibility to be recreated
through association and electron trapping during
the exit. In the case of monocrystals, the protons
move along the same or neighboring channels, and
the molecules are capable, due to small energy
loss and weak scattering, of passing through rather
thick foils. Molecule channeling is sensitive to the
defect structure of a solid, and can aid in its diagnostics.
MOLTER EFFECT (L. Molter, 1936)

Emission of electrons into a vacuum from a
thin insulating layer on a conducting substrate,
provided that there is a strong electric ﬁeld
(106 V/cm) in the layer. The emission current increases rapidly with an increase of the ﬁeld. The
Molter effect is due to the presence of a strong
electric ﬁeld in the layer, which causes e ld emission of electrons from the substrate into the layer,
electron heating and impact ionization in the main
bulk of the layer. Most of the voltage drop is in the
neighborhood of the substrate. As a result, some
of the high-speed electrons escape from the layer
into the vacuum. In porous layers, the Molter effect is also caused by Townsend impact ionization
that arises in pores (electrons escape mostly from
pores).
MOLYBDENUM, Mo

Chemical element of Group VI of the periodic
table with atomic number 42 and atomic weight
95.94. Natural Mo consists of 7 stable isotopes,
and 10 radioactive ones are known. Outer shell
electronic conﬁguration 4d 5 5s 1 . Successive ionization energies (eV): 7.10, 6.15, 27.13, 40.53,
55.6, 71.7. Atomic radius 0.136 nm. Ionic radii
(nm): Mo4+ 0.070, Mo6+ 0.062. Covalent radius
is 0.130 nm. Oxidation states are +2, +3, +4, +5,
+6. Electronegativity is 1.3.
Molybdenum is a light-gray metal having
body-centered cubic structure, space group I m3m
(Oh9 ), a = 0.314737 nm at 298 K. Density
is 10.22 g/cm3 ; Tmelting = 2895 K, Tboiling
about 5100 K, heat of melting is 27.6 kJ/mole,
heat of sublimation is 652.9 kJ/mole, heat of
evaporation is 506 kJ/mole. Debye temperature
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MOLYBDENUM ALLOYS

is ≈464 K; coefﬁcient of linear thermal expansion is ≈6.0·10−6 K−1 for unannealed state
(at 298–2273 K). Thermal conductivity is
124–67 W·m−1 K−1 (at 1200–1900 K), 145
W·m−1 ·K−1 at 290 K and 183 W·m−1 ·K−1
at 90 K. Adiabatic elastic moduli: c11 = 440.8,
c22 = 172.4, c44 = 106.8 GPa at 298 K. Young’s
modulus is ≈340 GPa, shear modulus is
119.7 GPa, Poisson ratio is ≈0.33. Breaking
strength of wire 6.12 mm in diameter is 525–
2500 MPa and depends on the degree of deformation; that of arc melted ingot is 571 MPa and
that for monocrystalline molybdenum is 310 MPa.
Hardness of molybdenum polycrystal is 1592 MPa
at 293 K, 3730 MPa at 457.5 K and 126 MPa at
2130 K. Relative elongation 10–20%. Coefﬁcient
of self-diffusion is 3.1·10−15 m2 /s at 2120 K.
Electrical resistivity is 51.4 n·m at 293 K.
Temperature coefﬁcient of electrical resistance is
479·10−5 K−1 at 293–2893 K. Critical temperature of transition into superconducting state is
0.94 K. Critical magnetic ﬁeld 9.65 mT. Work
function is ≈4.3 eV. Reﬂection factor for optic
waves with λ = 5 μm is 97.2%. Thermal neutron capture cross-section is 2.7 barn per atom.
Molybdenum is a paramagnet, with molar magnetic susceptibility +5.4·10−6 CGS (at 291 K).
Nuclear magnetic moment is 0.9 nuclear magnetons.
Molybdenum is used in the production of special alloys and alloyed steels. Molybdenum metal
is a construction material for vacuum electronic
industry and nuclear reactors. Liabilities are its
high oxidizability and relatively high temperature
of cold brittleness. Molybdenum is one of the most
promising metals for creation of high-temperature
alloys (see Molybdenum alloys).
MOLYBDENUM ALLOYS
Alloys based on molybdenum. Four main methods are singled out in molybdenum alloying.

(1) Introduction of highly active elements, exhibiting large afﬁnity to interstitial impurities
(rare earth metals, etc.).
(2) Alloying with a small quantity (about 1%)
of transition metal to achieve competitive
segregation with interstitial elements at crystal structure defects and to increase hightemperature strength.

(3) Joint alloying with an element (titanium, zirconium, hafnium, vanadium, niobium, tantalum) and carbon (nitrogen) to increase hightemperature strength through the mechanism
of precipitation hardening (see Precipitationhardened materials).
(4) Heavy alloying with rhenium (up to 50%) or
with tungsten.
The production of most molybdenum alloys involves the simultaneous use of several alloying
methods. Molybdenum alloys are melted in arc
furnaces and electron beam furnaces, or produced
through methods of powder metallurgy. Molybdenum alloys ﬁnd use in electronics, rocket engineering, nuclear power industry, and in other areas.
MOMENT OF INERTIA

Sum of products of masses mi of points in
a solid that rotates about a ﬁxed axis and the
squares of their distances Rl from the axis: I =
2
i mi Ri . Knowledge of the moment of inertia allows expressing the angular momentum L of the
body with respect to the ﬁxed axis in terms of
its angular velocity: L = I ω; the rotational kinetic energy is expressible in terms of the moment
of inertia and the square of the angular velocity: K = (1/2)I ω2 . In the general case of an
arbitrarily directed axis through the origin of coordinates, I = 3α,β=1 Iαβ cos θα cos θβ , where θα
is the angle of this axis to the αth coordinate axis.
The quantities Iα,β = i mi (Ri2 δαβ − xiα xiβ )
form moments of inertia tensors and allow expressing L and K as Lα = 3β=1 Iαβ ωβ ; K =
(1/2)

3
α,β=1 Iαβ ωα ωβ . See also Principal mo-

ments of inertia.
MOMENTS OF SPECTRAL LINES

Characteristics of shapes of spectral (or some
other) curves. For a resonance line (curve) that is
described by a normalized (to unit area) line shape
function f (ω), the nth moment Mn with respect to
ω0 is deﬁned by

Mn = (ω − ω0 )n f (ω) dω.
If f (ω) is symmetrical with respect to ω0 then all
odd moments vanish. If all Mn are known, then
f (ω) may be recovered. However, knowledge of

MONOCRYSTAL

only the ﬁrst few moments provides important information on the shape of a resonance curve and,
in particular, on the rate of its decay at shoulders
away from ω0 . To illustrate, we consider the two
most typical shapes of resonance curves, the symmetrical Gaussian shape and Lorentzian shape.
The Gaussian shape is described by the normalized function


(ω − ω0 )2
1
,
f (ω) = √ exp −
2Δ2
Δ 2π
for which M2 = Δ2 , M2n = 1·3·5 · · · (2n−1)Δ2n ,
and M4 /M22 = 3. The half-width δ of the line at
half-height is δ = Δ(2 ln 2)1/2 ≈ 1.18Δ. Thus, the
value of the second moment for a Gaussian curve
provides a satisfactory approximation for δ. The
other common line shape is Lorentzian described
by the normalized function
f (ω) =

1
δ
.
2
π δ + (ω − ω0 )2

Since all even moments for a Lorentzian line,
starting with the second one, are inﬁnite, a more
physically adequate approximation is that of a
“cut-off” Lorentzian curve with f (ω) = 0 at freδ. Then, within the
quencies |ω − ω0 | = α
accuracy to terms of order δ/α, we may write
2αδ
,
π
πα
M4
=
1,
6δ
M22
M2 =

 2 1/2
M2
δ
π
 1,
√M = √ M
2 3
2
4
i.e. δ of a Lorentz curve is much smaller than
√
M2 , which goes along with the slow decay of
the shoulders. On the other hand, the assumption
of a Gaussian curve may seem reasonable if the
ratio M4 /M22 is close to 3.
The advantage of the method of moments is
that moments of lines may be calculated on the
basis of general principles without ﬁnding the
eigenvalues of a system Hamiltonian. In accordance with linear response theory, a function of
shape f (ω) is expressible in terms of its autocorrelation function (see Correlation function) of
magnetic or electric dipole moments of the system
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(in magnetic resonance or optical light absorption,
respectively). This function depends on the system
Hamiltonian term V that is responsible for the line
broadening. Expanding the autocorrelation function in a series in powers of V , one can obtain
closed form equations for moments of lines (e.g.,
the second moment equation is of the form M2 =
−Tr{[V , Sx ]2 }/TrSx2 ). This procedure, referred to
as van Vleck’s theory of moments, was applied
to magnetic resonance in calculating line widths
caused by the magnetic dipole–dipole interaction.
J.H. Van Vleck calculated M2 and M4 for a regular lattice of identical spins with dipole–dipole
broadening and showed the resonance band shape
to be close to Gaussian. In the case of diluted paramagnets, the ratio M4 /M22 increases signiﬁcantly,
while the decrease of concentration of particles
makes the shape of the line closer to Lorentzian.
The exchange interaction has no effect on M2 , but
increases M4 . The calculation of higher order moments is a cumbersome procedure; and describing
a the shape of a line in terms of its moments is
rarely done in practice.
MOMENTUM SPACE

Space of points that correspond to momentum values of masses or particles of a system. By
momentum space in solid state physics one understands quasi-momentum space (i.e. k -space).
MONOCLINIC SYSTEM (fr. Gr. μoνoς , one,
single, and κλινω , bend)
Crystallographic system that is characterized

by the presence of two right angles between coordinate axes (α = γ = 90◦ = β) with unequal
lengths (a = b = c). The angle β that is not a
right angle is called the monoclinicity angle, and
the axis b is aligned along the only twofold axis,
or is perpendicular to the plane m. The so-called
second setting is sometimes used: the c axis is
along 2 or 2, c < b < a, γ = 90◦ . This system includes 2 Bravais lattices (primitive and body
centered), 3 point groups, and 13 space groups.
MONOCRYSTAL, single crystal
Homogeneous crystal with a uniﬁed crystal lattice and anisotropic properties. The outward shape

of a monocrystal results from its atomic structure and crystallization conditions: under equilibrium conditions, a monocrystal acquires a clearly
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pronounced natural crystal faceting. Examples of
well-cut natural crystals are quartz, halite, Iceland
spar, diamond, ruby. Some monocrystals may lack
a regular cut (e.g., artiﬁcially grown rounded ruby
crystals, silicon monocrystals).
Many monocrystals exhibit special physical
properties: diamond and boron carbide are very
hard, sapphire and ﬂuorite are transparent over
a wide wavelength range; quartz is piezoelectric
(see Piezoelectricity); the strength of thread-like
crystals of corundum is unmatched. Monocrystals are capable of changing their properties under
exposure to external actions (light, mechanical
stresses, electric and magnetic ﬁelds, radiation,
temperature, pressure); hence, their use as transducers of various kinds in radio- and quantum
electronics, acoustics, etc. As a result, there is a
need for monocrystals of various sizes and shapes:
from microcrystals, ﬁlms and thread-like crystals
several milligrams in mass to large specimens that
weigh tens of kilograms. Initially, use was made
of natural monocrystals, but reserves of these in
nature are limited. The need for artiﬁcial ones
grew; and many synthesized monocrystals (see
Monocrystal growth) have no natural analog (see
Synthetic monocrystals).
According to their degree of perfection, monocrystals are classiﬁed into non-mosaic (nearly perfect) and mosaic crystals. The most perfect contain only point defects (see Defects in crystals); the
less perfect mosaic ones exhibit dislocations and
stacking faults. Mosaic crystals with small block
dimensions (10−5 cm and less) scatter X-rays
in accordance with the theory of elastic scattering of radiation. Increase of disorientation angles
between blocks up to a magnitude of tens of degrees results in the polycrystalline state (see Polycrystal). Many monocrystal properties (electrical,
optical, strength, etc.) depend on the degree of perfection, and the impurity content. The most perfect
ones are used in semiconductor engineering, quantum electronics, computer machinery, etc.
MONOCRYSTAL GROWTH, single crystal
growing
Types of crystallization processes leading to the
formation of monocrystals. If within the volume of

the source phase there is only one nucleus capable
of growing, then by the addition of particles to its

surface a crystal of large dimensions might grow
with all its atoms at regularly ordered lattice positions. Such a single crystal is called a monocrystal.
Monocrystals are usually obtained with relatively
small deviations from equilibrium in the source
phase, since otherwise the addition of particles to
the growing crystal surface occurs in a disordered
manner, with the resulting formation of a polycrystal. To obtain a monocrystal, spatially uniform in
its physical properties and structure, the crystallization conditions must be stable.
Crystallization conditions, nature of the material, and interface structure determine the different
mechanisms of monocrystal growth. Depending
on the concentration of surface defects (steps,
etc.), the interface may be atomically smooth (see
Atomically clean surface) or rough (see Surface
roughness). The last case is realized when the
distance between defects approaches unit cell dimensions. In the case of an atomically-smooth
interface, the formation of a two-dimensional nucleus on its surface is necessary for monocrystal growth, and the probability of its appearance
(as also for a three-dimensional nucleus) is associated with the energy outlay that depends on
overcooling (oversaturation) of the source phase
at the interface. Since this probability is low for
small overcooling, the mechanism of bidimensional nucleation may be noticeably apparent at
a comparably high deviation from equilibrium at
the interface. The relation of the rate of monocrystal growth v to overcooling T is determined by
v = A exp(−B/ T ), where A and B are constants, weakly depending on the temperature T .
The presence of a screw dislocation at the interface leads to the appearance of an echelon of
steps, at which particles from the source phase
may build. In this case, the dislocation mechanism of monocrystal growth is realized, which can
proceed at small overcooling (oversaturation). The
dependence of v on T under this mechanism is
quadratic: v ∝ T 2 . If the crystal surface is rough,
then practically every point of it is an active site
for the addition of particles. The mechanism of
crystal growth with a rough interface of phases is
called normal. The relation of the growth speed to
overcooling (oversaturation) for the normal mechanism is linear.
The presence of impurities and inclusions in
the source phase affects the monocrystal growth.

MONOPOLE, MAGNETIC

Depending on the physicochemical conditions
within the crystal, mechanical stresses and various
defects (e.g., vacancies, interstitial atoms, dislocations, bloc boundaries, pores, inclusions) may
appear which inﬂuence the crystal properties.
There are different methods for growing monocrystals: solutions, melts, and gas phase. They
may be also obtained from the polycrystals and
amorphous media by recrystallization and devitriﬁcation, respectively (see Vitri ca tion). Selection of
the method to use depends on the crystal physicochemical properties (melting temperature, volatility of components, their chemical activity, etc.).
The most widespread are methods of growth from
melts and solutions. Crystals are grown by drawing from the melt in a crucible with the seed
in a region of the furnace where the temperature is lower than the crystallization temperature
[Czochralski method (J. Czochralski, 1918)]; by
placing the seed into the melt with slow cooling [Kyropoulos method (S. Kyropoulos, 1926)];
by moving nonmonocrystalline material through
a zone with a temperature higher than the crystallization temperature (zone crystallization, zone
reﬁnement); by creating a layer of melt, held by
the forces of surface tension, at the seed moved
to the cold zone [Verneuil method (A. Verneuil,
1902)]; by moving the crucible plus melt to a zone
below the crystallization temperature [Stockbarger
method (D.C. Stockbarger, 1936)]; by removal of
the latent heat of crystallization from the bottom of a stationary crucible with melt [Stöber
method (F. Stöber, 1925)]; by drawing the crystal
from the melt through a dye to form its proﬁle [Stepanov method (A.V. Stepanov, 1969)], by
molecular beam epitaxy growth on a substrate in
vacuo, and by other techniques. Methods of growing crystals from solution are mainly associated
with their growth at the seed upon cooling the
solution as a result of reduction of the substance
solubility in it, or by introduction into the solution,
which is at a constant temperature, of an excessive (compared to equilibrium) concentration of
the substance. See also Crystallization from the gas
(vapor) phase.
MONOCRYSTAL, SYNTHETIC
See Synthetic monocrystals.
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MONOLAYER, monatomic layer, monomolecular
layer
A lm of a foreign substance (1 atom or 1 mole-

cule thick), adsorbed on the boundary of two
phases. A monolayer may form on a solid surface
owing to adsorption from the gaseous phase, or by
precipitation (segregation) of impurities dissolved
in a solid. The amount of material in a monolayer
is designated by the absolute surface concentration of adsorbed particles, or by the ratio between
the actual concentration and that of particles in a
monolayer with close packing. Films with coverage less then 1 are called submonolayer ﬁlms.
A monolayer is a quasi-bidimensional object
that may exist in various states of matter (gas, liquid, liquid crystal or solid), depending on the conditions. Some monolayers form by a self-assembly
process. A solid monolayer may possess its own
lattice that is commensurate or incommensurate in
structure with that of the substrate. The latter case
can depend on the relationship between the depth
of the potential relief of the substrate, and the energy of interaction of adsorbed particles (see also
Incommensurate structure). At a change of coverage or temperature a phase transition can occur in
a monolayer which differs in several ways from
transitions in a three-dimensional system. Phase
diagrams of monolayers generally display homogeneous regions as well as regions where various
two-dimensional phases coexist.
Wide use is made of the ability of monolayers
to change physicochemical properties of surfaces
(work function, surface energy, electronic structure, etc.). Processes in monolayers determine the
course of heterogeneous catalytic reactions, operation of emitters of many types, crystal growth,
wetting, corrosion, etc. Speciﬁc properties are exhibited by monolayers of large organic molecules
(see Langmuir–Blodgett lms).
MONOPOLE EXCITATION
The same as Shake-up.
MONOPOLE IONIZATION
The same as Shake-off.
MONOPOLE, MAGNETIC
See Magnetic monopole.
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MONOPOLE-TYPE DEFECT

MONTE CARLO METHOD

Left: monopole in laminated liquid crystal, showing
distribution of vector ﬁeld on a spherical layer which
contains a singularity at point P . Right: semi-inﬁnite
disclination emergent from the center of a monopole, associated with a concentric spherical layer system.

MONOPOLE-TYPE DEFECT
A defect in liquid crystals which is a combi-

nation of a point defect and one or two linear
defects. A monopole can form in a medium with
a one-dimensional laminated structure where the
orientation order of molecules within every layer
is speciﬁed. It consists of a point hedgehog in a
ﬁeld normal to layers, with one or two disclinations
attached to it, in the vector ﬁeld that describes
the ordering of molecules within layers (see Fig.,
left). If the hedgehog has a radial conﬁguration,
the monopole is a spherical concentric system of
layers with a disclination emergent from its center
(see Fig., right). Monopoles have been observed
in cholesterics (see Cholesteric liquid crystal) and
type C smectics (see Smectic liquid crystal). An
analytical description of a monopole is similar to
that of a Dirac monopole (magnetic monopole),
which is a hypothetical isolated magnetic charge
(see Magnetic charge). The stability of a monopole
with respect to shortening the disclination length,
and its transformation into a boojum, involves the
presence of equal distances between layers.
MONOTECTIC ALLOYS (fr. Gr. μoνoς , one, and
τ ηκτ oς , melted)
Alloys crystallizing from a liquid (melt) by si-

multaneous generation of a solid phase α, and
another liquid that crystallizes through a eutectic (see Eutectic alloys) or some other reaction on
subsequent cooling. Alloys are called monotectoid alloys if the initial phase is not a liquid, but
rather a solid; with the latter transforming into two
solid phases during the course of cooling. See also
Phase diagram.

Method of computer-aided solution of various problems of mathematics (statistical theory),
which utilizes the generation of random numbers
for simulation of probability distributions. Its efﬁciency is especially high when analytical models
cannot be constructed for such distributions, or
when approximations of an analytical approach
are too rough. The Monte Carlo method is very
close to the idea of a “computer experiment” (see
Computer simulation).
Application of the Monte Carlo method in solid
state physics gives signiﬁcant results in investigations of phase transitions in magnetic materials,
ferroelectrics, binary alloys (Ising model), for modeling processes of diffusion and self-diffusion of
atoms, in the theory of disordered solids, spin
glasses. The method makes use of one or another of the phenomenological models of matter,
which must be close in properties to the system
under study. Using the Monte Carlo method, “disorder” is introduced into the system, and averaging
is performed on the results calculated for sample choices of random distributions. Their number
must be large (from 103 to 109 ), with the upper
bound determined by the computer capability, and
the lower one by the desired accuracy. Another
type of problem solved by Monte Carlo is related
to simulations “from ﬁrst principles”. Fundamental physical laws and interactions of particles serve
as starting points in this case. For instance, the
solution of the Schrödinger equation is simulated
for systems of particles, bosons or fermions (helium systems, neutron matter of pulsars, electron
gas and liquid). This can provide, in particular, the
most accurate results for the correlation energy of
an electron gas in its dependence on the density,
which are widely used in computational methods
of solid state theory, especially within the framework of density functional theory.
MOREL–ANDERSON COULOMB
PSEUDOPOTENTIAL (P. Morel, P.W. Anderson)

Dimensionless Coulomb repulsion constant in
superconductors, renormalized through pairwise

correlations of electrons scattering off each other
far from the Fermi surface:
N(0)VC
,
μ∗ =
1 + N(0)VC ln(Em /ωD )

MÖSSBAUER ELECTRON SPECTROSCOPY

where N(0) is the electron density of states at
the Fermi level, VC is the screened Coulomb
interaction matrix element averaged relative to
the momentum transfers, ωD is the Debye frequency, Em is the maximum cutoff interaction
energy which equals in order of magnitude the
Fermi energy EF or the plasma oscillation en1
ergy ωp of electrons; thus, ln[Em /(ωp )]
(see Bogolyubov–Tolmachyov logarithm).
MORIN TRANSITION (F.J. Morin, 1950)
Spontaneous (with no external magnetic eld)
magnetic phase transition from a weak ferromag-

netic state to an antiferromagnetic state. It occurs
in antiferromagnets that the exhibit the Dzialoshinskii interaction, and involves a change of spin
orientation. The Morin transition results from the
change of the equilibrium direction of the antiferromagnetism vector L = M 1 − M 2 with changing
temperature. The temperature where the Morin
transition takes place is called the Morin point.
This transition was ﬁrst seen in haematite (αFe2 O3 ) at T M = 258.5 K, and has been detected
in a number of orthoferrites and other antiferromagnets.
MOSAIC CRYSTALS, mosaic structure (fr. Ital.
mosaico, picture, ornament)
Crystals that are aggregations of small mono-

crystalline blocks, slightly disoriented relative to
one another. Practically every real crystal is, to a
greater or lesser extent, a mosaic crystal. The sizes
of mosaic blocks range from several hundreds
to several thousands of crystallographic lattice
constants, with disorientations of several angular
minutes. For the larger size ranges the blocks are
considered to be grains having ordinary low-angle
grain boundaries. Thus, there is a continuous range
of ordered states between mosaic structures and
those characterized by ordinary small-angle grain
boundaries. The mosaic structure forms during
crystal growth (see Crystallization, Block structure)
as a result of the appearance of various defects in
the crystal (see Defects in crystals).
MÖSSBAUER EFFECT, nuclear gamma ray
resonance (R. Mössbauer, 1958)
Emission and absorption of gamma quanta by
atomic nuclei bound in a solid. These feature al-

most zero “recoil” energy of a nucleus (an effect
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not observed in liquids and gases). The underlying
cause of the effect is that the nucleus recoil energy ratio ER = E/(2Mc2 ) (here E is the energy
of the γ -quantum, M is the mass of the nucleus)
is small relative to phonon energies, so the crystal
lattice as a quantum system is not excited, and the
recoil is not absorbed by an individual nucleus but
rather by the crystal as a whole. The probability
of the Mössbauer effect is f = exp[−4πx 2 /λ2 ],
where λ is the γ -quantum wavelength, and x 2 
is the mean square of amplitude of nucleus oscillations in the γ -quantum direction. The absence
of excited phonons causes the emission (absorption) line width to be determined solely by the
width of the corresponding nuclear levels. The
latter is much smaller than the energies of the
magnetic dipole interaction and electric quadrupole interaction of a nucleus with electrons, and
this permits studying the hyper ne structure of
solids (see Mössbauer spectroscopy). Owing to
the Mössbauer effect, the energy of γ -quanta is
measured with an accuracy 10−13 –10−16 (ratio
of line width to energy of γ -quantum) that is an
all-time high for electromagnetic radiation. The
Mössbauer effect ﬁnds its use in chemistry, solid
state physics, metallurgy, geology, and biology.
MÖSSBAUER EFFECT, OPTICAL ANALOG
Generation of narrow phononless lines in opti-

cal spectra of imperfect crystals. Narrow absorption peaks in both γ -spectra and optical phononless lines result from quantum transitions between
energy levels of defects, which involve neither
emission nor absorption of phonons; from this
point of view they are much alike. However,
there are also important differences in the physical
mechanisms for generating these spectral lines, in
the conditions of their observation, as well as in
applications of these phononless spectra.
MÖSSBAUER ELECTRON SPECTROSCOPY

Spectroscopy based on the detection of internal conversion electrons and Auger electrons
generated as a result of resonance absorption of
γ -quanta (Mössbauer effect). This technique permits the determination of the chemical state of
Mössbauer atoms in surface layers of thickness
ranging from several nm to hundreds of nm. Information in the form of the spectra is obtained with
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standard Mössbauer spectrometers. They consist
of a radioactive Mössbauer source and an absorber
that contains Mössbauer nuclei, a function generator, a vibrator with a feedback drive for the
generation of a stable and linear relative Doppler
shift between the source and the absorber, an electron detector with supply units for the ampliﬁer
of the differential amplitude discriminator, and
a multichannel accumulator-analyzer operating in
the mode of multichannel scaling. Parameters obtained from the spectra are similar to those of
absorption Mössbauer spectroscopy.
By selecting the corresponding Mössbauer
sources, one can investigate surface phenomena
in samples that contain nuclei of 57 Fe, 119 Sn,
181 Ta, 151 Eu and other Mössbauer isotopes. Nuclear decay of the most common isotope 57 Fe after
absorption of γ -quanta with energy of 14.4 eV
from the radioactive 57 Co source is accompanied
by the emission (in addition to γ -quanta and characteristic X-radiation) of K-shell conversion electrons (energy 7.3 keV, intensity 0.79, depth 10–
400 nm); L-shell conversion electrons (13.6 keV;
0.08; 20 nm–1.3 μm, respectively); M-shell conversion electrons (14.3 keV; 0.01; 20 nm–1.5 μm);
K–LL-Auger electrons (5.6 keV; 0.6; 7–200 nm);
L–MM-Auger electrons (0.5 keV; 0.6; 1–2 nm).
There are differential and integral methods for analyzing the distribution of electrons escaping from
the surface of samples under study. The simplest
and most frequently used is the integral analysis
method which records in the scattering geometry
all electrons of the sample that reach the cathode of a ﬂow-type proportional counter (He +
5% CH4 ). Differential Mössbauer electron spectroscopy of deep levels detects electrons of particular energy intervals. This requires the application
of an ultrahigh vacuum, and the use of electronic
spectrometers of high energy resolution (1–2%).
Mössbauer electron spectroscopy is used for nondestructive analysis in solid state physics, chemistry and in materials science (phase analysis, corrosion, electrochemistry, implantation, metastable
structures and amorphous alloys, structure of surface layers after physicochemical treatments, laser
alloying and hardening, surface properties at different reactions, study of reactions in situ, etc.).

MÖSSBAUEROGRAPHY

Diffraction method of investigating the atomic,
electric and magnetic structure of crystals, based
on diffraction of Mössbauer γ -radiation (see Mössbauer effect). This is an analog of X-radiography,
electron diffraction analysis and neutron diffractometry. The energy of low-temperature γ -transitions of Mössbauer nuclei corresponds to wavelengths λγ ∼ 0.01–0.1 nm, therefore this radiation
is diffracted by crystals with interplanar distance
d ∼ λγ . The diffraction of Mössbauer γ -radiation
in resonance scattering by crystals that contain
Mössbauer isotopes exhibits a number of features
characteristic of the diffraction and scattering of
X-rays, γ -quanta and neutrons. In diffraction by a
crystal, coherent resonance scattering and Mössbauer radiation Rayleigh diffraction take place.
Both channels of scattering in a crystal contribute
to maxima in this process, so interference of both
Rayleigh and nuclear (resonance) scattering appears.
Resonant γ -radiation is modulated by the
Doppler effect, which allows one to easily vary
the amplitude and phase of the scattered γ -quanta,
facilitating the calculation of the phase of the
Rayleigh amplitude and, by doing so, to solve the
“phase” problem of structure analysis. The dependence of the amplitude of Mössbauer scattering
on the direction of the magnetic ﬁeld at the scattering nucleus, which is related to the orientation
of atomic magnetic moments, makes it possible to
investigate the atomic magnetic structure of materials. The relationship between the Mössbauer
scattering amplitude and the gradient of the electric ﬁeld at a nucleus is unique, in the sense that it
provides the conﬁgurations of electric ﬁeld gradients in crystals. This can show, e.g., that the axes
of the electric ﬁeld gradient tensor of the same
atoms have different orientations at structurally
equivalent points of a crystal lattice. The process
of diffraction reveals these differences through
the appearance of purely nuclear, magnetic, electric, or combined reﬂections that are “forbidden”
by usual conditions of reﬂection extinction, i.e.
reﬂections which fail to appear in Rayleigh scattering of light.
Gamma resonance diffraction by perfect crystals that contain Mössbauer nuclei is characterized
by the collective interaction of nuclei with the γ radiation. Provided the Bragg condition is met,
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the resonance value of the γ -quantum energy and
the energy width at resonance differ from the energy and width of a Mössbauer level of an isolated
nucleus. The collective nature of the interaction
manifests itself also in the suppression of inelastic
channels of nuclear reactions (Kagan–Afanasyev
effect). Under conditions of Bragg diffraction by
a perfect crystal, γ -radiation penetrates abnormally deeply compared to in a mosaic crystal, or
to the absence of diffraction. This phenomenon
is a nuclear analogue of the Borrman effect (see
Anomalous passage of X-rays).
Diffraction of Mössbauer radiation by crystals
that contain no Mössbauer nuclei also exhibits a
speciﬁc feature. The use of extremely high energy resolution of Mössbauer detectors makes it
possible to separate elastic and inelastic scattering
in the region of a Bragg maximum. This permits the study of the dynamics of atomic motion
with variations of the crystal temperature by observing some of the elastically scattered quanta.
Kinematic and dynamic theories of the diffraction
of Mössbauer γ -radiation by crystals have been
developed, and the main physical processes of interaction of this radiation with matter have been
studied. Mössbauerography experiments are under way in all the above directions. A signiﬁcant
obstacle to the widespead applicability of Mössbauerography is the unavailability of powerful
sources of Mössbauer γ -quanta. There is hope for
creating nondecaying sources of resonance scattering through synchrotron radiation, as well as
through resonance γ -radiation, which arises when
charged relativistic particles interact with crystals.
The creation of a Mössbauer γ -laser would provide a powerful source for mössbauerography.
MÖSSBAUER RADIATION RAYLEIGH
DIFFRACTION

Nuclear gamma resonance radiation (Mössbauer radiation) Rayleigh diffraction takes place
at electronic shells of atoms and ions in condensed
media. It is usually carried out in accordance with
the X-ray diffraction scheme: gamma resonance
radiation is scattered by the sample with subsequent energy analysis of the diffracted beam
with the help of a Mössbauer absorber. As a
rule, nuclei of Fe57 with a γ -quantum energy of
14.4 keV are used as the source. The main advantage of this procedure is the very high (∼10−8
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to 10−9 eV) relative resolution of the transferred
energy, and the fact that it is not necessary to
have Mössbauer nuclei in the sample. The majority of studies are with single crystals, and are
devoted to determining the Debye–Waller factor, to
the identiﬁcation of thermal diffuse scattering, to
the separation of static and dynamic diffuse scattering, and to the determination of the nature of the
quasi-elastic, so-called central peak, in the diffraction study of structural phase transitions. Inelastic
scattering from crystal lattice distortions around
defects, relaxation motion in crystals with structural disorder, scattering in solid electrolytes, etc.
is investigated. In diffraction studies of biological
systems important results have been obtained involving the inﬂuence of water on the dynamical
properties of proteins, etc. The low intensity of
the diffracted beam, and therefore the low resolution of the momentum being transferred, is the
main disadvantage of this technique. These difﬁculties are partly overcome by the application of
coordinate-sensitive detectors, and also of ring detectors, and by synchronizing the motions of the
source and absorber of the gamma resonance radiation. See also Mössbauerography.
MÖSSBAUER SPECTROSCOPY, nuclear
gamma resonance spectroscopy
Method based on the Mössbauer effect of investigating hyper ne interactions between nuclei,

and electric and magnetic ﬁelds, and hence various
physical properties of solids. Mössbauer spectroscopy exhibits a remarkably high accuracy of
measuring the energy of γ -quanta, which is deﬁned by ratio of the resonance band width Γ0
(10−10 –10−8 eV) to the energy E0 of a nuclear
transition Γ0 /E0 ≈ 10−10 –10−16 . This makes
it possible to observe shifts of nuclear energy
levels (10−4 eV) caused by hyperﬁne interactions: electrostatic (Fig. 1(a)), electric quadrupole (Fig. 1(b)) and magnetic dipole interactions
(Fig. 1(c)) between a nucleus and surrounding
electrons by recording Mössbauer spectra (nuclear
gamma ray resonance spectra). They represent
the dependences of the number N of detected
γ -quanta that pass through an absorber (transmission mode, Fig. 2(a)), or were scattered by the
sample (scattering mode, Fig. 2(b)), or of X-rays
and electrons that were emitted by the sample
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Fig. 1. Nuclear gamma resonance absorption spectra of 57 Fe, their energy levels, and their parameters.

due to internal conversion, on the extent of mismatch between the energies of the emitter and
absorber (scatterer). The method of modulating
γ -quanta energy, which results in the mismatch,
is the most widespread version, and it is based on
the Doppler effect. The γ -radiation source is set
in motion past the absorber (scatterer) at a velocity relative to the absorber (scatterer) v = Γ0 c/E0 ,
so that the γ -radiation energy changes by E =
±E0 v/c. Nuclear gamma resonance absorption
spectra (similar to those of scattering) of conversion electrons exhibit hyper ne structure, which
depends on the type of hyperﬁne interaction, and
is described by the following parameters (Fig. 1):
(a) The magnitude of the Mössbauer effect h and
area S depend (in general, in a nonlinear manner) on the number of nuclei n and on the
Mössbauer effect probability f (probability
of emission or absorption of γ -quanta without recoil; f is expressed via the mean square
atomic oscillation amplitude, it characterizes
the interatomic interaction in solids, and is a
function of the temperature).

(b) Line (level) width Γ e , where Γ e > 2Γ0 due
to broadening caused by unresolved hyperﬁne
structure, diffusive motion of atoms, defects
of crystal structure, and self-absorption effects
in the case of thick samples. Depending on
the broadening mechanism, Γ e yields information on the inhomogeneity of composition,
the structural and magnetic states of solids,
and the presence of defects.
(c) Shift δ = δi + δT of nuclear gamma resonance
spectra relative to a standard. The isomer shift
δi is caused by the interaction of the nucleus
with the electrostatic ﬁeld arising from the
surrounding electrons, and depends on the difference in the charge density of s-electrons
of the absorber and emitter nuclei. A temperature shift δT is associated with the second
order relativistic Doppler effect, and characterizes vibratory motion of atoms in a solid.
The quantity δ is an important characteristic
of atom bonding in solids; it depends on the
composition, structure, magnetic state, temperature, and pressure.

MOTT–DAVIS MODEL
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Fig. 2. Diagram of Mössbauer spectrometer: (a) transmission mode; (b) scattering mode. 1, modulator of γ -quanta energy
with a radiation source; 2, modulation signal generator; 3, absorber or scatterer under study; 4, radiation detector; 5, pulse
recording and analyzing unit; 6, collimator.

(d) Quadrupole splitting 2E d caused by the interaction of the nuclear quadrupole moment Q
(Q = 0 for nuclei with spin I > 1/2) with
the electric ﬁeld gradient. It splits nuclear
levels into two or more sublevels. For instance, nuclei of 57 Fe (or 119 Sn, 125 Te) have
two sublevels, and accordingly, there are doublets in nuclear gamma resonance spectra (see
Fig. 1(b)). The magnitude of the quadrupole
splitting yields information on the asymmetry
of the volume charge distribution, distortion of
the crystal lattice, the presence of impurities.
(e) Magnetic splitting B typical of nuclear gamma
resonance spectra of magnetically ordered
materials. The interaction of the magnetic dipole moment of a nucleus μ with the magnetic
ﬁeld B at a nucleus leads to the Zeeman effect.
The nuclear gamma resonance spectrum in
this case is a set of lines; their number equaling the transitions between sublevels that are
allowed by the selection rules. For instance,
the nuclear gamma resonance spectrum of
57 Fe exhibits six lines (see Fig. 1(c)) with the
magnitude B measured from the distance between the extreme hyperﬁne components (for
57 Fe, there is a sextet of lines corresponding
to transitions ±3/2 → ±1/2). The magnetic
hyperﬁne structure is sensitive to composition, temperature, pressure, and applied magnetic ﬁeld, and is used to study magnetic

and structural transformations, atomic ordering, relaxation phenomena, texture, magnetic
anisotropy, phase analysis, etc.
MOTT–DAVIS MODEL of density of states
(N.F. Mott, E.A. Davis, 1970)
Model of electronic density of states of amor-

phous semiconductors. According to the Mott–
Davis model, tails of localized states of the valence band and conduction band are relatively
narrow, and spread into the band gap to a depth
of several tenths of an eV. There is a narrow band
of compensated levels in the center of the gap
which owes its existence to defects in a random
continuous network of atoms; it “ﬁxes” the Fermi
level to the center of the gap. It follows from the
Mott–Davis model that the electrical conductivity
has three components, each of them dominating in
its temperature region. At very low temperatures,
the conductivity is due mainly to thermally activated jumps of carriers between states at the Fermi
level, and is realized through a hopping mechanism (see Hopping conductivity). With a rise in
temperature, the conductivity increases because of
the excitation of carriers into localized states in the
tails of the corresponding energy bands. These carriers also take part in charge transport through a
hopping mechanism. On a further increase of temperature, the main mechanism responsible for the
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conductivity arises from carriers that are excited
into delocalized states. See also Amorphous semiconductors.
MOTT LAW (N.F. Mott, 1969)

Temperature dependence of electrical conductivity due to jumps or hopping of current carriers over impurity- and defect-related localized
states near the Fermi level. A model of localization centers randomly distributed in space explains why the temperature dependence of hopping
conductivity is weaker than in an ordinary activation case. The Mott law may be written as
σ (T ) = σ0 (T ) exp[−(T0 /T )n ], where σ0 (T ) is a
weak function of the temperature, T0 is a constant of the order of 108 K, the exponent n is
always smaller than 1 and depends on particular physical properties of the object (relationship
between density of states at the Fermi level; degree of electron–phonon interaction; presence of
correlation effects; system dimensionality, etc.).
In the three-dimensional case when the density
of localized states is independent of energy and
the electron-phonon interaction is negligible, we
ﬁnd n = 1/4 theoretically. Reported experimental studies of hopping conductivity of noncrystalline solids conﬁrm the validity of the Mott
law, but with values of n in the wider range:
0.2  n  0.55.
MOTT–LITTLETON APPROXIMATION (N.F. Mott,
M.J. Littleton, 1938)

A method of calculation of a static conﬁguration of defects in a crystal lattice (often ionic) that
takes into account long-range Coulomb forces and
polarization forces. The physical signiﬁcance of
the approximation is that the electric dipole moments of ions, which are induced by a charged
defect and located far from it, are determined by
the macroscopic polarization.
MOTT METAL–INSULATOR TRANSITION
(N.F. Mott, 1949)

Phase transition in an electron gas, which
brings about an abrupt change of electrical conductivity. In the dielectric (insulator) state there is
a gap between completely ﬁlled and empty energy
bands. An electron transition results in the appearance of a free electron in the upper band and a hole

in the lower band. If the concentration n of carriers is low, they form a bound state, an exciton.
The electron gas screens the Coulomb interaction
by decreasing the energy of an electron–hole pair.
At n > nc , the generation of excitons is no longer
possible because the electrons delocalize and the
system becomes a metal. Thus, strong electron–
electron correlation leads to an abrupt change
of free carrier concentration at the Mott metal–
insulator transition. The value of nc is determined
by the distance d0 between electron and hole. The
Mott transition occurs in materials with carriers
of the sp-type, e.g., transition-metal compounds
(V2 O3 , NiS, etc.) and doped semiconductors. The
last impurity band in the insulator state is split
by the Coulomb interaction U . The Density of
states at the Fermi level N(EF ) becomes ﬁnite
when the lower Hubbard band of width B (see
Hubbard model) overlaps the upper one: B  U .
This inequality roughly determines the condition
for the Mott metal–insulator transition. Disordering effects may blur the upper band boundary,
and form a density of states “tail”. As only localized states contribute to this “tail”, the transition
takes place at considerable overlap of both bands
and ﬁnite N(EF ). Experimental data from many
types of semiconductors ﬁt the universal relation
1/3
nc a0 ≈ 0.27.
Mott (1978) showed that an energy gap decrease E can result in an abrupt change of n
from zero to nc , the position of the energy minimum of the electron gas. Since this minimum
equals the sum of the kinetic energies of electrons
and holes (∼n2/3 ) plus the potential energy of
their attraction ∼(−n1/3 ), it is attained at Emin <
0. Thus, spontaneous generation of an electronhole gas becomes energetically favorable before
the two bands overlap at E  −Emin . In most
cases, this gas has a lower energy than the alternative phase of a Bose condensate of excitons.
Since generation of a free electron and hole
requires a ﬁnite energy, the Mott transition must
be accompanied by an abrupt change of free
energy F . Strong enough disorder cancels such
jumps of n and F . This results from the fact that
if an N(E) “tail” exists, then the kinetic energy
of the electron–hole gas depends less on n, which
results in Emin > 0 (Mott and Kaveh, 1983).
On further disordering, localization of electron

MULLIKEN–WOLFSBERG–HELMHOLZ METHOD

states proceeds through an Anderson transition.
This metal–insulator transition without an abrupt
change of F was observed in such doped semiconductors, as Si:P (see Anderson localization).
MOTT PSEUDOGAP

See Pseudogap.
MOTT–WANNIER EXCITON

See Wannier–Mott exciton.
MOULDING

See Pressing.
MOUNTING OF CRYSTALS

Selection of crystallographic axes and unit
faces of crystals for mounting purposes. Crystallographic axes are coordinate axes parallel to
close-packed rows or planes of the space lattice.
The angles of the intercepts cut by each crystal
face on the axes serve as input data for calculating
the indices of the crystal face. The cubic system, tetragonal system, and orthorhombic system
are treated using Cartesian coordinates, whereas
the crystallographic axes of other crystal systems
are not all at right angles to one another, so they
are more complicated to deal with. A mounting
of the crystal in accordance with intrinsic crystallographic coordinates constitutes a structural
mounting. In the case of the monoclinic system,
the 2- (or 2)-fold axis of symmetry is often selected as the z-axis, the α and β angles for this
nontypical mounting being chosen as 90◦ , with
γ = 90◦ . A morphological mounting of a crystal, which utilizes convenient rather than intrinsic
coordinates, is performed when there is a lack of
information on the characteristics of the crystal
structure, or for special purposes. It is carried out
in accordance with certain rules, which are speciﬁed individually for each crystal system, and may
be not be compatible with a structural mounting.
See also Goniometry.
MRI

See Magnetic resonance imaging.
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MUFFIN-TIN POTENTIAL, MT potential

A widely used approximation to a crystal potential. According to the MT-approximation, the
entire crystal is divided into two regions: a region of MT-spheres circumscribed about nuclei
and in contact with one another, and the region
between the spheres. The MT-potential is chosen as constant (MT-zero) in the latter region,
and is considered to be spherically symmetric
inside the spheres. The MT-potential is used in
band structure computation methods (Korringa–
Kohn–Rostoker method, augmented plane waves
method) and linear analogs of these methods (see
Linear methods of band structure computation).
A generalization of the MT-potential is the warped
MT-potential which retains spherical symmetry
inside the spheres, but allows for the potential to
vary in the space between them. To represent an
arbitrary potential as a generalized MT-potential,
it can be expanded in terms of spherical harmonics inside the spheres, and in terms of plane waves
outside them.
MULLIKEN EQUATIONS (R.S. Mulliken,
J.K. Ruedenberg)

Approximate expressions for matrix elements
of one- and two-particle interactions of localized
wave functions ϕα (r), resulting from an approximation to the exchange density in the form
ϕα (r)ϕβ (r  ) ≈

1
ϕα (r)ϕα (r  ) + ϕβ (r)ϕβ (r  )
2

× ϕα (r)ϕβ (r) d3 r.

The Mulliken equations lead to the Mulliken–
Ruedenberg method which is one of the semiempirical approaches of quantum chemistry. The
Mulliken equations are used to calculate electronic
bands and states of defects in crystals.
MULLIKEN–WOLFSBERG–HELMHOLZ
METHOD (R.S. Mulliken, M. Wolfsberg,
L. Helmholz)
A simpliﬁed modiﬁcation of the Hartree–Fock
method for application to calculations of the electronic structure of polyatomic complex ions. It

is based on the determination of single-particle
states of the complex as linear combinations of the
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MULTIAXIAL MAGNET

valence orbitals of its constituent atoms. The coefﬁcients in those linear combinations are found
as the components of one-electron Hamiltonian H
matrix eigenvectors from the eigenvalue equations
of the form used in the Hoffmann method. The
diagonal matrix elements are deﬁned by the expression
 Z  + Δμ
A = −I A −
B
,
Hμμ
μ
RAB
B(=A)
where IμA is the electron energy of atom A in
its one-particle state, taking into account the total
charge and conﬁguration of other electrons in the
 is the effective Mulliken charge
valence shell, ZB
of atom B, corrected by Δμ for electric charge
screening, and RAB is the interatomic distance.
Off-diagonal elements are estimated from the formula
1
Hμν = − k(Hμμ + Hνν )Sμν ,
2
where k = 1.67–2.0; other equations have also
been proposed. An important feature of the Mulliken–Wolfsberg–Helmholz method is the procedure for self-consistency in charges and conﬁgu depend on. This procedure
rations that IμA and ZB
uses the results of the preceding iteration to determine the total charge on each atom, while IμA
values for the next iteration are calculated through
interpolation from known ionization potentials of
the atoms and corresponding ions. The Mulliken–
Wolfsberg–Helmholz calculations allow determination of binding energies, ionization potentials,
energies of electronic transitions, distributions of
charge and spin density, as well as conformations
of complexes.
MULTIAXIAL MAGNET
See Magnetic anisotropy.
MULTICRITICAL POINT, polycritical point
A point on the compositional phase diagram

of a substance, where regions of several different
phases come in contact, these regions (not necessarily all of them) being separated by secondorder phase transition lines. Bicritical points, triple
critical points and tetracritical points exemplify
multicritical points. Schematic representation of
corresponding regions of phase diagrams are given

Types of multicritical points.

in the ﬁgure, where second-order phase transitions
are indicated by dashed lines, ﬁrst-order ones are
indicated by solid lines; and the symbol I designates regions of phases which possess the highest
symmetry.
Tricritical points also include points where
curves of ﬁrst-order phase transitions turn into
curves of continuous phase transitions. These
points are also called critical points of secondorder transitions, or Landau critical points.
A material can be brought to a multicritical
point by changing more than one external parameter. These usually are temperature, pressure,
electric or magnetic ﬁeld, concentration of one
of the components of a solid solution. Multicritical points have been found in compositional phase
diagrams of many ferromagnets and antiferromagnets, ferroelectrics, and crystals with various types
of structural ordering.
MULTIPHOTON PROCESSES

Interaction processes between electromagnetic
radiation and atoms and molecules of matter when
several photons simultaneously participate in each
event (absorption, emission). The greater the number of photons that participate the less probable
and the more difﬁcult to observe are the processes.
Multiphoton processes may either have no threshold, or exhibit a threshold value of radiation intensity where they appear.
Raman scattering of light is a two-photon
process involving the simultaneous absorption of
a photon of one frequency and the emission of
a photon of another frequency in a crystal. The
involvement of a phonon provides the energy balance. This process has no threshold; neither does
two-photon light absorption. The coefﬁcient of
two-photon absorption is proportional to the wave
intensity. Therefore, the larger the incident wave
amplitude, the more rapid the attenuation of the

MULTIPOLE

wave in the crystal. In strong ﬁelds of laser radiation, nonlinear absorption of higher order is
observed.
Three-photon processes include second harmonic generation, excitation of waves at sum and
difference frequencies, parametric light scattering, and parametric light generation. The probability of multiphoton processes is proportional to
product of the densities of photons that take part in
the absorption and emission, i.e. the product of the
intensities of waves of different frequencies. Besides that, this probability depends on the structure
of the energy levels of the material plus the position of combination frequencies relative to these
levels, and it increases sharply if one or several
combination frequencies are close to those of intermediate transitions. The increase of the incident
radiation intensity also causes the probability of
multiphoton processes to increase. When passing
from single-photon processes to multiphoton ones
the selection rules change. Thus, in centrally symmetrical crystals a transition between states of like
parity involves an even number of photons, and
that between states with opposite parity involves
an odd number (see Mutual exclusion). Therefore,
transitions between different energy states that are
forbidden for a certain set of photons are allowed
for another number of photons. Investigations of
multiphoton absorption spectra can involve studying transitions forbidden for single-photon excitation. This method ﬁnds wide use in the nonlinear
optics of solids, and multiphoton processes accompanied by photon emission are used in optical
frequency converters.
MULTIPLICATION OF DISLOCATIONS

An increase of the total length of dislocation
lines in the bulk of a crystal developing during the
course of plastic deformation. It results from the
action of several sources, the main one being the
Frank–Read source. To picture it one may consider a section of dislocation of length L ﬁxed at
its ends in the slip plane. It bends out under the applied stress σ , and upon reaching a certain critical
conﬁguration at σs = Gb/L (G is the shear modulus, b is the Burgers vector), determined by the
balance between the external force and the elastic stress force, the dislocation segment loses its
stability. This loss of stability results in the formation of a closed dislocation loop, within which the
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initial position of the segment is recovered. Provided σ > σs the Frank–Read source will continuously generate dislocation loops until its action
is blocked by the long-range stresses produced by
loops already formed. The action of other sources
follows the same principle. However, in the case of
a double transverse slip the pinning positions of
a dislocation segment are the ends of sections of a
screw dislocation that has executed its cross slip
into a nearby plane, and then returned to a slip
plane parallel to the initial one. In a pole source,
only one end of the segment is ﬁxed, and the other
can eventually reach the crystal surface.
The Bardeen–Herring sources base their function on the processes of crawl of a ﬁxed dislocation segment that proceed via the absorption of
point defects, and this results in the formation of
helical dislocations and prismatic dislocations in
the crystal bulk.
MULTIPOLE

An aggregation of electric charges (ei ), which
is characterized by a multipole moment. It may
be introduced through the potential of a system of charges
i ei /|R ± r i | at distances R
from this system that far exceed the distance
r i to any ith charge (origin of coordinates is
inside the multipole). For R
ri , expanding
|R − r i |−1 in a power series yields: d0 = i ei ,
zeroth-order moment or monopole moment; d 1 =
i ei r i , ﬁrst-order moment or dipole moment;
d2 = i eI (3riα riβ −δαβ ), second-order moment
or quadrupole moment (see Quadrupole), etc.,
where riα and riβ are projections of the vector r i
on the coordinate axes, and δαβ is the Kronecker
delta. In the general case one speaks about the nth
order moment.
Not only does a multipole moment determine
ﬁelds at a distance R, but it also characterizes the
behavior of the multipole in external ﬁelds and, in
particular, there is the multipole interaction. Thus,
the expression d 1 ·E 0 deﬁnes the interaction energy between a dipole and the uniform part of the
electric ﬁeld E 0 at the dipole. Also, the expression [(d 1 ·d 1 )R 2 − 3(d 1 ·R)(d 1 ·R)]/R 5 deﬁnes
the dipole–dipole interaction between two dipoles
d 1 and d 1 spaced a distance R apart that far
exceeds their sizes (r i ). Also known are dipole–
quadrupole, quadrupole–quadrupole and other interactions of higher order.
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MULTIWELL POTENTIAL

By analogy with electrical multipoles, magnetic, elastic and other kinds of multipoles can be
introduced. The concept of multipole is used in
solid-state physics for investigating processes of
absorption (emission) of electromagnetic waves,
phase transitions, broadening of resonance lines,
etc. The concept of multipole has given rise to
scientiﬁc disciplines and new concepts, such as
quadrupole resonance, dipole–dipole reservoir, dipole instability (see Vibronic instability), etc.
MULTIWELL POTENTIAL
See Many-well potential.
MUONIUM

An atom (μ+ e− ), sometimes referred to as
a light (“exotic”) isotope of hydrogen, which is
formed when a positively charged muon μ+ forms
a bound state with an electron e− , an event that
sometimes occurs in semiconductors and insulators. Muonium is unstable, and has a lifetime of
2.2 ms. All electrical and chemical interactions
of the atom μ+ e− in nonmetals are the same as
those of a hydrogen atom; therefore, the investigation of the dynamics of the behavior of muonium
in matter yields information on hydrogen behavior. Besides the normal state (μ+ e− ), there is also
the state of anomalous muonium (μ+ e− )∗ ; in it,
the hyper ne interaction is weaker than in μ+ e− ,
it is anisotropic, and the precession frequency in
a magnetic ﬁeld is different. The (μ+ e− )∗ is a
bound system located in the neighborhood of a
lattice atom along a 111 axis in silicon. Unlike
(μ+ e− )∗ , normal muonium (μ+ e− ) is an atom
which rapidly diffuses in matter.
MUONS

Lepton elementary particles with spin 1/2,
charge +e or −e (where e is the unit electric charge), rest energy 105.66 MeV, magnetic
moment Mμ = 3.18μp (μp is magnetic moment of proton). The former (incorrect) name was
μ-meson. Intense beams of muons are generated
by accelerators through the decay of π -mesons
π ± → μ± + ν, where ν is a neutrino. This decay
produces muons that are polarized along their momentum direction. The lifetime of a muon at rest is
∼2.2·10−6 s; a muon decays into an electron, neutrino and antineutrino: μ± → e± + ν + ν. Since

parity is not conserved in this decay, the angular
distribution of positrons (or electrons) is asymmetrical relative to the direction of the muon spin.
Positrons are emitted mostly in the same direction
as the muon spin. This underlies the application
of stopped muons μ+ for the investigation of materials through the method of muon spin rotation.
Muons are moderated in the material, and either
become localized or diffuse. Observation of μ+
(by detecting the decay of positrons) is feasible in
the time interval from 10−7 to 10−5 s.
An external magnetic ﬁeld B applied to the
sample causes the muon spin to precess about the
direction of the ﬁeld. As this takes place, the number of positrons which escape in speciﬁc directions
varies with time in a regular manner. The precession frequency is ωμ = eB/mμ with the value
13.55 MHz/T, where mμ is the muon mass. The
precession amplitude is proportional to the degree
of polarization of the ensemble of muons. Depolarization caused by interaction of the muon spin
and magnetic moment with atoms of the medium
results in a decrease of the precession amplitude.
This fact is used for studying properties of solids:
phase transitions in magnetic materials and superconductors, and phenomena of quantum diffusion
of muons in metals. When stopped in a material negatively charged muons (μ− ) form mesic
atoms. Muons μ+ form muonium atoms (μ+ , e−
bound state) in semiconductors and insulators. The
phenomenon of channeling in monocrystals was
observed for μ+ .
MUTUAL EXCLUSION, alternative exclusion
A selection rule for transitions involving the

parity conservation law in quantum systems.
According to mutual exclusion, electric-dipole
transitions are only possible between states of different parity. Magnetic-dipole and electric-quadrupole electron transitions only occur between states
of the same parity. Mutual exclusion holds in the
presence of a center of symmetry, relative to which
the states are divided into odd and even types.
A corollary of mutual exclusion is the phonon optical spectrum rule whereby transitions symmetric
relative to the center of symmetry are forbidden
in IR absorption spectra, while those that are antisymmetric are forbidden in spectra of the Raman
scattering of light.

Nn
the shear modulus is 25–30% lower. Internal friction in nanocrystals is noticeably higher than in
crystals. Diffusion of atoms takes place mostly
at boundaries, with an activation energy of selfdiffusion 3–4 times smaller than that in crystals.
The relatively high plasticity is due to diffusive
transport of atoms and slippage along the boundaries. High-strength ceramic nanocrystals are obtained by oxidation of metallic samples. Properties of nanocrystals are close to those of amorphous materials, so a possible method for their
production is a rapid crystallization of amorphous
bodies. They can be synthesized with sizes down
to 2 nm through methods of colloidal chemistry.
Nanocrystal materials may be used as catalysts,
high-strength construction materials, etc.

NANO. . . (fr. Gr. νανoς , dwarf)

Preﬁx for a physical unit name, which designates a multiple unit equal to 10−9 initial
units. Symbol: n. Example: 1 nm (nanometer) =
10−9 m.
NANOCOMPOSITES
Combined or composite materials with sizes of

particles of an imbedded phase much smaller than
the wavelength of visible light. Nanocomposites
consisting of an optically isotropic matrix containing particles of high quadratic or cubic nonlinear
electric susceptibility (dielectric constant) exhibit
nonlinear optical properties. This allows their use
in devices of integrated optics for the control of the
passage of light beams, including modulation, deﬂection and optical radiation frequency changes.

NANOELECTRONICS
Subﬁeld of semiconductor physics that deals

NANOCRACK
See Submicrocracks.

with artiﬁcial devices having dimensions or superstructure components (see Semiconductor superstructure) equal to or smaller than 102 nm in
order of magnitude. Such devices, also known as
nanostructures, can be prepared by high resolution
lithography, molecular beam epitaxy, and self assembly.
Some variants to the general name “nanostructures” are: quantum dots, single-electron transistors, Coulomb islets, and ﬁnally artiﬁcial atoms.
Most artiﬁcial atoms are created on the basis of
heterojunctions of the AlGaAs–GaAs type. As the
relative dielectric constant of gallium arsenide is
ε = 13, and the value of the electron effective mass
m∗ comes to only 7% of the free electron mass m,
the effective Bohr radius a ∗ is εm/m∗ times
greater than a hydrogen atom radius, and equals
≈10 nm, whereas the effective Rydberg constant
Ry∗ (effective Rydberg) is m∗ /mε2 times smaller
than its standard value, and equals ≈6 meV. As

NANOCRYSTALS

Polycrystalline materials with crystallite sizes
of 5–10 nm (some authors say 2–50 nm). Nanocrystals are obtained through pressure compacting
of ultradisperse powders, which form during vapor
condensation in an inert gas atmosphere, and by
chemical methods. The density of nanocrystals is
10–15% lower than that of crystalline samples; the
density of boundaries is about 600 m2 /cm3 , while
about 20% of the atoms belong to boundary or
surface layers. Structure studies show that boundary layers (about two atomic diameters thick) are
signiﬁcantly disordered and contain many cavities comparable with atomic sizes, as well as
larger cavities (10–100 atomic volumes in size).
A nanocrystal is a convenient object for the study
of solids with inclusions of locally disordered areas. The speci c heat of nanocrystals is approximately 1.5 times higher than that of crystals, and
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NANOTECHNOLOGY

a result artiﬁcial atoms, like ordinary ones, possess quantum properties at liquid helium temperatures, since their sizes are close to a ∗ in order
of magnitude, and thermal diffusion is small by
virtue of Ry∗ kB T . The latter statement is conﬁrmed by numerous optical investigations in the
IR region of the spectrum, as well as by methods
of tunneling spectroscopy. In order to enhance the
effect, one often works with a large number (up to
108 ) of artiﬁcial atoms, embedding them at regular sites of a two-dimensional “crystal lattice”,
which makes systems under consideration akin
to artiﬁcial superlattices. The positions of spectral levels and, accordingly, of IR absorption lines,
may be changed by continuously varying the voltage at the artiﬁcial atom gate, as well as by placing nanostructures into external electric and magnetic ﬁelds. In particular, when periodic superlattices were placed into a uniform electric ﬁeld E
directed transversely to the layers it was discovered that an electron band split into a periodic set
of quantum levels, a phenomenon known as the
Wannier–Stark ladder (see Quantum mechanics in
solid state physics); an energetic step of this ladder
is equal to |e|EL, where e is the electron charge,
and L the superlattice constant. Such a spectrum
results from the quantization of Bloch oscillations,
which were predicted by F. Bloch at the dawn of
the development of solid state theory.
Besides a discrete energy spectrum, another
quantum property of matter manifests itself in artiﬁcial atoms: the discrete nature of charge. This
property better matches the alternative name of
an artiﬁcial atom: single-electron transistor. The
point is that the addition of charge to an artiﬁcial atom increases its energy by ∼e2 /C, which,
due to the low value of the capacitance (C) of
the device, coincides in order of magnitude with
the distance between energy levels of an artiﬁcial
atom. Thus, if there is no voltage at the gate, the
transfer of an electron from emitter to collector at
kB T  e2 /C is forbidden, since this would entail the climbing of the electron over the barrier,
which is ∼e2 /C in height; thus the device carries
zero current (the so-called Coulomb blockade).
The blockade is pierced only at particular gate
voltages, which is accompanied by a tremendous
increase of conductivity (by 103 to 104 times). See
also Solid-state quantum electronics.

NANOTECHNOLOGY, submicrometer technology

A complex of technological processes involved
in the development and manufacture of semiconductor integrated circuits or other structures with
dimensions much smaller than a micrometer. Important processes are X-ray or electron lithography, ion implantation doping, molecular epitaxy,
ion etching, and plasma etching. A pattern on a
semiconductor substrate is obtained by exposing
a mask, i.e. by irradiating the ﬁlm made of a
special resist by either a parallel beam of soft
X-ray radiation (synchrotron radiation), or an electron beam that is scanned over the resist surface in
accordance with a given program. The polymerization of the photoresist ﬁlm is used for its further removal, and for forming a mask needed either for adding an insulator or metal layer, or for
ion doping. The formation of conductive, semiconducting, or insulating layers is carried out with
the aid of particle beams (molecules or ions)
in a high vacuum. Related to nanotechnology is
molecular technology that uses molecular-ordered
structures of organic molecules, e.g., Langmuir–
Blodgett lms.
NARROW-GAP SEMICONDUCTORS
Semiconductors which have a narrow band gap

width. The lower limit to the size of the band gap
is represented by semiconductors with a vanishing
gap (gapless semiconductors), and the nominal
upper limit is conventionally taken to be ≈0.3 eV.
The best known narrow-gap semiconductors are
the binary compounds InSb, PbTe, PbSe, binary
alloys of the general formula Bi1−x Sbx , as well
as two classes of isovalent solid solutions based on
chalcogenides of Groups II and IV: Cdx Hg1−x Te,
and also Pb1−x Snx Te and Pb1−x Snx Se. The alloy Cdx Hg1−x Te behaves as a zero-gap semiconductor for x < 0.16; the width of the forbidden zone increasing with increasing x for x  0.
Narrow-band gap semiconductors may be classiﬁed as an individual group of semiconductor materials owing to their unique physical properties,
and their areas of practical application. As a consequence of the narrowness of the band gap, the
electron effective mass (holes in case of PbTe,
PbSe, both pure and alloyed with Sn) is abnormally low, whereas the mobility is extremely high.

NARROWING OF MAGNETIC RESONANCE LINE

Unlike semiconductors with wide gaps, the spectrum of free current carriers in narrow-gap semiconductors is highly nonparabolic, with the degree
of nonparabolicity increasing with the decrease of
the width of the band gap. The electronic properties of AII BVI and AIV BVI compound types are
highly sensitive to crystal lattice defects involving
deviations from stoichiometric composition, i.e. to
excess quantities of metal or chalcogenide atoms.
The predominance of metal vacancies results in
p-type electrical conductivity, whereas dominating
chalcogen vacancies give rise to n-type conductivity.
The widespread interest in studies of narrowgap semiconductors is explained by the fact that
these materials are used as infrared (IR) devices
such as photodetectors, laser diodes, and semiconductor radiators operating over the wave range
4–30 μm. Narrow-band semiconductors with a
predetermined band gap may be adjusted by varying the ratio of the alloy components. This allows the construction a device for a particular
wave band. Binary compounds of elements of
Groups III–V (InSb, InAs) are used for producing liquid-nitrogen cooled photodetectors that exhibit high performance over the range of 3–5 μm,
which corresponds to the ﬁrst atmospheric spectral window. Photodetectors based on polycrystalline layers of lead selenide may also be used
over this operating range. The latter photodetectors, which either do not require cooling at all or
need slight thermoelectric cooling for their operation, are the simplest in design, and readily available for the IR spectral region. The early investigations of mixed crystals HgCdTe and PbSnTe
were aimed at creating refrigerated IR detectors
for the wave band 8–14 μm, which corresponds to
the second atmospheric spectral window, and this
is of considerable interest for communication. All
the above-listed photodetectors may be used for
measuring temperature gradients in the environment, or for medical purposes, for their spectral
range corresponds to the thermal radiation maximum in the neighborhood of room temperature.
Tunable diode lasers based on lead chalcogenides
are widely used for producing spectral devices that
feature high resolving power, and are used in scientiﬁc investigations, as well as for analyzing gas
mixtures in industry and ecology.
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NARROWING OF MAGNETIC RESONANCE
LINE
Line width decrease due to modulation of the
paramagnetic center resonance frequency by dy-

namic processes within the spin system. A classical example of this line narrowing is the strong decrease of the magnetic dipole line width in liquid
and gaseous samples compared to their values in
solids at the same concentration of magnetic moments. This kind of narrowing is called motional
narrowing since it is due to the rapid motion of
atoms in the environment. A rapid random motion
of particles produces ﬂuctuations of the internal local electric elds that act on every spin. As a result,
within a time greater than the ﬂuctuation duration,
only the mean value of the local ﬁeld is effective, a value much smaller than the instantaneous
value, so that line narrowing occurs. To produce
motional narrowing of the line, the ﬁeld ﬂuctuations must be rapid compared to the Larmor precession in the local ﬁeld. Since the precessional
frequency in the local ﬁeld is of the order of magnitude of the resonance line width δω (with static
surrounding spins), the condition for line narrowing is δω·τc  1 (here τc is the local ﬁeld correlation time). The width ω of the line narrowing can be qualitatively estimated as the inverse of
the time interval t during which two spins, precessing in corresponding local ﬁelds which are initially in phase, become out of phase by the order of
π/2, and the width of the narrowed line becomes
ω ∼ (δω)2 ·τc .
The modulation of local ﬁelds which leads to
narrowing of the line can also account for the rapid
reorientation of neighboring spins. Such a type
of narrowing appears, e.g., in NMR pulse experiments, and this is called pulse line narrowing.
The essence of pulse narrowing consists of exciting the sample by a repeating sequence of radiofrequency pulses which turn the spins in various
directions through large angles. This process, like
the narrowing of a line due to molecular motion,
averages out the dipole–dipole interaction and reduces the dipolar width.
Rapid reorientations of neighboring spins
which induce line narrowing can also take place
as a result of internal interactions in the spin system. Such a phenomenon occurs, in particular, in
the presence of a strong exchange interaction between spins which induce exchange narrowing.
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NEARLY-FREE ELECTRON APPROXIMATION

The exchange interaction operator is expressed in
the form of a sum of scalar products of spin operators; therefore, in the case of a system of identical spins this does not contribute to the second
moment of the line M2 (see Moments of spectral
lines), the usual indicator of line broadening. However, owing to the presence of spin operators of the
type Si+ Sj − (i and j denote different spins) in the
exchange interaction which induces ﬂip-ﬂop transitions (see Antiferromagnetism), a random modulation of the dipole and hyperﬁne local ﬁelds
takes place that results in the narrowing of the line.
Quantitatively, this exchange interaction narrowing brings about an increase of the fourth moment,
so the observed magnitude of the width appears
considerably smaller than (M2 )1/2 , in contrast to
the case of the pure dipole–dipole interaction.
NEARLY-FREE ELECTRON APPROXIMATION
Method of band theory of solids based on the

use of perturbation theory with the crystalline
potential (weakly-bound electron approximation)
considered to be a small perturbation compared to
the free particle kinetic energy. This method ﬁnds
its explanation in the pseudopotential method. It
is used for determining the Fermi surfaces of metals.
NECK

Local narrowing in a sample appearing under
the effect of tensile strain arising from an acting
stress increase which is not balanced by an increase of material hardening, dσ/de, where σ is
the stress and e is the so-called true strain (see
Strain hardening). The sample loses its mechanical stability (ﬁrst stage) at a maximum stretching
effort Pmax , ﬁxed in a load diagram expressed in
the coordinates load versus elongation. By tradition, a neck features relative transverse narrowing
ψ = 1 − (d2 /d1 )2 , where d1 and d2 are the initial and ﬁnal diameters of the sample, or a conditional strain ε (%). In this the true strain is
given by e = ln[1/(1 − ψ)]. The magnitude of
the strain corresponding to the beginning of neck
formation depends on the material structure and
chemical composition, the temperature, the rate
parameters of the load process, and the geometry
of the sample surface. For the case of parabolic
hardening satisfying the dependence σ = en , the

conditional strain of the neck formation is given
by εmax ≈ n(σB − σS )/σB , where σB is the ultimate strength, and σS is the yield limit of the material. The appearance at the neck of the uniaxial tension leads to the change of a uniform state
of stress to a triaxial one. At ε > εmax (second
stage) the plastic deformation becomes rather heterogeneous. For conditions of increasing nonuniformity of stress distribution, it is accompanied
by the hardening of the neck material, and by the
dense local occurrence of pores. At the third stage,
in the central part of neck at the point of maximum triaxial tension resulting from the merging
of the pores, a microcrack is formed (see Crack)
which subsequently increases and brings the deformation process to an end by failure (tough failure, quasi-brittle failure). In the neck a texture of
the axial type arises.
The word neck is also used to designate narrow
connections in adjacent Fermi surfaces.
NEEDLE-SHAPED DEFECT
A linear defect in crystals corresponding to a
closed Burgers contour. If u(x1 , x2 , x3 ) (where

x1 , x2 , x3 are Cartesian coordinates of all crystal
points except those on the defect line) is the displacement vector due to a linear defect, and dl is
the element of a sufﬁciently large closed contour
drawn around the linear defect, then the integral
I=

∂u
dl
∂l

vanishes for a needle-shaped defect. Thus, at the
appearance of a needle-shaped defect in an ideal
crystal with a closed Burgers contour, the Burgers contour remains closed (although its enclosed
area may change). In an elastically-isotropic crystal (see Isotropy of elasticity), the lattice atom displacements caused by a rectilinear needle-shaped
defect are described by the vector
Dr
u = Cr + 2 ,
r
where r is the vector directed from the defect axis
to a given lattice point in a plane normal to the defect axis, and C and D are constants dependent on
the elastic properties and dimensions of the crystal, properties of the defect, boundary conditions,
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and so on. A needle-shaped defect can be exempliﬁed by chains composed of vacancies or impurity atoms. The stability of such chains is low
as they easily break up into point defects under
atomic diffusion. Also classiﬁed as needle-shaped
defects are thin needle-like precipitates of phase
components in alloys.
NÉEL EQUATION (L. Néel, 1952)

A phenomenological equation describing the
displacements of a magnetic domain wall (its
quasi-stationary dynamics) in a magnetic substance during its magnetic reversal in the presence
of magnetic viscosity effects:
P (u, t) + R(u) + (M 1 − M 2 )B(t) = 0,

(1)

where B(t) is the external magnetic ﬁeld; M 1 and
M 2 are magnetization vectors in adjacent domains
separated by the domain wall between them; u is
the displacement of the wall; R(u) is the pressure
on the wall produced by defects and imperfections in the material plus that from demagnetization e lds; and P (u, t) is the pressure on the wall
due to induced magnetic anisotropy and magnetic
viscosity effects. In contrast to R(u), the pressure P (u, t) is explicitly time dependent. Moreover, beside its dependence on the displacement u
at the instant t , P (u, t) also depends on the earlier displacements at t  < t . To account for this,
P (u, t) is expressed as
t
P (u, t) =
−∞



F u(t), u(t  ), t, t  dt  ,
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where F {. . .} is a certain functional depending on
the type of domain wall, the nature of the induced
anisotropy, etc. The third term in the Néel equation deﬁnes the magnetic ﬁeld pressure on the
wall. Thus, the Néel equation describes the domain wall equilibrium condition, which is the condition for zero total pressure affecting the wall.
The Néel equation applies when the intrinsic relaxation of the magnetic vector to equilibrium proceeds much faster than the relaxation of the induced anisotropy, and when the inertia (mass) of
the wall can be neglected (the latter is permissible at low wall speeds). The Néel equation is used
to describe the dynamics of domain walls in ferroelectrics, which involves making the replacements
M → P , B → E in Eq. (1), where P is the polarization vector and E is the electric ﬁeld.
NÉEL POINT (L. Landau, 1933)

Temperature at which magnetic ordering appears in antiferromagnets and ferrimagnets. They
lose their speciﬁc magnetic properties above that
point and behave as paramagnets whose susceptibilities follow the Curie–Weiss law. A maximum
of the magnetic susceptibility, as well as anomalies in certain other quantities (such as conductivity, sound absorption factor, etc.), are observed
in the vicinity of the Néel point. See also Curie
point, Magnetic phase transitions.
NÉEL WALL

A type of magnetic domain wall in a thin magnetic lm, in which its magnetization rotates in a

Schematic diagram of Bloch wall (a) and Néel wall (b), where δ is the domain wall width. Arrows A and B show
the magnetization M directions in central planes parallel to xz in the Bloch wall and parallel to xy in the Néel wall,
respectively; crosses indicate the magnetostatic poles related to the exit of M to the ﬁlm surface and domain wall surface,
respectively.
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NEGATIVE CRYSTALS

plane parallel to the ﬁlm surface. Physically, the
reason for the formation of a Néel wall, instead of
a Bloch domain wall, is a decrease of magnetostatic energy. Indeed, consider a domain wall separating two adjacent domains and let the magnetization in it change in a plane parallel to the surface
of the wall itself (xz plane in Fig. (a)). Magnetic
charges will then appear on opposite surfaces of
the ﬁlm in bands of width δ. An additional magnetostatic energy of the crystal is associated with
these charges, and it grows while the ﬁlm thickness, d, decreases. For d < δ that energy may be
lowered if the magnetization vector M rotates in
a plane parallel to the ﬁlm surface (xy plane in
Fig. (b)). Thus, there is a critical ﬁlm thickness d0
below which the Néel wall is energetically more
favorable (see Fig. (b)); a Bloch wall should exist
above d0 . The value of d0 depends on the nature
of the ﬁlm, and may be as large as hundreds of
angstroms.
NEGATIVE CRYSTALS

A type of three-dimensional defect in crystals,
which represents polyhedral cavities with a symmetry corresponding to the microscopic crystal
symmetry. Such cavities nucleate during crystal
growth (in particular, in nature) or at the dissolution of crystals. During the course of growth negative crystals can capture ambient material, which
results in the formation of solid, liquid, or gaseous
inclusions.
NEGATIVE LUMINESCENCE

The decrease of the radiation by a system compared to its equilibrium thermal radiation in the
same spectral region. Negative luminescence results from the decrease in population of a series
of excited energy levels of the system, and the
corresponding decrease of the number of radiative
transitions at particular frequencies. In this situation the absorption of background thermal radiation by the system predominates over its spontaneous radiation, and the resultant radiation energy ﬂux in the indicated frequency range comes
from outside to the system surface. The luminescence power, deﬁned as the difference between
the powers of spontaneous radiation and of absorption, proves to be negative; which is the reason for the term “negative luminescence”. Under total suppression of spontaneous radiation,

the absolute value of the luminescence radiation
power attains its ultimate magnitude which equals
the power of the background radiation absorbed
by the system. Negative luminescence in systems
with a discrete energy spectrum is usually excited by pumping. In the fundamental absorption
band of semiconductors, negative luminescence
arises through the depletion of electrons and holes.
The magnetic concentration effect, and other methods are used to determine this. Negative luminescence in semiconductors serves as the foundation
for a new class of optoelectronic devices, such
as high-temperature sources of IR radiation, optical temperature-sensitive elements, etc. (see Optoelectronics).
NEGATIVE MAGNETORESISTANCE

A decrease of conductor resistance in a magnetic eld. The effect is observable in the lowtemperature range for a wide class of disordered
solids, and manifests itself most clearly in systems
with reduced dimensionality (in metal lm s and
wires, two-dimensional electrons of heterostructures, etc.). The explication of this phenomenon
involves some difﬁculties, since both the classical theory of magnetoresistance (which allows for
the electron trajectory bending in a magnetic ﬁeld)
and its treatment under hopping conductivity (due
to the magnetic ﬁeld contracting the wave functions of localized states) predict an increase of
resistance in the magnetic ﬁeld. The mechanism
suggested in the 1960s is related to scattering by
magnetic impurities (when the magnetic ﬁeld suppresses the process of electron spin- ip scattering,
see Kondo effect) and proves to be inapplicable to
most of the systems under consideration, where
the concentration of such impurities is small. In
the early 1980s a theory was put forward to relate
the negative magnetoresistance to suppression of
the interference quantum correction to the conductivity of a disordered system (see Weak localization). This approach explains all speciﬁc qualitative features of negative magnetoresistance: (i) the
appearance of the effect in weak ﬁelds and its
square-root (or logarithmic in the two-dimensional
case) dependence on the magnetic ﬁeld strength;
(ii) its independence of the angle of the current to
the ﬁeld in the three-dimensional case (while in
the two-dimensional case the effect is determined
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only by the magnetic ﬁeld component normal to
the layer); (iii) its strong temperature dependence
caused by suppression of interference during elastic scattering (on account of the electron–phonon
and electron–electron processes). A quantitative
description of the experiments calls for, as a rule,
taking into account the factors that produce a positive contribution to magnetoresistance (spin-ﬂip
scattering, quantum corrections due to electron interaction, and so on). See also Galvanomagnetic
effects.
Materials consisting of alternating nanometerthick layers of a ferromagnetic material and a nonmagnetic metal experience a very large decrease in
resistance in a magnetic ﬁeld called giant magnetoresistance. Examples of such materials are alternating layers of iron and chromium, and multilayers of cobalt and copper. Even larger changes in
magnetoresistance called colossal magnetoresistance have been found in the perovskite-like material LaMnO3 which has manganese in the Mn3+
valence state. Replacing some of the La3+ ions by
divalent Ca, Ba, Sr, Pb or Cd ions produces the
mixed-valence Mn3+ /Mn4+ system which has
many mobile charge carriers. The particular combination La0.67 Ca0.33 MnOx displays more than a
thousand-fold change in resistance in a 6 T magnetic ﬁeld.
NEGATIVE PHOTOCONDUCTIVITY in a
magnetic eld
Weakening of photoconductivity, which takes
place under injection of charge carriers into the

central part of a long semiconductor sample placed
in a strong magnetic eld B. For instance, it
may be an n-type semiconductor where the Hall
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ﬁeld strength Ey (see Galvanomagnetic effects) is
greater than the strength Ex of the electric ﬁeld
producing the current ﬂowing through the sample
along the positive x-axis (see Fig.). The injected
holes enter the sample and drift in the ﬁeld Ey ; the
Lorentz force shifts them along the OX axis in the
direction opposite to that of the force eEx acting
on them, and this produces the negative photoconductivity.
NEGATIVE RESISTANCE

Electric resistance with a negative sign.
(a) For alternating current, it means a negative magnitude of the real part of the complex impedance Z(ω) = R(ω) + iX(ω). Under harmonic
action with the frequency ω across a subcircuit
containing both resistive and reactive impedance,
a phase shift δ appears between the current and
voltage values, which depends on the circuit parameters and the frequency. In this case, R(ω) (involving the current amplitude I and voltage V in
the relation I R(ω) = V cos δ) can be negative over
a certain frequency range. Then, dynamic negative resistance is spoken about. Across subcircuits
that have dynamic negative resistance, the release
rather than the absorption of energy takes place.
(b) In the static regime, there is a negative differential resistance R = dV /dI that can be negative over a limited part of the current–voltage characteristic. The appearance of the negative value
can be due to the dependence of the mobility of
current carriers or their concentration on the electric ﬁeld. The negative differential resistance leads
to instability of the electric circuit, and its spontaneous transition to another state, or to a regime of
oscillations.
The negative resistance characteristic is utilized for the operation of various semiconductor
devices; see Gunn diode, Generation type semiconductor diodes, Barrier injection transit time
diode, Microwave semiconductor devices.
NEMATIC LIQUID CRYSTAL, nematic (fr. Gr.
νημα , a thread)
A phase of a liquid crystal that features long
range orientational molecular ordering (see Orientational order), but has no translation ordering. Ne-

Negative photoconductivity.

matic liquid crystals form either during melting
of a molecular crystal (thermotropic nematic liquid crystal), or as a result of the dissolving of

876

NEODYMIUM

molecular compounds in water or other solvents
(lyotropic nematic liquid crystal). The structural
units of the latter are micelles comprising hundreds of molecules, instead of individual molecules (see Lyotropic liquid crystals). Nematic liquid crystals are also formed by liquid-crystal polymers, in which the preferred direction is speciﬁed
by ordering either the links of the basic chain or
its side branches. Orientational ordering may pertain to either all three principal molecular axes, to
two of them (biaxial nematic liquid crystal), or to
only one of them (uniaxial nematic liquid crystal).
The biaxial type is rarely found. Among the uniaxial types are calamitics and discotics, with structural elements having the shape of rods and discs,
respectively. Orientational ordering of molecules
results in a strong anisotropy of the physical properties of nematics. They are birefringent, usually uniaxial media (see Order parameters in liquid crystals). Elastic properties of nematic liquid
crystals are deﬁned by their orientational strains,
which occur when a director (prescribing the predominant orientation direction of the molecules) is
locally forced out of its equilibrium position (see
Elasticity of liquid crystals).
Combining a strong anisotropy of their optical
and electromagnetic properties with a capability
to easily reorient their director when affected by
weak external ﬁelds, nematic liquid crystals enjoy various uses in systems of recording, processing, and presentation of optical data (see Frederiks transition, Twist effect, Guest–host effect,
Electrooptical effects in liquid crystals). Nematics
owe their name to disclinations – linear defects in
the director ﬁeld. Microscopic observations show
these to be ﬂexible threads found both within the
bulk and at the surface.
NEODYMIUM, Nd

A chemical element of Group III of the periodic system with atomic number 60 and atomic
mass 144.24; it belongs to lanthanides. Natural
neodymium consists of isotopes 142 (27.11%),
143 (12.17%), 144 (23.85%), 145 (8.30%), 146
(17.22%), 148 (5.73%), and 150 (5.62%), the isotope 144 Nd is weakly radioactive with half-life
of about 5·1015 years, and 17 additional radioactive isotopes are known with mass numbers from
129 to 154. Outer electronic shell conﬁguration is

4f 4 5d 0 6s 2 . Ionization energy is 5.51 eV. Atomic
radius is 0.1816 nm, Nd3+ ion radius is 0.102 nm.
Oxidation state is +3. Electronegativity is ≈1.12.
In free form, neodymium is a silvery-gray
metal. It exists in two modiﬁcations (α-Nd and
β-Nd). α-Nd is stable below ≈1133 K with a
double close-packed lattice (alternation of hexagonal atomic layers to ABAC. . .), space group is
4 ); a = 0.36582 nm, c = 1.17966
P 63 /mmc (D6h
nm under normal conditions. Stable above 1128 K
and up to Tmelting = 1291 K is β-Nd with bodycentered cubic lattice, space group is I m3̄m (Oh9 );
a = 0.413 nm (extrapolated value) after hardening. There are contradictory data that the transition
α-Nd → β-Nd is preceded by its transformation
into a (possibly, metastable) allotropic modiﬁcation with face-centered cubic lattice having conditional unit cell constant a = 0.480 nm after hardening, space group F d 3̄m (Oh5 ). The density is
7.010 g/cm3 at 293 K. Tboiling ≈ 3340 K. Binding energy of neodymium is −3.35 eV/atom at
0 K. Heat of melting heat is 7.16–10.9 kJ/mole;
heat of sublimation is 288.9 kJ/mole, heat of
evaporation is 296 kJ/mole; Debye temperature
is ≈152 K. The linear heat expansion coefﬁcient of neodymium polycrystal is 6.7·10−6 K−1
(at 298 K), coefﬁcient of thermal conductivity is
12.98 W·m−1 ·K−1 (at 299–303 K). Isothermal
bulk modulus is 32.6 GPa (at room temperature
and zero external pressure); Young’s modulus is
37.9 GPa (at room temperature); ultimate tensile
resistance is 0.171 GPa (in a cast sample at 293 K);
relative elongation is 11%. Vickers hardness (at
293 K) is 35 for cast neodymium and 76 HV for
forged Nd. High purity neodymium has high cold
deformability (up to 70% reduction) without failure. Application of intermediate annealing allows
obtaining thin strips (0.5 mm thick and less). Effective thermal neutron trapping cross-section is
44.6 barn. Electric resistivity of α-Nd polycrystal
is 643 n·m (at 298 K), temperature coefﬁcient
of electric resistance is 0.00164 K−1 . Work function of neodymium polycrystal is 3.3 eV. Magnetic
ﬁrst-order phase transition of the order–disorder
type occurs in neodymium at the Néel point
TN ≈ 19.5 K: the magnetic moments of atoms
in neighboring hexagonal layers become antiparallel. At the temperature 7.5 K, the ordering of
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the magnetic moments of atoms with cubic nearest neighbor symmetry takes place (with a change
in the effective number of atoms with ordered
magnetic moments). The antiferromagnetic structure of hexagonal layers with cubic environmental symmetry in α-Nd is similar to the structure of
layers with hexagonal nearest neighbor symmetry,
but with magnetic moment directions in the former turned by 30◦ relative to those of the latter.
The magnitudes of magnetic moments of atoms in
the layers of both kinds vary as the sine. Magnetic
susceptibility of neodymium is 5600·10−6 CGS
units; nuclear magnetic moment of isotope 143 Nd
is 1.25 nuclear magnetons. There are suggestions
that the nonequilibrium face-centered cubic modiﬁcation transforms into the ferromagnetic state at
the Curie point TC = 29 K. Neodymium is used
as an alloying addition in light alloys (e.g., magnesium alloys), as a component for mischmetal, in
laser materials, etc.
NEPTUNIUM, Np
An actinide chemical element with atomic

number 93 and atomic mass 237.048. There are no
stable isotopes, and 14 known radioactive isotopes
with mass numbers from 228 to 241.
Outer shell electron conﬁguration is 5f 4 6d 1
7s 2 . Atomic radius is ≈0.1525 nm; radius of
Np3+ ion is ≈0.0998 nm, radius of Np4+ is
≈0.093 nm, radius of Np7+ is 0.071 nm. Oxidation state is +5, more rarely +2, +3, +4, +6, +7.
Electronegativity is ≈1.25.
In the free form neptunium is a heavy silvery
metal. It exists in α-, β-, γ -modiﬁcations. Stable at temperatures below ≈550 K is α-Np with
an orthorhombic crystal lattice (8 atoms in unit
16 ). At 293 K, a =
cell; space group P nma, D2h
0.4722 nm, b = 0.4887 nm, c = 0.6662 nm. Stable above 542 K is β-Np with tetragonal crystal
lattice (4 atoms in unit cell, space group P 421 2,
D42 ). At 586 K, a = 0.4896 nm, c = 0.3387 nm.
At temperature ≈830 K there occurs a polymorphic transformation of β-Np to γ -Np, stable up
to Tmelting = 910 K. γ -Np has a body-centered
cubic lattice (space group I m3̄m, Oh9 ); at 873 K,
a = 0.3525 nm. The density is 20.45 g/cm3 for αNp, 19.36 g/cm3 for β-Np, and 18.0 g/cm3 for γ Np; Tboiling = 4174 K. Bonding energy of neptunium is −4.55 eV/atom at 0 K. Heat of melting is
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9.6 kJ/mole, heat of evaporation is 394.8 kJ/mole.
Debye temperature of α-Np is 188 K. For neptunium of 99.97% purity the temperatures of polymorphic phase transitions: α → β at 555 K, β →
α at 542 K, β → γ at 832 K, Tmelting = 870 K
(start); the linear thermal expansion coefﬁcient
grows from 11.1·10−6 K−1 (at 100 K) up to
32.7·10−6 K−1 (at 525 K) for α-Np, and from
42.8·10−6 K−1 (at 550 K) up to 78.1·10−6 K−1
(at 850 K) for β-Np. Calculated value of isothermal bulk modulus is 68 GPa (at room temperature). Electric resistivity of α-Np polycrystal is
35.5 n·m at 4.2 K and 1176.5 n·m at 295 K.
The 5f -electrons in neptunium are delocalized
(partially full 5f -shell is somewhat expanded).
Accordingly, neptunium may have a tendency to
superconduct for Tc < 0.4 K, and Pauli paramagnetism is present in it. On the other hand, as
the density of states of 5f -electrons at the Fermi
level is not high, and the criterion of band ferromagnetism is not met, neptunium is an exchangecoupled band paramagnet with magnetic susceptibility about 5·104 cm3 /mole. The longest-living
isotope 237 Np (α-radiator) with lifetime T1/2
about 2.14·106 years is obtained in nuclear reactors. It ﬁnds application in the production of the
nuclide 238 Pu, which is used in space exploration,
nuclear micropower engineering, medicine etc.
NERNST–ETTINGSHAUSEN EFFECT
See Thermomagnetic phenomena.
NERNST GLOWER (W. Nernst, 1900)

A rod made from a mixture of refractory metal
oxides (mainly zirconium with magnesium) heated
by an electric current (T ∼ 1500 ◦ C) that can be
used as an IR range radiation source. However it
is rarely used for this purpose, since it is only efﬁcient in the short-wave band (λ < 10 μm). Moreover, because of its poor electrical conductivity at
room temperature it needs preliminary heating to
∼800 ◦ C. The latter circumstance is related to the
ionic nature of the electrical transport in ZrO2 ,
which is a solid electrolyte.
NETWORK, PLANATOMIC
See Planatomic networks.

878

NETWORK, RANDOM

NETWORK, RANDOM
See Random continuous network.
NEUTRALIZATION, AUGER
See Auger neutralization.
NEUTRAL PARTICLE CHANNELING

The motion of uncharged particles along the
channels formed by layers or ﬁbers of an inhomogeneous medium. Neutral particle channeling is similar to the channeling of charged
particles in crystals. In both cases, the transverse
motion of a particle is restricted by potential barriers (channel walls) and the particle oscillates
between them at grazing angles θ < θc , where
θc = arcsin(U/E)1/2 is the channeling angle, U is
the average barrier height, and E is the particle
energy. However, in the case of neutral particles,
the barrier is formed by non-Coulombic forces
(nuclear, magnetic, etc.). The corresponding potential averaged over the volume V ∼ a 3 , where
a is the interatomic distance, is smaller than the
Coulomb potential by 5 to 6 orders of magnitude.
Therefore, the ﬁeld of an individual atomic plane
or chain is typically too weak to hold a neutral
particle in the channel; interfacial tunneling occurs, and neutral particle channeling in the crystal
proves to be a rare event. Quite a different situation arises in a superlattice, e.g., in the structure
of pairwise alternating layers of a material with
different physical and chemical properties. With
a sufﬁcient thickness of the layers d1 and d2 , the
transverse tunnel drift disappears, and the neutral
particles channel between layers with greater U ,
if θ < θc . The period of a corresponding superlattice is d = d1 + d2 π/(k sin θc ), where k is the
value of the particle wave vector. Since π/(kd) is
(d)
the Bragg angle θB for the period d, this yields
the criterion for the possibility of channeling
sin θc
1.
ζ≡
(d)
sin θB
The dimensionless parameter ζ determines the
“channeling” properties of a medium for given
particles. If the particle is charged, the criterion
can be met even at d ∼
= a, i.e. for an ordinary crystal lattice; in the case of neutral particles, it is met
for superlattices with d = (10–103 )a.
Neutral particle channeling is possible also in
a superstructure with amorphous layers. By means

of natural or artiﬁcially created superstructures,
the neutral particle channeling effect can be used,
e.g., for effective control of neutron or high-energy
photon ﬂuxes.
NEUTRON DIFFRACTOMETRY
Techniques to study the crystal structure and
atomic magnetic structure of crystalline condensed
media, based on the phenomenon of the Bragg
diffraction of neutrons. These are distinguished
as structural neutron diffractometry and magnetic
neutron diffractometry, respectively. Similar to
X-ray structure analysis, neutron diffractometry is

based on analyzing the angular intensity distribution of neutrons that emerge from a crystal after
undergoing scattering processes that deﬂect them
from the incoming beam direction. However, in
certain aspects, neutron diffractometry differs noticeably from X-ray techniques of studying crystal
structure. The cross-sections of neutron scattering
by atomic nuclei in a crystal structure depend irregularly on the atomic number of the scatterer.
This allows studying structures that include both
light and heavy atoms. Since neutrons feature a
non-zero spin and a magnetic moment resulting
from it, they may be used to study magnetic ordering in condensed media.
Neutrons have a remarkably high penetration
depth. Thermal neutrons carry kinetic energy close
to that of thermal excitations, and this property
is used to study the dynamics of condensed media. A drawback of neutron diffractometry is the
low intensity of available neutron beams, orders
of magnitude lower than that of X-ray beams.
NEUTRON DIFFRACTOMETRY, STRUCTURAL
See Structural neutron diffractometry.
NEUTRONS in solid state physics

A neutron is a neutral particle with a long lifetime (free state half-life is 6·102 s). It has spin
1/2, rest mass mn = 1.6748·10−27 kg, and the
magnetic dipole moment −1.91321μnuc , where
μnuc is the nuclear magneton. On entering a solid,
a neutrons interacts with the atoms, the predominant interaction depending on the neutron energy.
High-energy neutrons may dislodge atoms from
their equilibrium positions at crystal lattice sites,
a process which produces various radiation defects. The capture of neutrons by atoms of a solid
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results in nuclear doping of the solid. Such nuclear reactions are also used in neutron activation
analysis. Thermal neutrons may be scattered by
the atoms of solids, a phenomenon which underlies the neutron diffractometry techniques.
In contrast to X-rays and electrons, neutrons
are scattered by the atomic nuclei. The basic characteristics of interactions of neutrons with atomic
nuclei are the effective scattering amplitude and
the cross-section. Both parameters have been thoroughly studied and tabulated. Neutron scattering
by nuclei may be of either a potential or a resonance nature. These two types of scattering govern
the amplitude, f , of the scattering of slow (thermal) neutrons which is given by the Breit–Wigner
formula (G. Breit, E. Wigner, 1936):
f = fn (k) −

Γn (2k)
.
(E − E0 ) + iΓ /2

The ﬁrst term characterizes potential scattering
due to the direct interaction of neutrons with the
force ﬁeld of the nucleus. The second term describes resonance scattering that involves an intermediate excited nucleus formed during the course
of the nucleus–neutron interaction. Here fn is the
amplitude of the potential scattering, k is the wave
vector of the incident neutron, E is its energy,
E0 is the resonance energy, Γ is the width of the
excited nuclear energy level (proportional to the
reciprocal of the excited state lifetime); Γn is the
width of the resonance energy level (proportional
to the probability of composite nucleus decay during elastic neutron scattering). The amplitude of
potential scattering is always positive, and proportional to A1/3 (A is the mass number of the scattering nucleus). For resonance scattering, the value
of f depends on the incident neutron energy, and
on the position and half-width of the resonance
level of the nucleus. These two inputs combine to
produce different amplitudes for the scattering of
thermal neutrons by different isotopes of the same
element, so that it may be either positive or negative, real or imaginary.
A neutron has a magnetic moment and interacts with the electronic magnetic moment of the
atom. The atom can also have a nuclear magnetic
moment, but its much lower value makes it difﬁcult to observe by neutron scattering. The scattering of neutrons by atomic electron shells depends on both the spatial and energy distributions
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of the electrons that generate the magnetic moment (mainly d and f unpaired electrons). The
magnetic scattering form factor, which depends on
the scattering vector (angle), describes such scattering.
Neutron scattering may be classiﬁed according to several criteria: (a) the change in the energy of scattered neutrons (elastic versus inelastic); (b) the degree of coherence of scattered neutron waves (coherent versus incoherent). Coherent
elastic scattering is structure-sensitive, and takes
place when the momentum of the neutron is transferred to the crystal solid as a whole (scattering vector equals site vector of reciprocal lattice),
resulting in the thermal neutron diffraction. This
phenomenon underlies the techniques of structural
neutron diffractometry, and magnetic neutron diffractometry. If, during the process of scattering,
the neutron exchanges energy with one of the
atoms, generating or absorbing either a phonon
or a magnon in the process, there takes place coherent inelastic neutron scattering. In that case the
scattering vector differs from that of the site of the
reciprocal lattice by the wave vector of the phonon
or the magnon. Neutron spectroscopy techniques
are based on this effect. Techniques for studying the dynamics of atom groupings in solids and
ﬂuids, which all use inelastic incoherent scattering of neutrons, also belong to the same category.
Incoherent elastic neutron scattering takes place
in atomically and magnetically ordered systems,
and is used correspondingly rarely. Beside the nuclear and the magnetic interactions, there are other
weaker (by 4 orders of magnitude) interactions between neutrons and atomic charges (J. Schwinger,
L.L. Foldy).
To conduct experiments on the interactions of
neutrons with solids, atomic reactors and pulsed
sources are used. To slow down fast neutrons produced during ﬁssion reactions, slowing materials (moderators) are used. Upon exiting the reactor, the white (broad wavelength range) neutron
radiation is monochromated by reﬂection from
a monocrystal (constant wavelength technique).
Modern sources produce monochromatic neutron
beams with intensities up to 106 –107 N·cm−2 s−1 .
Fast neutron pulse reactors generate bursts of
white neutron radiation (approximately 100 μs
long). Electron and proton accelerators are also
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NEUTRON SCATTERING, INELASTIC

used to produce neutron ﬂuxes by generating braking γ -quanta (Bremsstrahlung) that strike a target containing heavy nuclei, and release neutrons
through photonuclear transformations. The resulting neutron bursts vary within 1–5 μs in duration.
When operating pulsed neutron sources, the timeof-ﬂight method is employed, where the spectral
expansion along the ﬂight path is carried out using
a time analyzer and ﬁxing the angle of scattering
(or prescribing a set of discrete angles).
NEUTRON SCATTERING, INELASTIC
See Inelastic neutron scattering.
NEUTRON SPECTROSCOPY

A set of techniques for studying atomic and
molecular vibrations, as well as magnetic excitations (magnons) in condensed matter, which are
based on inelastic scattering of neutrons (see Neutrons in solid state physics). An interaction of a
neutron beam with an atom vibrating at a crystal
lattice site may be treated formally as a collision
of a neutron with a phonon, so the conservation
laws of energy and momentum may be applied to
that process. Thus one may describe the change
in energy and momentum of neutrons during the
collision and plot a system of dispersion curves
for monocrystal samples, or retrieve the density of
states of the phonons for polycrystals.
Experimental studies of the spectrum of inelastic neutron scattering involve measuring the
change in neutron momentum (wavelength) as a
function of sample orientation with respect to the
neutron beam, and the angle of scattering. There
are many schemes available for such measurements involving both stationary and pulsed neutron sources. The most popular among them employs a three-crystal spectrometer, a monochromatic incident beam, and a crystal analyzer positioned behind the sample. By tuning the analyzer
to different wavelengths in the scattered emission
one measures the so-called phonon reﬂections,
their maxima relating to points on the dispersion
curve, while their half-widths relate to lifetimes
of the phonons. Magnon spectra may be similarly
studied. Unlike optical spectroscopy, which only
yields information on the long-wave part of the
spectra of optical phonons in solids, neutron spectroscopy makes it possible to study both optical

and acoustic phonon spectra over the entire range
of momenta (wavelengths).
NICKEL ALLOYS
Alloys of nickel, alloyed by one or several ele-

ments. Nickel forms substitutional solid solutions
with Fe, Cr, Cu, Mn, Co, Mo, W and other metallic
elements over a wide temperature range. The solutions have a face-centered cubic lattice imparting
them with some plasticity. The alloys harden because of a decrease of the energy of stacking faults,
reduction of the diffusion mobility of atoms, and
changes of electronic structure in the course of alloying. Structural nickel alloys (except for Monel
metal) are low concentration alloys known for
their high emission properties, enhanced mechanical strength and corrosion resistance. They are favorable for all types of machining, even in the cold
state. Monel metal (Ni with 1.5% Mn, 2.5% Fe,
28% Cu) is characterized by high grade mechanical properties and corrosion strength in water,
acids, strong alkali. In air it retains its strength and
plasticity at very low temperatures and upon heating up to 400 ◦ C. Thermal-electrode and (ohmic)
resistance alloys which are classiﬁed as electrical engineering nickel alloys possess high electromotive force, electrical resistance and thermalenvironment resistance. Chromium–nickel alloy
(Ni with 9.5% Cr, called chromel) and alumel
(Ni with 1.2% Si, 2.3% Mn, 1.8% Al) are thermalelectrode alloys, used for manufacturing thermocouples for measuring temperatures up to 1000 ◦ C
(in long term) and up to 1300 ◦ C (in short term).
Nichrome, ferronichrome and also alloys, additionally alloyed with Al, Cu, Mn, Mo, etc., have
high ohmic resistance; and are used for manufacturing resistors, thermoresistors, tensoresistors
and electrical heaters. Nickel alloys with speciﬁc
physical properties include soft magnetic materials
(permalloy) and corrosion-resistant alloys, e.g.,
nickel–molybdenum alloys (27% Mo, 1.5% V),
and nickel–chromium–molybdenum alloys (15%
Cr, 16% Mo, 4% W). They also include alloys
with a preset temperature coefﬁcient of linear expansion (invar), alloys with high elasticity properties over a wide temperature range (e.g., 10%
Cr, 10% Mo, 5% W, 4.5% Al), alloys for thermalbimetallic parts. Some elements, such as Al, Ti,
Nb, Ta, Be, Hf, etc. have limited solubility in Ni.

NIOBATES

Complex nickel alloys containing these elements
are hardened during the decay of oversaturated
solid solutions due to phase precipitation and to
the associated coherent stresses that are caused by
the mismatch of the matrix and hardening phase
lattices. Besides, the antiphase boundaries and
stacking faults of the hardening phase somewhat
assist hardening. Hardened-matrix nickel alloys
containing precipitations of intermetallic (see Intermetallic compounds), carbide, boride, and other
phases, are useful as high-temperature materials.
Nickel alloys ﬁnd their application in different engineering areas such as structural and electrical engineering alloys with speciﬁc physical and chemical properties, and as thermal-environment resistant materials.
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electrical resistance 292·10−5 K−1 . Hall constant
is 36·10−11 m3 /C. Polycrystal work function is
4.61 eV.
Nickel is ferromagnetic with the Curie temperature 631 K. Atomic magnetic moment is 0.604
Bohr magnetons, nuclear magnetic moment of
61 Ni is 0.746 nuclear magnetons. Total effective high-energy neutron adsorption and scattering
cross-section is 3.2 barn (3 to 10 meV), for lowenergy neutrons it is 22.1 barn (0.25 eV).
Nickel is mainly used for the production of alloys (with iron, chromium, copper and other metals), distinguished by valuable mechanical, anticorrosion, magnetic and electrical properties, by
high temperature strength and heat resistance (see
Nickel alloys).

NICKEL, Ni

Chemical element of Group VIII of the periodic table with atomic number 28 and atomic mass
58.69. Natural nickel contains stable isotopes 58 Ni
(67.89%), 60 Ni (26.16%), 61 Ni (1.13%), 62 Ni
(3.66%), 64 Ni (1.16%). Outer shell electron conﬁguration is 3d 8 4s 2 . Successive ionization energies are 7.6, 18.15, 35.16 eV. Atomic radius is
0.125 nm; Ni2+ ion radius is 0.072 nm. Oxidation
state is +2, more rarely +1, +3, +4. Electronegativity is 1.8.
In free form nickel is a silvery-white metal.
It has face-centered cubic lattice, space group
F m3̄m (Oh5 ), a = 0.35243 nm (at 298 K). Density is 8.897 g/cm3 ; Tmelting = 1728 K; Tboiling ∼
3100 K. Heat of melting is 16.9 kJ/mole, heat
of evaporation is 370 kJ/mole. Speciﬁc heat is
445 kJ·kg−1 ·K−1 (at 298 K). Linear thermal expansion coefﬁcient is 13.1·10−6 K−1 (at 293 to
373 K). Thermal conductivity is 92.0
W·m−1 ·K−1 . Debye temperature is 465 K. Adiabatic elastic moduli of crystal: c11 ≈ 248, c12 ≈
163, c44 ≈ 113 GPa at 298 K. Young’s modulus is ≈224 GPa (at 298 K), shear modulus is
≈86 GPa (at 298 K). Poisson ratio is ≈0.30.
Tensile strength is ≈450 MPa, elastic limit is
80 MPa, yield point is 120 MPa, relative elongation is 40%. Brinell hardness of cast nickel
is ≈700 MPa (at 293 K). Self-diffusion coefﬁcient is 1.749·10−21 m2 /s (at 700 K). Coefﬁcient
of linear term in low-temperature molecular speciﬁc heat is 7.02 mJ·mole−1 ·K−2 . Electric resistivity 7·10−8 μ·m, temperature coefﬁcient of

NIOBATES

Metallic oxide compounds of niobium, including the NbO3 group with metals, e.g., LiNbO3 ,
KNbO3 , Ba2 Na(NbO3 )5 (“banana”), Srx Ba1−x
(NbO3 )2 (“bastron”), etc. They possess nonlinear optical and acoustical properties. They are
obtained by the synthetic Czochralski method
(see Synthetic monocrystals). Uniaxial trigonal
monocrystals of lithium niobate are ferroelectrics
which serve as a piezoelectric material in acoustoelectronics devices for surface acoustic waves, and
as an electrooptic and optically nonlinear material used in quantum electronics in electrooptical
modulators, light gates, second harmonic generators of neodymium laser radiation (see Nonlinearoptical crystals), and in near infrared optical parametric oscillators. They possess photorefractive
properties (see Photorefraction); they exhibit the
photochromic effect and the bulk photovoltaic effect; they are used in optical holographic storage devices with high capacity and short access time (see Optical techniques of information
recording). Tetragonal potassium niobate with the
perovskite structure is an analog of barium titanate, but with Tc = 708 K instead of 403 K.
Monocrystals with some application in nonlinear optics and acousto-electronics are rhombic
barium–sodium niobate which requires complex
mechanical untwinning, as well as lead–potassium
niobate and some of their analogs, crystallizing in
the potassium–tungsten bronze structural type.
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NIOBIUM

NIOBIUM, Nb

A chemical element of Group V of the periodic system with atomic number 41, atomic mass
92.9064, and one natural isotope, 93 Nb. The most
important artiﬁcial radioactive isotope is 95 Nb
with lifetime of 95 days. Outer shell electronic
conﬁguration is 4d 4 5s 1 . Successive ionization energies are 6.88, 13.90, 28.1 eV. Atomic radius is
0.143 nm, radius of Nb5+ ion is 0.066 nm. Oxidation state is from +1 to +5. Electronegativity
is 1.6.
In a free form, niobium is a refractive lightgray metal. It is body-centered cubic, space group
I m3̄m (Oh9 ); a = 0.32941 nm at 298 K. Density is 8.578 g/cm3 , Tmelting = 2742 K, Tboiling ≈
5050 K. Heat of melting is 26.8 kJ/mole, heat
of evaporation is 698 kJ/mole. Speciﬁc heat is
273 J·kg−1 ·K−1 (at 373 K), 33.5 J·kg−1 ·K−1
(at 1673 K). Linear thermal expansion coefﬁcient is 7.2·10−6 K−1 (at 273 to 373 K). Coefﬁcient of heat conductivity is 13.0 W·m−1 ·K−1
(at 293 K). Debye temperature is 250 K. Adiabatic elastic moduli of monocrystal: c11 = 246.5,
c12 = 134.5, c44 = 28.7 GPa. Young’s modulus is
≈130 GPa (at 298 K), shear modulus is ≈50 GPa,
Poisson ratio is ≈0.365. Tensile strength is
350 MPa (niobium of technical purity). Yield
point is 273 MPa. Relative elongation is 50%.
Hardness of niobium of technical purity is 1000 to
1600 MPa. Linear low-temperature molecular heat
capacity coeﬁcient is 7.79 mJ·mole−1 ·K−2 . Electrical resistivity is 15.24·10−8 ·m. Polycrystal
work function is 4.01 eV. Ionization potential is
6.77 eV. Superconducting transition temperature
Tc = 9.22 K. Thermal neutron trapping crosssection is 1.15 barn. Nuclear magnetic moment of
93 Nb is 6.144 nuclear magnetons. Niobium is a
component of alloys which are heat-resistant, and
of structural materials for reactor building, chemical industry, and other areas.
NITRIDES (fr. Gr. νιτρoν , soda, saltpeter, and
ειδoς , kind)
Chemical compounds of nitrogen with metals

and nonmetals. Nitrides of nonmetals are ordinarily covalent compounds; nitrides of the transition
metals with a deﬁcit of nitrogen are semiconductors, and those with a saturated composition possess metallic bonds; nitrides of the alkaline-earth

and alkali metals are ionic-covalent compounds.
Nitrides of transition metals are interstitial phases
having their structure based on the lattice of the
metal atoms, with nitrogen atoms located at octahedral or tetrahedral sites. Phases of Me4 N
(Me is alkali metal) are usually face-centered cubic, Me2 N is generally hexagonal, and MeX can
be either face-centered cubic, body-centered cubic, or hexagonal.
All nitrides are brittle materials, they are not as
hard as carbides, although cubic boron nitride is
inferior only to diamond in its hardness (60 GPa).
Nitrides are produced by synthesis from the elements, by interacting metals with ammonia, by
reduction of oxides in the presence of nitrogen,
by thermal dissociation of compounds containing
a metal atom and nitrogen (TiCl4 ·4NH3 ), and by
deposition from the gas phase. Nitrides are used in
various ﬁelds of engineering as refractory materials (BN, AlN, Si3 N4 , TiN), as electrical insulators
(BN, Si3 N4 ), as radio-frequency transparent materials (Si3 N4 ), and as abrasive and cutting materials (BNcub , Si3 N4 ). See also Aluminum nitride,
Silicon nitride, Boron nitride.
NMR

See Nuclear magnetic resonance.
NOBELIUM, No
See Transuranium elements.
NOBLE METAL ALLOYS

Alloys obtained by fusion of silver (Ag), gold
(Au), ruthenium (Ru), rhenium (Rh), palladium
(Pd), osmium (Os), iridium (Ir), and platinum (Pt),
both with each other and with other metals (less
often with nonmetals). Known are single-phase
noble metal alloys (solid solutions, chemical compounds) and multiphase ones. The metals form
substitutional alloys with close-packed crystalline
structures (hexagonal close-packed structure for
solid solutions based on Ru and Os, and face
centered cubic for the remaining ones). Phase
transitions are possible in noble metal alloys:
atomic alloy ordering, decomposition of oversaturated solid solutions and structural phase transitions. The changes of crystalline and electronic

NOISE

structure occur at the formation of the solid solutions and chemical compounds, and at phase transitions. As a result, some properties of component noble metals may improve and new properties may appear. For instance, the alloys of Pd
and Ir in the middle part of their phase diagram
have the coloration from light yellow to golden
and then to pink-violet. Some alloys of paramagnets Pd and Rh are ferromagnets (see Ferromagnetism). The alloys Au–Cu–Ag are stronger than
each individual component (solid-solution hardening), while the decomposition of the solid solutions may result in a severalfold increase of their
yield limit. The use of noble metal alloys is conditioned by their unique physical and chemical
properties: high stability to oxidation, corrosion resistance, high-temperature strength and thermalenvironment resistance, beautiful color and others. Noble metal alloys are used in engineering
(for electrical contacts, critical-duty resistors and
potentiometers, for thermocouples operating in an
oxidizing medium, for permanent magnets, for
the supports of axes of measuring devices, for their
elastic elements, etc.). These alloys are often more
efﬁcient than pure noble metals as catalysts and
construction materials.
NOBLE METALS
A group of metals with especially low chemi-

cal activity.
These are Ag and Au, and metals of the platinum group Ru, Rh, Pd, Os Ir and Pt that belong
to Group VIII of the periodic table. Ag and Au
are highly plastic; and the other noble metals are
notable by their refractory properties (T melting ≈
1800 ◦ C or higher). Most of the noble metals form
solid solutions at mutual melting, e.g., Au and Ag
(face-centered cubic lattice), Os and Ru (hexagonal lattice). Good electrical conductivity, corrosion resistance, high melting temperature and high
reﬂectivity of noble metals and their alloys determine their wide applications including various
contacts, resistors with low thermal coefﬁcient and
thermoelectromotive force (paired with copper).
Coatings of Au 0.01–0.02 mm thick are applied to
the outside surface of spaceships and satellites to
improve the reﬂection of the solar electromagnetic
radiation. High quality mirrors are made of Ag.
Pure platinum and its alloys are used in thermometry (resistance thermometers, thermocouples). The
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wear resistant parts of instruments (e.g., compass
needles) are made of Os and Ir alloys. The alloy
of Pt (90%) with Ir was used to manufacture the
standards of the meter and kilogram.
NOISE in semiconductors
Fluctuations of currents I (or voltages) in semi-

conductors which are due to the random nature of
current carrier motion, ﬂuctuations of carrier number, and also the discrete character of the electrical
conductivity process. Because of their frequent collisions with phonons and lattice defects, electrons
and holes move like Brownian particles. Their ve-

locity ﬂuctuations result in inducing electromotive
forces associated with thermal noise. Often, in addition, shot noise occurs in semiconductors. For
example, it is observed when current carriers surmount the barriers in semiconductor junctions. The
individual barrier crossings occur discretely, independently of each other, and lead to uncorrelated
current impulses if an external voltage is applied
to the barrier.
Generation–recombination noise has a similar
character when the number of current carriers, and
therefore, the crystal resistance δR ﬂuctuates. In
this case there appears electromotive force noise
δE = I δR. In many-valley semiconductors, intervalley noise is observed. It results from the occasional electron transitions from one valley to
another. The total number of current carriers is
invariant, however, their effective mobility ﬂuctuates, because the mobility of carriers differs in inequivalent valleys.
The resistance of semiconductors depends also
on a number of additional physical quantities, the
factors which induce the ﬂuctuation of δR, and
the excitation of electromotive force noise. Often
these are referred to as current noise, since in contrast to thermal noise, they exist only for I = 0.
Flicker noise, telegraph noise (popcorn noise), and
also noise due to the ﬂuctuations of current carriers or of the crystal lattice temperature, involve
this type of noise. These varieties of noise are
spatially nonuniform. Their evolution is described
by a diffusion-type equation. Its solution and the
spectral density of noise depend on the boundary
conditions, and the system dimensions. Also there
are local carrier concentration ﬂuctuations in the
bulk semiconductor, as well as in the density of
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NOISE IN ELECTRONIC DEVICES

the two-dimensional gas adsorbed by its surface,
and these have a diffusive character. The investigation of noise is useful for semiconductor diagnostics, for determining their parmeters, for designing
low-noise devices, and for selecting optimum operating conditions.
For different varieties of noise, see also Barkhausen noise, Generation–recombination noise,
Telegraph noise, Flicker noise, Intervalley noise,
Shot noise.
NOISE IN ELECTRONIC DEVICES
Voltage (or current) uctuations in electronic

devices due to their internal structure and properties. There are also occasional disturbances from
external sources, referred to as interference. Noise
arising in sensitive ampliﬁers or converters restricts the attainment of maximum sensitivity.
Noise may also appear in devices with a high signal level, such as ampliﬁers or generators. Here
the noise may show up as amplitude and phase
ﬂuctuations of the main signal. The inﬂuence of
interferences, and also noise due to the instability of device parameters, may be decreased by
selective improvements. At the same time noise
such as the thermal type, shot noise (see Noise),
generation–recombination noise, which are due to
fundamental random-type processes, affect device
operation. As a rule, it is impossible to diminish
the amplitude of these noises without changing
the device working characteristics. The search for
low-noise devices led to the choice of those based
on the Josephson effect, on principles of quantum
electronics (masers), on parametric processes, etc.
Such devices have a high sensitivity for measurements of magnetic ﬁelds, voltages, currents. Also
they can amplify extremely weak signals. See also
Superconductor electronics.

the conductor. When a conductor is in thermodynamic equilibrium with a thermostat at temperature T , then T = Tn . Eq. (1) for Sω represents the
Nyquist formula (H. Nyquist, 1928). Consider an
ideal resistor with a resistance equal in value to
that of the matched load of a system. The noise
temperature Tn is the temperature to which the
ideal resistor must be raised to generate the same
noise as the load. At this temperature the spectral density of the ideal resistor noise equals the
spectral density of the load resistor noise under
study. This fact is often used for the measurement
of noise temperature. A departure of noise temperature from the ambient temperature T demonstrates the nonequilibrium character of the ﬂuctuations. The value of Tn may be used when estimating the extent of the warm-up of current carriers
(see Electron heating).
NONCENTRAL IONS, off-center ions

Substitutional impurity ions with their equilibrium positions displaced off lattice sites. Such a
displacement usually occurs along a crystal symmetry direction, and is often accompanied by the
appearance of a dipole moment oriented along the
impurity atom displacement. Thermal or tunnel
jumps between different equivalent positions are
possible, and there appears an inversion splitting
between the vibrational levels of the impurity. The
simplest possible example is the inversion splitting
in a double well potential (see Fig.). The value of
such a splitting, Δ, usually lies within the energy
range corresponding to Δ = 20 K. Similar to dipolar molecules such as OH− , noncentral ions may
orient themselves in both external and internal
electric ﬁelds. The presence of noncentral ions signiﬁcantly alters the properties of crystals (anomalies arise in speci c heat, thermal conductivity,

NOISE TEMPERATURE

Physical quantity Tn , which is a measure of the
noise power in conductors (resistances). It is de-

ﬁned by
Sω = 2kB Tn R(ω),

(2)

where Sω is the spectral density of the electromotive force u ctuation in an electrical conductor,
kB is the Boltzmann constant, R(ω) is the resistive component of the differential impedance of

Inversion splitting, Δ, of the vibration levels in a doublewell potential (±x0 are the positions of the minima).

NONCRYSTALLINE CLUSTERS

sound absorption; special features appear in Raman and IR spectra; dielectric, magnetic, and other
properties change). These characteristics of a crystal with impurities demonstrate experimentally the
noncentral nature of the impurities. The following noncentral ions are known: Li+ in KCl, RbCl,
KBr; Cu+ in KCl, RbCl, RbBr, KBr, RbI, KI,
NaI; Ag+ in RbCl, RbBr; F− in NaBr. Because
of the presence of certain features in their electron paramagnetic resonance spectra, some other
impurities are thought to be noncentral: Mn+ in
KCl; Mn0 in NaCl; Cu0 in KCl; Mn2+ in BaO;
Eu2+ in RbCl; Ti3+ in LiF; Ag0 in KCl; Cu2+
in SrO, etc. Noncentral ions are actively studied
in more complex compounds that undergo structural phase transitions or hover near their stability thresholds. For example, some impurity ions in
virtual ferroelectrics are noncentral (e.g., Li+ and
Na+ in KTaO3 ; Ge2+ in PbTe). The inﬂuence of
noncentral ions on physical properties is particularly noticeable in these strongly polarizable lattices. In particular, noncentral ions determine the
width of the central peak in the order parameter
ﬂuctuation spectrum, and may induce a ferroelectric phase transition. Parameters characterizing the
direction, n and magnitude r0 of the displacement
of the best studied noncentral ions are for Li+ in
KCl: n||[111], r0 ≈ 0.1 nm; for Li+ in KTaO3 :
n||[100], r0 ≈ 0.1 nm. An impurity ion can become noncentral when it experiences weaker repulsion and stronger polarization forces compared
to those affecting the substituted lattice ion. That is
why impurities with similar ionic radii and higher
polarizability than the substituted ions usually become noncentral. From the point of view of electronic structure, noncentral formations should be
expected when one ﬁnds energy levels of opposing parities in close proximity to each other. In
that case, the displacement of the impurity off the
site can be energetically favorable due to the Jahn–
Teller effect. In highly polarizable insulators, such
a displacement may take place below a certain
temperature Tloc . Sometimes, such a situation is
conditionally called a local phase transition or local freezing. Actually no freezing occurs; instead,
the ion slowly reorients between the different minima below Tloc . Typically the height of the activation barrier is temperature-dependent. This situation may also be encountered in common weakly
polarizable lattices.
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Curve crossing possibilities: (a) intersecting dispersion
curves, and (b) degeneracy removed.

NONCROSSING RULE

Crossover (see Fig. (a)) between two dispersion curves (see Dispersion law) corresponding to
two different types of waves or elementary excitations. The crossing only occurs if the interaction between these waves is neglected, so that
a formal degeneracy results, not involving symmetry considerations. Taking into account such
an interaction usually lifts this degeneracy, and
the excitation spectrum rearranges so that the dispersion curves move apart from each other. The
new (renormalized) dispersion dependences have
no crossings, as shown in Fig. (b). A physical example of a noncrossing rule is given by Magnetoacoustic resonance.
NONCRYSTALLINE CLUSTERS, anticrystalline
clusters

Connected sets or groupings of atoms from
which a crystal structure cannot form because
its formation would violate translation symmetry. Polyatomic noncrystalline clusters featuring
maximum average atomic binding energies are
probable structural elements of amorphous bodies.

Noncrystalline clusters.
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NONDESTRUCTIVE TESTING TECHNIQUES

Among the noncrystalline clusters are, e.g., a regular tetrahedron consisting of four atoms (Fig. (a)),
an icosahedron containing 12 atoms (Fig. (b)),
a dodecahedron containing 20 atoms (Fig. (c)),
a Mackay icosahedron (A.L. Mackay, 1952), containing 55 atoms, a Buckyball or fullerene C60
containing 60 carbon atoms, and many others.
NONDESTRUCTIVE TESTING TECHNIQUES

Techniques for testing metals, as well as semiﬁnished and ﬁnished items, for their compliance
with established speciﬁcations to be sure they are
suitable to be used for their designated purposes,
without harming them. The nondestructive testing
methods that are often used are as follows:
(1) a magnetic technique based on analyzing a
magnetic ﬁeld interaction with the sample,
(2) an electric technique based on recording parameters of an electric ﬁeld interacting with the
sample, or such a ﬁeld generated in it under
the effect of some external factor,
(3) an eddy current technique based on analyzing the interaction of the electromagnetic ﬁeld
produced by an eddy current transformer with
that of eddy currents induced in the sample,
(4) a radio wave technique based on recording the
changes in the parameters of radio band electromagnetic waves interacting with the sample,
(5) a thermal technique based on recording
changes in temperature ﬁelds of the sample,
(6) an optical technique based on recording the
parameters of optical radiation interacting
with the sample,
(7) a radiation technique based on recording and
analyzing penetrating ionizing radiation after
it interacts with the sample,
(8) an acoustic technique based on recording the
parameters of elastic waves generated by or
originating in the sample, and
(9) a penetration technique based on the penetration of particular substances into the defect
cavities of the sample.
Both active and passive nondestructive testing
techniques are used. In the former case the sample
is exposed to the action of an external (auxiliary)
energy source which produces the data reporting
signal, and in the latter case the origin of this signal is the sample itself. These techniques involve

recording the measured parameter data either during direct contact of the sensor element with the
sample (contact nondestructive testing technique),
or while there is no such contact (noncontact nondestructive testing technique). The capabilities of
these techniques depend on their sensitivity, resolution, adequacy of data, and reliability of instrumentation and procedures.
Nondestructive testing types can be classed
as to the methods (algorithms) used to calibrate
the monitored parameter against a prescribed reference; physical phenomena or laws underlying
these techniques; the kind of sensors and transducers used; the type of interaction between the
monitoring device and the sample; the methods
used to recover the values monitored; the kind
of instrumentation used; the information parameter of the measured data signal; the properties
of the sample used for the purpose. Nondestructive testing also includes defectoscopy, structuroscopy and structurometry, thickness gauging, endoscopy, etc. Nondestructive testing is used in
various industrial technological processes and research practice.
NONEQUILIBRIUM SUPERCONDUCTIVITY

A special state of a superconductor developed
under the action of external ﬁelds on one of its subsystems – either the electron, the phonon, or the
Cooper pair condensate. The structure and properties of nonequilibrium superconductivity are determined by both the type of external action that is
applied, and the physical parameters and geometry
of the superconductor. To induce this phenomenon
the following types of external action are commonly used: ultrasonic or electromagnetic ﬁelds,
tunnel injection or extraction of monoenergetic
quasi-particles, electric current running through
either the normal metal–superconductor interface,
or through thin superconducting threads. When the
ﬁelds are weak enough one may apply the following kinetic equations for the nonequilibrium distribution functions of the electrons fε and phonons
Nω :
∂fε
= Iep {ε, fε , Nω } + Iee {fε } + Iei {ε, fε }, (1)
∂t


∂Nω
= Lpe {ω, Nω , fε } + Lpi ω, N(ω)
∂t
(2)
+ Lpp {ω, Nω },

NONEQUILIBRIUM SUPERCONDUCTIVITY

where Iep , Iee , Iei are electron–phonon, electron–
electron, and electron–impurity collision integrals;
and Lpe , Lpp , Lpi are phonon–electron, phonon–
phonon, and phonon–impurity collision integrals,
respectively. This system of equations is subject to
the self-consistency condition for the nonequilibrium energy gap, Δ,
 1 − 2f (Ek )
,
(3)
I = VC
2Ek
k

where Ek = (ξk2 + Δ2 )1/2 ; VC is the standard

electron–electron attraction potential. In a layer
of width ωD (ωD is the Debye frequency), the
latter has a constant positive value in the vicinity of the Fermi surface; ξk is the kinetic energy of an electron with momentum P referred to
the Fermi level. The parameter of the energy gap,
which, according to Eq. (3), depends on the function f (Ek ), may increase as a result of the external action. The effect of broadening the energy gap
(as well as increasing other superconductor critical parameters) experienced under the action of either photons or phonons has been experimentally
observed, and was named the Eliashberg effect.
When the external ﬁeld is switched off, the energy
gap relaxes back to its equilibrium value within
the time τΔ = 1.2τE /[I − (T /Tc )]1/2 (here τE
is the time of the electron energy relaxation,
and Tc is the critical temperature of superconductors). For T → Tc , the quantity τΔ diverges as
(1 − T /Tc )−1/2 . When charged particles are injected into the superconductor (e.g., through the
tunnel barrier I of a superconductor–insulator–
superconductor tunnel junction), the energy gap
width does not change, only the phase of the order parameter changes. The total charge of the superconductor remains unchanged since the change
in the charge of quasi-particles, Q∗ is compensated by a change in the charge of the condensate.
Essentially, nonequilibrium superconductivity results from an imbalance between the populations
of the electron and the hole branches of the spectrum, when the pairs of electron excitations recombine into a superﬂuid Bose condensate, forming Cooper pairs and hole excitation pairs. The
quantitative characteristic of such a charge imbalance is given by the difference between the
chemical potentials of quasi-particles μn and the
condensate, μS , respectively. The expression for
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the relaxation time of the charge imbalance has
the form τQ = 4kB Tc τE /(πΔ). For T → Tc , the
quantity τQ diverges as (1 − T /Tc )−1/2 , thus
impeding the transfer of the charge from quasiparticles to the condensate.
The nonequilibrium distribution function for
electrons f (Ek ) may be evaluated experimentally
using the S–I–S tunnel junctions and measuring the
current–voltage characteristic I (V ):
I (V ) =

2
eR

∞
ρ(E)ρ(E + eV )
× f1 (E) − f2 (E + eV ) dE, (4)

where R is the junction resistance, ρ(E) is the
density of states in the superconducting electrodes
S of the junction. We have for an isotropic superconductor ρ(E) = |E|/(E 2 − Δ2 )1/2 . Usually a
double tunnel junction of the type S1 –I –S2 –I –S3
is used, where one of them (e.g., S1 –I –S2 ) is
low-ohmic and is called the injector (or generator), while the other one is a high-ohmic detector.
When a constant bias voltage V is applied to the
S1 –I –S2 junction, this results in an intense injection of monoenergetic electrons (or holes) into the
superconducting electrode S2 resulting in a nonequilibrium change in their distribution function
f2 (E). The latter is then recorded at the S2 –I –S3
junction by measuring its current–voltage characteristic. The explicit form of ρ(E) is determined
using Eq. (4). In a similar way the electron distribution function is determined when the superconductor ﬁlm is bombarded by photons. Additional
information about nonequilibrium superconductivity is obtained by studying the effects that result
from the nonequilibrium properties of the superconducting order parameter, including its relaxation behaviour. Techniques used to evaluate order parameter relaxation times include subjecting
the superconductor to pulses of current, to injection of quasi-particles, and also to laser and thermal pulses. For example, one may exploit the fact
that the maximum value of the current Idc that
may run through a superconducting sample without bringing it back to its normal state depends on
the angular frequency ω and the amplitude of the
applied alternating current, Iac . Measurements of
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the temperature dependence of Idc made it possible to evaluate the relaxation time of the order parameter. The value of τΔ thus found for aluminum
samples at temperatures close to Tc appeared to
be proportional to (I − T /Tc )−1/2 , which agrees
well with theoretical models.
NONERGODICITY

Discrepancy between the results of averaging
various physical characteristics of a system over
time and over the Gibbs distribution. Nonergodicity is typical of spin glasses and other amorphous
magnetic materials; it is found in systems featuring continuous spectra of their relaxation times
when the duration of an experiment is shorter than
the longest relaxation time. A continuous spectrum of relaxation times is due to the inﬁnite
degeneracy of the ground state of a spin glass,
when averages must be calculated in two stages.
First, averaging is done over each of the degenerate states, and then over their ensemble, taking
account of the probability of each. Many physical variables (e.g., magnetic susceptibility, speci c heat) become non-self-averaging with their
ﬂuctuations characterizing the degree of the system nonergodicity. That is why, when allowing for
the nonergodicity of spin glasses, they are to be
described by an inﬁnite number of the order parameters that deﬁne the overlap of local frozen
magnetic polarizations in various states. Nonergodicity results in a large number of irreversible
phenomena in spin glasses, in some other amorphous magnetic materials with their lack of equilibrium, and also in memory and aging phenomena, etc., all of them experimentally observed.
NONLINEAR ACOUSTIC EFFECTS

Phenomena originating in an acoustic ﬁeld
with high sonic amplitudes. Among these phenomena are, for example, distortions of the sine
proﬁle of longitudinal elastic waves, L, near their
source in solids, and the generation of harmonics.
This phenomenon (self-action of acoustic waves)
takes place due to the anharmonic vibrations of
a crystal lattice, and resultant deviations from
Hooke’s law. If there is no sound velocity dispersion and the sound absorption remains weak then
the nonlinearity, although small in itself, will result in the accumulation of wave shape distor-

tions along its propagation path. The absorption of
such a wave is much stronger than that of a linear
wave (nonlinear sound absoption). Interactions
between several elastic plane waves (phonons) result, apart from the self-action effect of each individual wave, in the appearance of waves at combination frequencies. If synchronism conditions are
satisﬁed in a solid (energy and quasi-momentum
of phonons conserved), both longitudinal L and
transverse T waves propagating at different velocities interact with each other. Examples of nonlinear acoustic effects in solids are Raman scattering of sound by sound; generation of harmonics of T waves (“forbidden” by nonlinear elasticity
theory but appearing because of dislocations and
internal mechanical stresses); nonlinear polarization effects; generation of higher harmonics of surface acoustic waves, etc. As far back as in 1937,
Landau and Rumer constructed a theory of highfrequency sound absorption (∼109 Hz) at low
temperatures (∼20–70 K) in insulators satisfying
the condition kl 1 (k is the sound wave vector,
l is the mean free path of thermal phonons), based
on nonlinear interactions of coherent phonons
(sound), and thermal phonons subject to synchronism conditions. Akhiezer did the same in 1938
for ultrasonic frequencies at room temperature
when the condition kl  1 is satisﬁed. The ﬁrst
experiments on coherent phonons to prove the existence of a three-phonon interaction, and in particular the generation of harmonics in solids, were
reported in the early 1960s. In piezosemiconductors (e.g., CdS), a strong electroelastic nonlinearity may develop under certain conditions due
to the piezoelectric effect (see Piezoelectricity),
while magnetically ordered crystals (e.g., antiferromagnets, haematite) may display a strong magnetoelastic nonlinearity due to magnetostriction.
These “mixed” nonlinearities exceed the lattice
(elastic) nonlinearity by 3–4 orders of magnitude,
and considerably improve the performance of various nonlinear devices that process radiosignals in
acousto-electronics and magnetoacoustics (correlators, convolution devices, ﬁlters, solid-state ultrasonic delay lines). Such devices play a significant role in developing new measurement techniques in solid state physics.

NONLINEAR MAGNETOACOUSTIC RESONANCE

NONLINEAR ELASTICITY THEORY

Part of elasticity theory treating large elastic strains. Within nonlinear elasticity theory, the
strain of a medium is characterized by the displacement vector of its elements, ui , and by the strain
tensor,
uik =



1 ∂ui
∂u
∂u ∂u
+ k + l l ,
2 ∂xk
∂xi
∂xi ∂xk

while its state of stress is described by the stress
tensor, σik . The energy density of the elastic strain
W is considered to be a function of the components of the tensor uik (the free energy density
or some other thermodynamic potential is used
for W at ﬁnite temperatures). By virtue of the
requirement of invariance, W depends on algebraic invariants composed from uik (see Elasticity theory invariants). In isotropic media (see
Isotropy), such invariants are the coefﬁcients I1 ,
I2 , I3 of the polynomial P (x) = |xδik − uik |
= x 3 − I1 x 2 + I2 x − I3 . The deﬁning expressions
that relate strains to deformations have the form
σik = I −1/2 (∂W/∂uik ), where I = |δik + 2uik |.
These expressions may be written explicitly if
one chooses some form for the function of invariants W . The following simpliﬁed deﬁning equations are sometimes used in mechanics for nonlin =
ear elastically isotropic media: σ = f (u), σik



g(u )uik . Here σ = (1/3)σll , u = (1/3)ull , σik

and uik are the stress deviator and the strain deviator, respectively. Further, u = (2/3)(I12 − 2I2 )1/2
is the intensity of shear strain, while the functions f (u) and g(u ) depend on the nature of the
medium and are evaluated empirically (in a linear case, we have f = 3K, g = 2μ, where K
and μ are the bulk modulus and shear modulus).
In the physics of solids, W is usually constructed
by the successive approximation method: W =
Wlin + W  + W  + · · ·, where Wlin corresponds to
the linear elastic case, and W  , W  , . . . are the corrections to Wlin of increasing order in uik . In that
case, the relation between σik and uik may also be
written down directly from symmetry considerations. Nonlinear deﬁning equations for crystals are
often used in the form W = (1/2)ciklm uik ulm +
(1/6)ciklmnp uik ulm unp , where ciklm and ciklmnp
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are elastic moduli of order 2 and 3. The deﬁning
equations for isotropic materials in the second order of elasticity theory have the form:
σik = λull δik + 2μuik




λ 2
ν
+
hlm + 1 − λ u2ll + ν2 u2lm δik
2
2
+ 2(λ − μ + ν2 )ull uik + μhil hkl
+ 4(μ + ν3 )uil ukl ,
where hik = ∂ui /∂xk ; λ, μ, ν1 , ν2 , ν3 are the
elastic moduli. Nonlinear elasticity theory is used
to calculate the state of stress of highly deformed
bodies (e.g., shells). It is also used in the physics of
solids to analyze the propagation of shock waves
and strong ultrasonic waves, and to calculate nonlinear effects in crystals containing dislocations
(e.g., dilatations), etc.
NONLINEARITY, MAGNETODYNAMIC

See Magnetodynamic nonlinearity.
NONLINEAR MAGNETOACOUSTIC
RESONANCE

A ﬁrst-order parametric phenomenon, in which
uniform oscillations of the magnetization occurring in a magnetically ordered medium under the
action of external pumping, as a result of a nonlinear magnetoelastic interaction, excite a spin
wave with the frequency ωk , as well as an elastic vibration of the sample with the frequency ωa .
The pumping frequency, ω, is ω = ωk + ωa , with
ωk ∼ ω ωa . The effect occurs in any clean system, such as a two-dimensional electron gas in
the quantum Hall effect regime. It is observed in
high-quality ferrite monocrystals at a pumping frequency near ≈10 GHz. The elastic frequencies
of a body depend on its dimensions, and usually
are in the range of MHz, with threshold pumping
power as high as few mW for perfect monocrystals of yttrium–iron garnet. Other magnetic oscillations may serve for pumping, such as parametrically excited spin waves (nonlinear secondary
magnetoacoustic resonance, see also Parametric
excitation of spin waves).
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Table 1. Crystal system (syngony) and applications of some common nonlinear-optical crystals
Substance

Chemical formula

Syngony

Applications

Ammonium dihydrogenphosphate
Potassium dihydrogenphosphate
Barium titanate
Iodic acid
Lithium niobate
Barium–sodium niobate (“banana”)
Barium–strontium niobate
Indium antimonide
Gallium arsenide

NH4 H2 PO4
KH2 PO4
BaTiO3
HIO3
LiNbO3
Ba2 NaNb5 O15
BaSrNb4 O12
InSb
GaAs

Tetragonal
Tetragonal
Tetragonal
Rhombic
Trigonal
Rhombic
Tetragonal
Cubic
Cubic

SHG, PG, M
SHG, PG, M
SHG, M
SHG
SHG, IO, M, PG
SHG
SHG
OBD, SMRS
IO, M, OBD

Note: SHG, second harmonic generator; PG, parametric generator; M, electro-acoustic modulators and deﬂectors; IO, integrated optics; OBD, optical bistable devices; SMRS, stimulated magnetic Raman (“spin-ﬂip”) scattering.

NONLINEAR MEDIUM

A medium in which wave self-action and wave
interaction take place. The principle of superposition no longer applies in a nonlinear medium.
Waves do not propagate independently through
such a medium; rather their interaction produces
changes in the wave ﬁeld which depend on the parameters of the initial waves. This interaction results from the effects waves themselves have upon
the characteristics of the medium. Nonlinear properties of a medium become important when the
medium is subjected to highly intense excitation,
so that the approximation of linear response is no
longer applicable, and the reaction of a medium
to external factors is determined by its nonlinear
susceptibilities. In addition, such nonlinearity may
result from the change in the parameters of the
medium affected by the wave ﬁelds, e.g., when
electrons redistribute themselves between their allowed energy levels during excitation, when the
medium experiences heating or compression under the action of an external factor, etc. Various nonlinear media may display optical, acoustic,
magnetic, and other effects. Waves of a different
nature and origin, e.g., acoustic and light waves,
etc. may also interact with each other in nonlinear
media.
Many semiconductors, ferroelectrics, and
piezoelectric materials are essentially nonlinear
solids. Nonlinear materials are used in lasers, realtime holography, and semiconductor devices. See
also Nonlinear optics, Acousto-optics, Acoustoelectronics, Parametric excitation of spin waves.

NONLINEAR-OPTICAL CRYSTALS
Crystals used in nonlinear optics for both dis-

crete and continuous (parametric) transformation
of the frequency of laser radiation. Table 1 lists
the characteristics of some common nonlinearoptical crystals. These provide transformation efﬁciencies of tens of percent (even up to 90–95%) for
pulse output powers up to hundreds of gigawatts.
Nonlinear-optical crystals are most often used for
the second harmonic generation in neodymium
laser radiation (see Solid-state lasers).
Concerning their properties, nonlinear-optical
crystals are expected to absorb light in their operational optical range, and at the same time yield
the highest attainable optical uniformity and durability. See also Potassium titanylphosphate.
NONLINEAR OPTICS of solids

Branch of nonlinear optics studying the interaction of intense light with crystals. This involves such processes as second harmonic generation, parametric generation (see Optical parametric
oscillator), multiphoton absorption (see Multiphoton processes), stimulated Raman scattering (see
Induced light scattering), self-action of light waves,
etc. Nonlinear optics became important after the
invention of lasers. Ordinary optical processes in
crystals involve a linear relationship between the
polarization, Pa and the ﬁeld strength E of the
electromagnetic wave: Pa = χab Eb , where χab
is the linear susceptibility. This follows from the
harmonic oscillator approximation that is valid for
weak ﬁelds, E  Ei , where Ei is the internal
atomic electric ﬁeld associated with the chemical

NONLINEAR PYROELECTRIC

bonds, ∼107 –108 V/cm. Laser ﬁelds reach the
levels of E ∼ 106 –107 V/cm and higher, coming close to Ei . Stimulated oscillations of a bound
electron affected by such a ﬁeld become noticeably anharmonic, which results in a nonlinear dependence of P on E. For E/Ei < 1, one may represent this dependence as a power series:
(1)

(2)

(3)

Pa = χab Eb + χabc Eb Ec + χabcd Eb Ec Ed + · · ·
= Pal + Panl ,

(1)

(1)

where Pal = χab Eb ; Panl are higher-order terms:
(2)
(3)
χabc , χabcd are quadratic, cubic etc. nonlinear
susceptibilities. As for their order of magnitude,
χabc ∝ 1/Ei , χabcd ∝ 1/Ei2 . Typical numerical
values for insulators in the transparency region
are: χ (1) ∼ 1, χ (2) ∼ 10−11 –10−12 m/V; χ (3) ∼
10−21 –10−22 m2 /V2 . These are tensor quantities
characterizing the properties of a crystal medium.
By symmetry 3rd, 5th and higher odd-rank tensors
vanish for crystals with a center of symmetry, and
χ is nonzero for every rank when there is no center
of symmetry.
A nonlinear dependence of the polarization of
the medium on the ﬁeld strength results, accordingly, in a nonlinear dependence of the electric ux
density, D on the ﬁeld E (in CGS units):
Da = Ea + 4πPa
= Ea + 4π(χab Eb + χabcd Eb Ec Ed + · · ·).
(2)
This, in its turn, brings about dependences of the
dielectric constant ε and refractive index n on E:

n(E) = n0 + n2 E 2 + · · · .

(3)

The dependence n(E) results in phenomena such
as self-focusing and self-defocusing of a light
beam in a nonlinear medium. Terms in Eq. (1),
nonlinear in E, describe basic nonlinear optical
processes. Thus, the term χabc Eb Ec is responsible for generation of the second harmonic (frequency doubling); χabcd Eb Ec Ed for the third
harmonic, i.e. parametric oscillation, and these
provide the dependence n(E). In fact the term
χabcd Eb Ec Ed also contains an intensity-dependent absorption correction accounting for twophoton light absorption. Nonlinear susceptibilities
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and related optical nonlinearities in solids are pronounced due to the large concentration of particles in a unit volume. They sharply increase as the
frequency of the electromagnetic wave approaches
either an exciton, or a band-to-band resonance frequency. In addition, there are other mechanisms
responsible for the nonlinearity of refraction of
light in crystals, not related directly to P nl , such as
electrostriction, laser heating of the medium, input
from free electrons, etc. Free carriers excited during either single-photon two-photon absorption,
produce a strong nonlinearity of n(E) in semiconductors. Diffusive redistribution of charges in photorefractive crystals, such as LiNbO3 , Bi12 SiO20 ,
BaTiO3 , etc. results in the generation of an electrostatic ﬁeld that produces a change in the refractive index via the linear Pockels effect.
Applications of nonlinear phenomena in solids
include light frequency multiplication, tunable optical parametric oscillators, control of spatial and
temporal characteristics of laser beams, etc. Birefringent nonlinear crystals can efﬁciently match
the phase velocities of both fundamental and
frequency-doubled waves, and several tens of percent efﬁciency can be achieved in frequency doubling using the crystals potassium- and ammonium-dihydrogen phosphate, as well as LiNbO3 ,
LiIO3 , BaNaNb5 O15 , ZnGeAs2 , CdGeAs2 ,
ArGaSe, and others.
The enhanced nonlinearity of refraction in
semiconductors and photorefractive crystals (see
Photorefraction) makes possible highly effective
recording of dynamic phase holograms (see Realtime holography), for wave front reversal, and for
producing bistable optical elements (see Optical
bistability). Other applications include devices to
control the parameters of laser radiation, and to develop purely optical communication systems and
computers.
NONLINEAR PYROELECTRIC

A pyroelectric substance (see Pyroelectric materials) featuring a spontaneous reversible polarization by an electric ﬁeld (see Ferroelectricity).
The temperature dependence of this polarization
is nonlinear at the phase transition point. Ferroelectrics which display a strong spontaneous polarization temperature dependence are called nonlinear pyroelectrics. Above the phase transition
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NONLINEAR SCHRÖDINGER EQUATION

point the pyroactivity drops sharply or vanishes
altogether, and below this point ferroelectrics display their maximum pyroactivity, and are mainly
used as sensitive elements in pyroelectric radiation
detectors. When detecting and measuring weak radiation ﬂuxes in narrow temperature ranges, the
pyroresponse is a quasi-linear function of the incident radiation ﬂux. Nonlinear pyroelectric materials are used for high sensitivity receivers.
NONLINEAR SCHRÖDINGER EQUATION
See Soliton.
NONLOCAL DENSITY FUNCTIONALS

Quantities used to calculate the exchangecorrelation energy of a nonuniform electron gas
(see Correlation energy). Nonlocal density functionals are characterized by the dependence of
the energy density at a given point on the electron density distribution at other points. These
functionals are classiﬁed into gradient functionals and appreciably nonlocal functionals. Gradient nonlocal density functionals have the density
of the exchange correlation energy expressed via
the electron density itself and its gradient at the
same point. Two types of nonlocal density functionals are used: the Langreth–Mehl nonlocal density functional and the generalized density expansion (both nonlinear in the gradient squared).
Among the appreciably nonlocal functionals the
most prevalent involves the so-called weighted
density approximation which uses the exchange
correlation energy expressed via its binary correlation function. The weighted density approximation
provides high accuracy and yields correct limits
for both single-electron systems and a free electron gas, yet lags far behind the local and the gradient functionals in their simplicity of implementation. See also Density functional theory.
NONMAGNETIC MATERIALS
Materials with a relative magnetic permeability

below μ = 1.5, and in most cases below μ = 1.1.
Among the most prevalent nonmagnetic materials are nonferrous metals and alloys (copper, aluminum, bronzes, brasses, aluminum alloys), nonmagnetic steel and cast iron, as well as semiconductors, excluding ferromagnets and ferrimagnets,
insulators like ionic crystals, and most organic
compounds.

NONOHMIC CONTACT
A metal–semiconductor junction with a nonlin-

ear curent–voltage characteristic: its resistance depends on the value and sign of the current running
through the junction. Properties of the nonohmic
contact stem from the Schottky barrier that forms
at the metal–semiconductor interface; they are
fully deﬁned by the characteristics of that barrier.
Nonohmic contacts may be used to rectify electric current, to transform signals in microwave devices, as a gate in eld-effect transistors, as a photodetector, or as a solar cell.
NONRADIATIVE QUANTUM TRANSITION

Transition of a system between a discrete level
to a lower energy state without any photon emission. This is in contrast to free atoms where emission is often the only channel for the transition energy release. The transition energy in solids can be
transferred to atomic vibrations (phonons), to conduction electrons, to the nucleation or rearrangement of defects, etc. See Auger effect, Radiative
quantum transition.
NONRESONANCE ABSORPTION in magnetic
materials

Absorption of energy from a low-frequency
magnetic ﬁeld B 1 parallel to a constant magnetic
ﬁeld B. It is used to measure the frequency dependence of the longitudinal magnetic susceptibility, χ(ω). Nonresonance absorption had been
used to study paramagnetic relaxation long before the technique of electron paramagnetic resonance was discovered. Nonresonance techniques
are much less sensitive than resonance ones. Nonresonance absorption is used in combined techniques of low-frequency enhanced magnetic resonance absorption. Sometimes it is referred to as
the technique of parallel ﬁelds.
NONSILVER PHOTOGRAPHY
Photographic processes for obtaining an image or recording optical signals on photographic
materials containing no silver halides (as distinct

from classical photography).
Both chronologically and in accordance with
the volume of applications, the main nonsilver
photographic procedure is electrophotography that
uses the following substances as the light-sensitive

NORMAL VIBRATIONS

layer: amorphous selenium, chalcogenide vitreous
semiconductors, crystalline photoconduction materials in a polymeric host, and organic semiconductors. Progress has been achieved in the development of nonsilver photography on the basis of hydrogenated amorphous silicon. Also used
in nonsilver photography are photothermoplastic
materials where a development of the latent electrostatic relief is achieved either due to a strain in
the polymeric layer that is also a photoconductor,
or due to extra layers of inorganic semiconductors.
The sensitivity of these materials is high and comparable to that of ordinary photomaterials.
In microphotography, as well as when copying
and duplicating technical and text documents, diazotype materials and vesicular materials are used.
The image is produced by light-scattering bubbles of the gas released in a polymer layer under
photochemical decomposition of a light-sensitive
diazocompound introduced into the layer. There
is a possibility of recording images via photochemical reactions in the layers of a semiconductor (of PbI2 , BiI3 type) as well as via stimulated
metal diffusion in structures containing a metallic
layer (Ag, Cu) and a semiconductor (e.g., PbI2 ).
Their sensitivity is not high but the process can be
used to record optical elements and optical storage disks. Widely used in nonsilver photography
are also photopigments where the image recording is based on the phenomenon of photochromatism of organic and inorganic substances (see
Photochromic effect). In view of the irreversibility of light-stimulated changes in coloration, these
materials are suitable for repeated image recording with high resolution ν > 103 mm−1 , e.g., in
holography. New materials with similar properties are bacteriorhodopsin layers in a polymeric
host. The processes of photopolymerization (photoresists), photopretanning (gelatin), and isomerization (stilbene) are used in nonsilver photography in the ﬁelds of printing and microelectronics.
To record the phase relief of holograms, reoxan is
used in which the oxidation of the anthracene in
a polymeric host (polymethylmethacrylate) takes
place under the action of light. The sensitivity of
this method is low; and ﬁxation of the image is
needed to produce a stable phase relief.
Reversible and irreversible photostructural
modiﬁcations of the chalcogenide vitreous semiconductors, which are accompanied by signiﬁcant
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changes of the refractive index, are the basis of
amplitude–phase recording of images, holograms,
and optical data in a bit-by-bit mode in thin layers
and bulk plates. It is possible to perform recording with a resolution ν > 103 mm−1 in real time.
The sensitivity is low, but the materials are applicable in laser systems for the manufacture of
memory elements and integrated optics elements.
Selective etching of an exposed layer determines
the applicability of the layers of chalcogenide vitreous semiconductors as high-resolution inorganic
photoresists.
The phenomenon of photorefraction, or photoinduced alteration of the refractive index in electrooptical crystal ferroelectrics underlies the application of these crystals to phase recording of holograms.
The photoinduced phase transformations take
place in crystallizing layers of chalcogenide vitreous semiconductors, in TeOx and magnetooptical
materials MnBi, and offer prospects of producing
bit-by-bit recording carriers. Nonsilver photography also uses thermophotographic materials and
systems that are sensitive to a temperature change
on account of the energy absorbed during the exposure. These are liquid crystals, luminophors with
thermal extinction, and evaporating metallic or organic layers. An extension to the IR region is
possible by using the semiconductor photographic
processes based on the intrinsic photoeffect.
NORMAL DISTRIBUTION
The same as Gaussian distribution.
NORMAL VIBRATIONS (normal modes)

Small natural vibrations of a system of several or many particles (including those in a crystal
lattice) described by such single-frequency timedependent harmonic functions (normal coordinates) that their number coincides with the number
of the vibrational degrees of freedom of the system. An arbitrary vibration may be represented in
the form of a superposition of normal vibrations.
Normal vibrations in a crystal lattice are speciﬁed
by their quasi-wave vector k, and the number of
their vibrational branch, α. Together they uniquely
deﬁne the frequency of such normal vibrations, ω,
and the polarization vector, e. The displacement of
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NOTCH

the sth atom in the nth unit cell positioned at r n is
written as

Qα (k)es (k, α) exp(ikr n ),
usn =

higher this ratio, the more sensitive the material is
to the notch. To arrive at comparable results, sample shapes and testing techniques have been standardized.

kα

where the normal coordinates Qα (k) satisfy the
harmonic equation
d2 Qα (k)
+ ωα2 (k)Qα (k) = 0.
dt 2
When the equations of motion are linear (harmonic
approximation), normal vibrations are mutually independent, and the system energy may be represented as a sum of the energies of individual harmonic oscillators corresponding to separate normal modes. When the anharmonic vibrations are
taken into account the normal mode vibrations interact with each other, so the above expressions
become only approximate. In the quantum theory
of crystal lattice vibrations the normal vibrations
correspond to phonons, the elementary excitations
of the crystal.
NOTCH

Angular cut or indentation serving as a geometric stress concentrator (see Stress concentration), used to decrease the coefﬁcient of softness of the mechanical testing of materials. Most
widely used tests, which involve application of
stress concentrators, are tests of samples with a
notch for stretching and e xure. Samples of circular cross-section are often notched circularly; the
preparation of rectangular samples for stretching
requires making a symmetrical notch along two
sides. Samples for tests of tension are notched
along one of the sides of a section, perpendicular to the longitudinal axis. The stress concentration factor, the ratio of maximum stress to nominal stress, is used for a quantitative assessment of
the notch rigidity. The factor is determined by the
geometry of the notch: the deeper and sharper the
notch, the higher the factor, and the easier it is to
achieve brittle failure. For practically every metal,
even very plastic ones (see Plasticity), one can ﬁnd
an appropriate shape and dimensions of the sample
and the notch to produce brittle failure under given
test conditions. The criterion of notch sensitivity
of a material is the ratio of ultimate strength values for intact and notched samples (σB /σBn ): the

NOTTINGHAM EFFECT (W.B. Nottingham, 1941)
Heating of the eld-emission cathode and cathode cooling during thermal electron eld emission.

The energy distribution of electrons at low temperatures is practically identical to the Fermi–Dirac
distribution at 0 K (see Fermi–Dirac statistics).
Therefore, the average energy of autoelectronic
emission electrons tunneling through the potential
barrier in a strong electric ﬁeld applied to the surface of the cathode remains lower than the Fermi
energy in the cathode, and lower than the energy
of electrons reaching the cathode from the external electric circuit. This energy difference results
in the heating of the cathode. In the case of thermal electron ﬁeld emission, the electrons escaping from the cathode have energies exceeding the
Fermi level of the cathode. Their replacement by
electrons from the external circuit having average
energies lower than that of the escaping electrons
results in the cooling of the cathode.
NUCLEAR DOPING, irradiation doping

Method of introducting doping additives into
material which is based on nuclear transformations of host nuclei to daughter impurity atoms
under the action of charged particles (protons p,
α-particles, deuterons d, and so on), gamma rays
or neutrons n (in the latter case one speaks of neutron doping).
A principal difference between nuclear doping
and routine methods of embedding impurities in
crystals consists in the direct formation of the impurity in the bulk sample from the atoms of the
dopant, instead of introducting the impurity in the
semiconductor from outside, i.e. from the melt or
the gaseous phase, or by diffusion. The production
of impurity atoms at any point of a bulk sample at
a distance smaller than the mean free path distance
is equally probable, hence the resulting impurity
distribution is essentially isotropic.
The reactions that take place from incoming
d, α, and p particles of the types (α, p), (α, n),
(p, α), (p, d), etc. are induced by the very high
energy of the incident particles which is required

NUCLEAR DOPING

to overcome the Coulomb barrier when approaching a nucleus, transfer to it the energy needed to
compensate for the breaking of chemical bonds,
and again overcome the Coulomb barrier by the
charged particle that ﬂies out of the nucleus. This
barrier reaches approximately 10, 20, and 30 MeV
for light, intermediate, and heavy nuclei, respectively. This process was implemented by doping
silicon with phosphorus, e.g., through the reactions 28 Si (α, p) 31 P; 29 Si (α, 2p)31 P; as well as
by doping germanium with the impurities Ga, As,
and Se and utilizing the actions of deuterons and
α-particles. The nuclear reaction 28 Si (α, p) 31 P
corresponds to the silicon isotope 28 Si absorbing an α particle to form the excited state sulfur
nucleus 32 S, which then transforms to the stable
phosphorus isotope 31 P by emitting a proton p.
Due to the high rate of braking (decelleration) of
charged particles in matter, the thickness of the resulting doped layer is small, and the distribution of
the introduced impurity is nonuniform.
Nuclear reactions which take place under the
action of γ -quanta are called photonuclear reactions, and reactions of the types (γ , n), (γ , p),
(γ , 2n), and (γ , pn) are referred to as threshold
reactions. A particular feature of these reactions
is the dependence of the reaction cross-section σ
on the γ -quantum energy E in the range E ≈ 10 to
25 MeV, where σ (E) has a pronounced maximum,
the so-called giant resonance. The main impurity
that is formed in silicon as a result of photonuclear
reactions is aluminum. In germanium the gallium
atoms are predominantly formed, and the impurities of Se, Ge, and Zn are formed in GaSe. Gamma
quanta can penetrate deeply into a semiconductor, so photonuclear reactions are capable of doping large volume regions of the material. Also of
interest is nuclear doping through nuclear reactions with thermal neutrons (n, γ ). The energy of
thermal neutrons E ∼ 0.5–5·10−3 eV is comparable with the energy of the atomic thermal vibrations of a moderator, and their velocity is v ≈
2·105 cm/s. The nuclear reaction cross-section is
inversely proportion to v (“1/v law”). The main
sources of thermal neutrons are nuclear reactors
and nuclear fuel, that is 235 U. A ﬁnal product of
the (n, γ )-reactions in silicon is phosphorus. In
germanium an acceptor impurity and donor impurity, respectively As and Se, are formed. Three acceptor atoms are formed per donor atom. In GaAs
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the donor impurities Ge and Se are formed. In
semiconductors of the type of InSb, the donor impurity Sn prevails.
The mean free paths of thermal neutrons in various semiconductors are the following (in cm):
Si
125

Ge
4.0

GaAs
2.8

InSb
0.14

The mean free path determines the volume of the
doped material within which the impurity is spread
uniformly. The indirect negative phenomena that
accompany the intentional formation of necessary
impurities are induced (bulk and surface) radioactivity and radiation defects. The bulk radioactivity
is due to the radiative decay of an unstable isotope
to an atom of the doping impurity. To compensate
for this the exposure of the doping material during
10 half-life periods is needed. The source of surface radioactivity is the adsorption of radioactive
elements from the medium of the nuclear reactor
by the surface of irradiated ingots. This is eliminated by washing the ingots in special solutions,
or by etching the surface layer. Radiation defects
are annealed during the heat treatment.
The technology of the nuclear doping of semiconductors consists of the following stages: obtaining the initial monocrystals, irradiation, decontamination, heat treatment, control of electrical physical parameters, and output radiological
monitoring. The main advantages of the nuclear
doping of semiconductors include the high degree
of uniformity of the introduced impurity distribution (see Fig. 1), the accuracy of the regulation

Fig. 1. Distribution of speciﬁc resistance in initially undoped (1) and nuclear-doped silicon (2).
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Fig. 2. Phosphorus concentration N P in nuclear-doped
silicon versus neutron dose n.

(see Fig. 2), and the reproducibility of a given
concentration. The overall yield of nuclear doping
reaches
90–97%.
NUCLEAR ELECTRIC QUADRUPOLE MOMENT

Second-rank tensor q with components

qik =
3xjα xkα − (r α )2 δj k ,
α

arising from the second term of an even-power
multipole expansion of the nuclear electric ﬁeld
scalar potential (see Multipole), specifying the deviation of the nuclear electric charge distribution
from spherical symmetry (the ﬁrst term is the
monopole or total charge). This tensor is symmetric (qij = qj i ) and traceless (qxx + qyy + qzz =
0). Here α sums over the protons in the nucleus;
xjα and r α are, respectively, the coordinates and
the length of the αth proton radius-vector in the
Cartesian system with its origin at the nucleus. If
the nuclear charge distribution has axial symmetry
then the symmetry axis z is one of the principal
axes of tensor q; the component qzz ≡ Q corresponding to this axis is called the nuclear quadrupole moment. Deviations from axial symmetry are
expressed in terms of the dimensionless asymmetry parameter η = −(qyy − qxx )/qzz , where by
convention |qxx |  |qyy |  |qzz |, and 0  η  1;
for axial symmetry η = 0. With the help of the
Wigner–Eckart theorem, the components of tensor q can be expressed using Q and components
of the nuclear spin vector I . The third term of of

the above-mentioned even-order multipole expansion corresponds to a tensor of the fourth rank,
the so-called electric hexadecapole nuclear moment, whose components are constructed from the
coordinates of the nuclear protons to the fourth
power. These moments, together with higher order ones, specify the distortion of a nuclear electric charge distribution from a spherical shape.
The nuclear hexadecapole moment causes the nuclear hexadecapole interaction which can be reﬂected in nuclear resonance spectra (although this
effect is generally too weak to measure): nuclear
magnetic resonance, the nuclear quadrupole resonance, and acoustic nuclear magnetic resonance.
This yields opportunities for experimental estimates of hexadecapole moments of interest for nuclear physics.
NUCLEAR FILTERS, Flyorov lters (G.N. Flyorov
et al., early 1970s)
Porous walls, membranes obtained with the

help of methods of nuclear physics; thin (1 to
50 μm) layers or lm s whose system of pores
is formed by irradiation with accelerated homogeneous multicharged heavy ions with subsequent etching of the tracks produced through
holes (pores). The technology of nuclear ﬁlters is
based on the selective etching of the heavy particle tracks; in this case the etching rate of the material of the nuclear ﬁlter is appreciably (10–104
times) higher along the track than in the untouched
material. The following stages of treatment are
applied when manufacturing nuclear ﬁlters from
polymeric ﬁlms:
(1) obtaining the tracks by irradiating the ﬁlm
with a beam of the cyclotron-accelerated ions
with the energy 1–5 MeV, with atomic number 8 to 54 and ﬂuence 105 –1011 ions per
cm−2 ;
(2) sensitizing of the ion-irradiated ﬁlm by UV
light;
(3) chemical treatment of the irradiated and sensitized ﬁlm with etchant solutions, e.g., with
alkali when using a ﬁlm made of Lavsan polyester ﬁber (analogs Therylene, Daeron, Tergal).
Pore sizes in nuclear ﬁlters are from 0.01 to
tens of μm. Nuclear ﬁlters can also be made from
thin layers of glass or monocrystals.

NUCLEAR g-FACTOR SHIFT
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Fig. 2. Percentage ϕ of detained (not passed) rigid colloidal particles versus the pore diameter D for nuclear
ﬁlter 1 of Fig. 1.

Fig. 1. Pore area distribution A versus pore diameter D
in a nuclear ﬁlter membrane (curve 1), and in an ordinary random network membrane (curve 2), both with a
dominant pore diameter of 0.2 μm.

make points for cold cathodes; to form microstructures of integrated semiconductor devices with details smaller than 0.1 μm; to obtain calibrated leaks
for vacuum engineering, etc.
NUCLEAR GAMMA RAY RESONANCE
The same as Mössbauer effect.
NUCLEAR g -FACTOR SHIFT

The main feature which distinguishes nuclear
ﬁlters from ordinary membranes with a random
network structure obtained by colloidal chemistry
methods is the regular geometry of the pores, and
the excellent uniformity of their diameters. Deviations of the pore sizes from their mean diameter
in nuclear ﬁlters is only 2–5%, whereas in netlike
membranes the deviations are 50% or more (see
Fig. 1).
The nuclear ﬁlter is a kind of original “membrane knife” that produces a precise puriﬁcation
of liquid and gaseous media. To judge the efﬁciency of separating colloidal solutions with the
help of nuclear ﬁlters, a so-called calibrating dependence plot (see Fig. 2) is used. This is a plot
of the percentage of detained (held back) particles
ϕ versus the pore diameter D. We see from Fig. 2
that for the nuclear ﬁlter 1 of Fig. 1 those particles with diameters d less than 0.2 μm are passed
(ϕ = 0), while those with d > 0.2 μm are blocked
from passing (ϕ → 100% for d 0.2).
Nuclear ﬁlters can serve as the basis for obtaining various kinds of secondary structures, e.g., to

A change in the value of the dimensionless
g-factor (see Landé g -factor) in a metal, gm , compared to its value in an insulator, gi . The value
g = gm − gi is related to the Knight shift, ω =
ωm − ωi , via g/gi = ω/ωi , where ωm , ωi are
the resonance frequencies of the nuclei in metals
and insulators, respectively, measured in the same
applied magnetic ﬁeld, B0 . The g-factor shift g,
found in every metal, has the following properties:
almost always g > 0; the relative shift g/gi
does not depend on B0 (for weak ﬁelds); the shift
is almost independent of temperature, and it increases for larger nuclear charges eZ. These features of g are due to the hyper ne interaction of
the nuclei with the conduction electrons that are
in an s-state with respect to a particular nucleus.
When applying B0 , the spins of the conduction
electrons polarize and produce a hyperﬁne interaction ﬁeld B  at the nuclei, in the same direction
as B0 . Therefore, the ﬁeld acting upon the nucleus
is B = B0 + B  > B0 , so that ω > 0 and g > 0.
Since the frequency shift ω is proportional to the
electron polarization (magnetization) Ms , it is also
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proportional to B0 or ωi . Moreover, since Ms does
not depend on the temperature (the magnetic moment of a strongly degenerate gas is temperature
independent), ω and g do not depend on T either. Finally, the wave function density at the nucleus grows for larger Z, so it results in a larger
g shift as well.
NUCLEAR INDUCTION

Phenomenon of precessing magnetization
(dynamic nuclear polarization) which is induced by
the action of an alternating magnetic ﬁeld on a system of nuclear magnetic moments in an applied
constant magnetic ﬁeld; also the appearance at the
ends of a coil of a voltage induced by the precessing magnetic polarization. The term nuclear induction is taken to denote not only a phenomenon
but also a method of detection of nuclear magnetic
resonance which is based on the measurement of
the voltage induced in the coil. Inasmuch as a spin
is associated with a magnetic moment, one can
employ a more general term such as spin induction or magnetic moment induction which generalizes the concept of nuclear induction for an arbitrary type of magnetic resonance. When a crystal contains particles with non-zero electric dipole
moments, their precession can be excited by an applied alternating electric ﬁeld. Their precession is
the source of an electric ﬁeld that can be detected.
By analogy with nuclear induction, this phenomenon might be called electric dipole induction.
NUCLEAR MAGNETIC RESONANCE (NMR)

Resonance absorption (emission) of electromagnetic waves in the radio-frequency range
(106 –109 Hz) related to the precession of nuclear
magnetic moments in a strong applied magnetic
ﬁeld, a particular case of magnetic resonance. It is
also a branch magnetic resonance spectroscopy.
The resonance of nuclei and molecular beams was
discovered by I.I. Rabi (1937). NMR in condensed
matter was ﬁrst and independently observed by
E. Purcell and F. Bloch et al. (1946).
Overview. In NMR a strong permanent magnetic ﬁeld B 0 lifts the energy degeneracy with respect to magnetic (and related to it mechanical)
nuclear moments, producing a system of energy
levels εi (Zeeman splitting). The energy levels are

characterized by their quantum numbers m designating the projection of the nuclear angular momentum (spin I ) on the magnetic ﬁeld direction
z  B 0 , where −I  m  I . The radio-frequency
magnetic ﬁeld B 1 (B1  B0 ) induces transitions
between these spin sublevels, resulting in the absorption (emission) of a quantum of energy with
the frequency νij = (εi − εj )/ h. In the particular but commonly encountered case of a nucleus
with spin I = 1/2, there are two levels ε1,2 =
±γ B0 /2, and the frequency of the transition is
ν0 = γ B0 , where γ is the gyromagnetic ratio. The
applied ﬁeld B 0 has typical magnitudes from 1 to
10 T. For protons γ = 42.6 MHz/T, so that for
B0 = 10 T we have ν0 = 426 MHz. At thermodynamic equilibrium the spin system has more nuclei in the lower energy levels that at higher ones.
Hence the application of the radio-frequency ﬁeld
initially induces transitions from lower to upper
levels, resulting in the absorption of electromagnetic energy. At the same time, there exist situations (see below) when the spin population at a
higher level is greater than at a lower one, and in
this case, the spin system will emit energy.
Instrumentation. To observe NMR one makes
use of an NMR-radiospectrometer. Its principal elements are the following: the source of the magnetic ﬁeld B 0 (permanent magnet, electro magnet,
solenoid, etc.); the source of the radio-frequency
ﬁeld B 1 (coil of oscillator); a scanning unit to vary
the frequency ν or the applied ﬁeld B 0 slowly
through the resonance condition; a signal detector which includes an oscillatory circuit, a radiofrequency bridge, a receiver and a signal recording
device. The radiospectrometer works in the following manner. A sample of the material under investigation is placed in the coil of the signal generation circuit that contains the alternating ﬁeld B 1
of frequency ν. The coil containing the sample is
located in the gap of the magnet that provides the
ﬁeld B 0 , oriented so that B 1 ⊥B 0 to satisfy the
selection rules. To observe the NMR, the spin detector transforms the absorbed energy of quantum
spin transitions to detectable radio-frequency signals. At the point of resonance (ν = γ B0 ) a voltage drop takes place in the circuit containing the
coil with the sample. This voltage change is ampliﬁed and detected in a routine fashion; then it is
transformed to a form convenient for display using
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an oscilloscope or a recorder, or for transmission
to a data processor, or a computer, etc.
A particular method for observing NMR is its
detection under the conditions of the electron–
nuclear double resonance, where the detection
of the NMR signal is performed indirectly, i.e.
through the observation of an electron paramagnetic resonance (EPR) signal. In the vicinity of
electron paramagnetic centers, the hyper ne interaction of electrons and nuclei results in a common
system of spin levels. Thus, the nuclear-spin transitions can affect the difference in those level populations between which an electron-spin transition
takes place. This leads to a change in the EPR signal that serves for detection of the NMR signal.
Hamiltonian. Being a purely quantum effect,
NMR is completely described with the help of
a Hamiltonian that is called a spin Hamiltonian
because the Hamiltonian operators all depend on
spin variables. This Hamiltonian W has a particular form in every individual case, but in general
it can be represented in the manner that takes into
account all possible NMR-involved interactions of
the nucleus with the environment:
W = W Z + WQ + W ss + WP + WE ,

(1)

where W Z is the interaction with the applied DC
magnetic ﬁelds B (Zeeman interaction) WQ is the
interaction with the crystal eld gradient (quadrupole interaction), W ss is the interaction with magnetic moments of surrounding nuclei and electrons
(spin–spin interaction), WP is the effective interaction with applied external pressure P (strains),
WE is the effective interaction with external electric ﬁelds E. Each interaction in Eq. (1), in its turn,
consists of one or more terms whose form depends
on the nature of the interaction, the number and
magnitudes of the nuclear spins, and the local symmetry of their sites. The most commonly encountered expressions can be written in the following
way:
WZ = −γ (I B 0 ),
WQ =

QVzz
3Iˆ2 − I (I + 1)ê ,
4I (2I − 1) z

where Q is the electric quadrupole moment, Vzz is
the z component of the electric eld gradient tensor, ê is the unit matrix; WQ = 0 unless I > 1/2,
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and the local symmetry at the position of the nucleus is lower than cubic;
(k)

Wss =


γ 2 h2  −3 
rik 3 cos2 θik − 1
2
i>k



× Iˆi Iˆk − 3Iˆzi Iˆzk ,

where rik is the distance between the kth nucleus
under consideration and the ith nucleus, θik is the
angle between vectors r ik and B 0 ; WP and WE
have forms similar to that of WQ with a single
difference in the sense of spin operators: in the
case of WP these operators relate to P , and in
the case of WE they relate to the electric ﬁeld E.
The term WE which is linear in respect to E, is
nonzero only for nuclei in sites without a center of
symmetry. The terms WP and WE can be looked
upon as terms of extra-induced quadrupole interactions. When considering the whole system of
nuclei, the expression (1) should be supplemented
by a summation which takes into account all the
nuclei; this is of particular importance in the case
of solids. Each term in Eq. (1) can be additively
divided into static and dynamic parts. The static
part determines the line position in the spectrum,
while the dynamic part determines the probabilities of quantum transitions (line intensities) and
provides for relaxation processes. In this way, noting that B = B 0 + B 1 , the Zeeman term W Z =
W Z0 + W Z1 involves two main interactions, a
static one W Z0 with the large applied ﬁeld B 0
which provides the line positions, and a dynamic
one W Z1 with the alternating radio-frequency
ﬁeld B 1 which induces the transitions. The Zeeman term also includes interactions with local
magnetic ﬁeld inhomogeneities (static) and ﬂuctuations (dynamic) that account for the line width
and saturation mechanisms.
Spectrum. The NMR spectrum (i.e. the number
of lines, their intensities and angular dependence)
is completely determined by the spin Hamiltonian (1). In the case of a nucleus with spin I in a
permanent magnetic ﬁeld B 0 (term W Z0 ), 2I + 1
equidistant energy levels εm = −γ I mB0 appear
(here m is the quantum number of operator Iˆz
which takes on values −I, −I + 1, . . . , I − 1, I ).
The radio-frequency ﬁeld B 1 (time-dependent
term W Z1 ) induces the magnetic dipole transitions between adjacent levels ( m = ±1) under the condition B 1 ⊥B 0 (selection rule), so that

900

NUCLEAR MAGNETIC RESONANCE

there will appear only a single isotropic line in
the NMR spectrum since the transition frequency
ν = (εm − εm−1 )/ h does not depend on m. In
fact, owing to presence near the nucleus under
consideration of electrons and other nuclei, the
magnetic ﬁeld in atoms, molecules, and condensed
matter will differ from the external ﬁeld B 0 due
to the polarization of electron shells and the direct nuclear magnetic dipole–dipole interaction. As
a result, there appear many incremental additions
B 0 to B 0 which, in the general case, are not parallel to B 0 . These lead to line broadening and also
anisotropic shifts of the NMR lines: chemical shift,
Knight shift (see Hyper ne interaction), and also
shifts due to an indirect nuclear spin–spin interaction. In many cases the nuclei in a solid are situated at two or more chemically inequivalent sites,
each of which is characterized by its own speciﬁc
chemical shift. As a result, there appear particular
lines in the spectrum which arise from different
nuclear groups. The level splittings from equivalent sites are still equally spaced, but broadened.
Other terms of the spin Hamiltonian (1) break
the rule of an equidistant arrangement of energy
levels. Thus, the operator WQ adds to a Zeeman
level εm an extra term which is proportional to
m2 − I (I + 1)/3. As a result, the lines in the NMR
spectra become split into 2I lines ( n e structure).
In the case when B0 = 0, the system of levels is
determined by operator WQ (there appear two levels if I = 3/2), and transitions between them induced by the radio-frequency ﬁeld B 1 lead to a
zero ﬁeld NMR that is often called nuclear quadrupole resonance. A speciﬁc line splitting arises under action of operator WE . There sometimes exist
inversion-inequivalent positions in crystals which
the nuclei of the same type can occupy with equal
probability. Since the magnetic ﬁeld is insensitive
to the inversion operation, the ﬁeld does not distinguish these positions, and the related lines in
the NMR spectrum are superimposed. An electric
ﬁeld E 0 applied to a crystal, due to the mutual
inversion of these inequivalent positions, will be
oppositely directed for each of them. As a result,
the frequency corrections linear in E 0 corresponding to different positions will have different signs,
and the shift of these two groups of lines in opposite directions will produce an additional splitting in the NMR spectrum. The term WE can also

affect the quantum transitions. Hence the electric
component of the radio-frequency ﬁeld E 1 can
(as well as B 1 ) induce transitions between magnetic sublevels (for the sample positioned between
capacitor plates), but with special selection rules
(e.g., m = ±2 at E 1  B 1 ).
Line broadening. As a rule, crystals are not
perfect. Therefore, NMR is often used for investigating disordered systems (powders, glasses, solutions, crystals with diverse defects). A particular feature of such systems is the inequivalence
(nonuniformity) of the conditions at the positions
of nuclei, due to: (i) differences of magnetic and
electric ﬁelds, and deformations induced by structural distortions of the crystal and defects of diverse kinds; (ii) the orientational inequivalence in
regard to applied external ﬁelds; (iii) the nonuniformity of the external ﬁelds, etc. All these lead
to dispersion of the parameters of the spin Hamiltonian (1), and as a consequence to inhomogeneous broadening of the NMR lines. Despite the
existence of a number of methods for describing
such broadening (statistical theory of line shape,
moment method (see Moments of spectral lines),
theory of randomly or partially disoriented centers, etc.) innomogeneous broadening of all types
can be treated from a common viewpoint. In this
case, the general expression for the line shape
takes the form:



I (ω) = ϕ ω − ωP (F ) V (F )ρ(F ) dF, (2)
where ϕ is the initial line shape without taking perturbing factors into account, V (F ) is the transition probability per unit time, ρ(F ) is the distribution function of the parameters F (F1 , . . . , Fk ) that
characterize the broadening mechanisms (components of ﬁelds, deformations, angles). So in
the case of randomly oriented centers (powders,
glasses) one would interpret F as the Euler angles
that characterize the orientation of a powder particle with respect to the coordinate system related
to the external ﬁelds.
Relaxation. NMR is accompanied by relaxation processes which act to restore the initial
Boltzmann distribution equilibrium state which had
been disturbed by the transitions induced by the
applied electromagnetic radiation. Such relaxation
processes are due to the interactions between the
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nucleus and the lattice, as well as between the nuclei themselves. Therefore, a distinction is made
between spin–lattice relaxation and spin–spin relaxation. If the transitions stimulated by the radiofrequency ﬁeld are dominant, a saturation effect
(equalization of level populations) takes place,
and manifests itself in the decreased intensity
and broadening of the NMR signal. The relaxation processes are characterized by their relaxation times, and are described by kinetic equations
for level populations. In the simplest case of two
levels i and j , the equations for populations ni and
nj take the form:
ṅi = −ni a + nj b,

ṅj = −ni a − nj b,

where a = Vij0 + Vij ; b = Vj0i + Vj i ; the terms
Vij0 = Vj0i and Vij are the probabilities of transition from level i to level j per unit time under
the action of radio-frequency ﬁeld and relaxation
mechanisms, respectively. The relaxation time is
determined by the expression T r = (Vij + Vj i )−1
and characterizes the rate of establishing equilibrium. These relaxation processes shorten the lifetimes of particles at spin levels, which leads to
their broadening by affecting the width and shape
of the NMR lines. This broadening, which is the
same for all nuclei, is referred to as homogeneous
broadening. It can, in particular, determine the
shape of ϕ in Eq. (2).
Spin temperature. For a description of spin systems the concept of “spin temperature” TS can
be introduced. To do this, the relation between
the level population and the temperature which
determines the Boltzmann distribution is generalized for the case of nonequilibrium populations.
The assumption being made is that the spins are
in equilibrium with each other, but not with their
surroundings (lattice vibrations for a solid and
Brownian motion for a liquid). Hence, for arbitrary ratios between the populations of upper (nu )
and lower (nl ) levels, it follows that
TS = −

εu − εl
.
k B ln(nu /nl )

For nu = nl (saturation), TS = ∞; for nu > nl ,
TS < 0. The opportunity to produce nonequilibrium populations, including the particular case
with TS = ∞ as well as negative spin temperatures
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TS < 0, stimulated development of double resonances based on NMR. These are characterized
by resonance transitions at two frequencies, which
in the presence of a multilevel system occur simultaneously or in a certain sequence. The purpose of
this is to increase the intensity of the absorption by
increasing the difference in population (this principle is used in electron–nuclear double resonance),
and to obtain a source of electromagnetic radiation
through the establishment of a larger population at
the upper level than at the lower one (a maser uses
this principle).
Approximation approaches. The complexity of
an analytical description of NMR is due to the
enormous number of interacting lattice nuclei.
This circumstance complicates diagonalizing the
spin Hamiltonian (1), calculating and simulating NMR spectra, and studying the kinetics of
spin systems (relaxation, saturation, etc.). In this
connection, approximate approaches and methods
were developed in order to describe the diverse details of the behavior of the spin system in NMR.
First of all, it is worthy to mention the Bloch equations (F. Bloch, 1946) which describe the dynamics of nuclear magnetization that were introduced
at the very beginning of the NMR era. Although
these equations are based on a classical description
of magnetic moment precession, and hence are not
adequate for explaining all experimental data, they
played a major role in establishing magnetic resonance as a main branch of science. Subsequently
more reﬁned theories were developed which are
grounded on the quantum kinetic equations for a
density matrix (Bloch–Red eld theory, Provotorov
theory, and so on). An enormous amount of experimental data have been successfully explained
within the frameworks of these theories.
Rotating coordinate system. A widely used approach for analyzing NMR spectra is to transform
the motion to a rotating coordinate system, i.e. to
examine the NMR resonance in an terms of an effective magnetic ﬁeld B eff = iB1 + k(B0 − ν/γ )
acting upon the nuclear spins, in a coordinate system which rotates with the frequency ν about the
permanent magnetic ﬁeld B 0  z, i.e. in the direction of the nuclear precession, where the radiofrequency ﬁeld B 1 is applied normally to B 0 .
The frequency ν eff corresponding to B eff is given
by ν eff = γ B eff = [(ν0 − ν)2 + γ 2 B12 ]1/2 , where
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ν0 = γ B0 . This method not only clariﬁed the explanation of many phenomena in the NMR, but it
allowed Redﬁeld to predict, and then to observe,
a so-called NMR in a rotating coordinate system.
The essence of this phenomenon involves the following. If an additional alternating ﬁeld B 2  B 0
with the frequency ν eff is applied to the spin system, then its perpendicular component B eff will
induce a new resonance, i.e. NMR in a rotating
coordinate system.
High-resolution NMR. Due to the large number of nuclei which inﬂuence each other via the
dipole–dipole interaction, the width of NMR lines
in solids is abnormally large (about 10−4 T or tens
of kHz), which hinders the observation and investigation of such ﬁne structure effects as chemical and Knight shifts, indirect internuclear interactions, etc. In gases and low-viscosity liquids the
thermal motion of atoms and molecules causes the
“natural” averaging of the dipole–dipole interaction, diminishing it close to zero. This circumstance makes possible the high resolution of the
NMR method which is employed in the majority
of the physicochemical and analytical applications
of NMR. This branch of NMR designed for detecting and investigating very narrow lines is referred
to as high-resolution NMR. For solids, it was necessary to develop special methods for artiﬁcially
narrowing NMR lines by suppressing the dipole–
dipole interaction. Included among them are multipulse methods of various types, and magic angle
spinning (MAS) of
√ the sample at the magic angle (θ = cos−1 (1/ 3) = 54◦ 45 ). These methods
have expanded considerably the utility of NMR,
particularly in its applications for solids.
Applications. The NMR method is widely employed in various branches of physics, chemistry,
biology, medicine, and other areas of science. It
has achieved particular success in studies of condensed matter where the need for information is
quite extensive, and it involves a variety of diverse interactions of nuclear systems with the environment and other factors. Several examples of
areas of application are: establishing the atomic
structure of crystals (determination of atomic coordinates); determination of the electronic structure of crystals and the nature of chemical bonds;
establishing the nature of chemical and physical

adsorption of atoms and molecules on solid surfaces; studies of the attributes of phase transitions; determination of spatial ordering in liquid
crystals, investigating weakly coupled molecular
groups in polymers and organic crystals; establish-

ing the character of collective motions of atoms
(molecules) of the lattice; revealing mechanisms
of chemical reactions; magnetic resonance imaging. Finally, worthy of mention is the past and
present role of NMR in studies of the structure and
properties of such recently discovered materials as
fullerenes and fullerites.
In magnetically ordered materials where NMR
is observable in the effective ﬁeld of a hyper ne interaction between the nuclear and electronic spins
of a magnet, NMR studies yield data on the atomic
magnetic structure, its dynamics, the interaction of
nuclear and electron spin waves (Suhl–Nakamura
interaction), etc. (see Indirect nuclear spin–spin
coupling).
NUCLEAR MAGNETIC RESONANCE,
ACOUSTIC
See Acoustic nuclear magnetic resonance.
NUCLEAR OPTICS

Branch of the theory involving the interaction
of nuclear radiations with matter where the radiation propagation processes are interpreted using
the formalism of optics. In the case of neutron
waves, the term neutron optics is accepted. In nuclear optics an index of refraction n for a “hard”
electromagnetic or electron wave (i.e. high-energy
wave) is introduced by the relation
n=1+

2πρf (0)
,
k2

(1)

where f (0) is the forward scattering amplitude
(elastic coherent scattering amplitude at zero angle), ρ is the density of scattering particles in matter, and k is the wave number of the incident wave.
For the high energy (small wavelength) condition
|n − 1|  1 the geometrical optics laws of refraction (Snell’s law) and total internal re ection are
valid. For the case when f (0) depends on the polarization state of the neutron or photon, there appears a difference in refractive index for right-hand
and left-hand circular polarization which yields
the Faraday effect. Eq. (1) is applicable for the
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description of matter consisting of randomly distributed scatterers, and for radiation with a wavelength much less than the distance between scatterers. When absorption is taken into account the
refractive index n has a complex form.
NUCLEAR ORIENTATION

A collection of methods for producing nonrandomly oriented nuclear spins. The extent of
their orientation is characterized by two quantities,
P1 =

Iz 
I

and
P2 =

3Iz2 − I (I + 1)
,
I (2I + 1)

called the nuclear polarization and the nuclear
alignment, respectively. Here I is the spin of the
nucleus, and Iz is its projection along the z axis;
. . . means averaging over the ensemble. P1 is
proportional to the nuclear magnetic polarization
(i.e. magnetization), it determines the value of
the nuclear magnetic resonance absorption signal, and in the case of I = 1/2 it is the difference in the number of spins directed along and
against (antiparallel to) the magnetic eld direction. Obviously, −1  P1  1. For randomly oriented nuclear spins, P1 = 0. The quantity P2 is
a measure of the excess of the number of spins
aligned along the z axis (parallel or antiparallel)
over those aligned transverse to it. One can see that
polarization is accompanied by alignment (when
P1 = 0, then P2 = 0) but not vice versa (when
P2 = 0 and P1 = 0). The angular distribution of
γ - and α-radiation of radioactive nuclei with parity conservation depends on P2 and perhaps even
on higher-order terms. In the case of β-decay parity is not conserved, and the distribution of radiation depends on P1 , P2 and related higher-order
terms, both even and odd.
Methods of nuclear orientation can be subdivided into static and dynamic types. The static
method is a “brute force” one since, to attain the
maximum values of nuclear orientation, extreme
conditions are used such as very high external
ﬁelds and very low temperatures. Another example of a static method is the Gorter–Rose method
(C.I. Gorter, M.E. Rose, 1948) which is based on
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the action of high internal local ﬁelds ∼10–100 T
relative to the hyper ne interaction on the nuclei
of paramagnetic ions. Dynamical methods apply
magnetic resonance in a straightforward manner;
high electron spin polarization is “pumped over”
to the nuclear spin polarization with the help of
the microwave saturation of “allowed” or “forbidden” electron spin transitions. These methods include the Overhauser effect, solid effect, electron–
nuclear cross-relaxation, and dynamic cooling (see
Dynamic nuclear polarization) of the nuclear spin
subsystem which is in (direct or microwave ﬁeldinduced) thermal contact with the electron spin–
spin reservoir that is disturbed from thermal equilibrium by the incomplete saturation of the electron paramagnetic resonance line. Examples of
dynamic methods are those of chemical and optical nuclear polarization. Nuclear orientation methods are employed mainly for obtaining the polarized nuclear targets needed for fundamental studies in elementary-particle physics. Another area
of application of nuclear orientation is the study
of nuclear magnetic ordering at the temperature
of the reservoir of nuclear spin–spin interactions
TI I  10−6 K.
NUCLEAR POLARIZATION
See Nuclear orientation.
NUCLEAR QUADRUPOLE INTERACTION

Interaction of nuclei of a crystal with the electric ﬁeld gradients of their environment caused by
the presence of nuclear electric quadrupole moments and a spatial nonuniformity of the ﬁelds.
The part of the total crystal Hamiltonian which
characterizes this interaction is called the quadrupole Hamiltonian. Without taking into account
the internuclear interactions in the crystal (as a
rule, they are very small), the overall quadrupole
Hamiltonian is the sum of the quadrupole Hamiltonians of the individual nuclei, each of which is
a convolution of the nuclear electric quadrupole
moment tensor QT and the tensor q T of the electric eld gradient at the site of the nucleus. By expressing the components of tensors QT and q T in
the principal axis system and deﬁning the scalar
quadrupole moment Q and the electric ﬁeld gradient factor q as the components along the main
z axis (Qzz and qzz = −e∂Ez /∂z = ∂ 2 V /∂z2 ),
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the quadrupole nuclear Hamiltonian HQ is reduced to the form:


eqQ
3I 2 − I 2 + η Ix2 − Iy2 ,
HQ =
4I (2I − 1) z
where e is the electron charge, I is the nuclear
spin, Ix,y,z are the components of the nuclear
spin vector in the principal axes system of tensor qT , the quantity eqQ is called the quadrupole interaction constant (sometimes qzz is deﬁned as −∂Ez /∂z and the quantity e2 qQ is called
the quadrupole interaction constant). The asymmetry parameter η in this equation indicates the
deviation of the quadrupole moment from axial
symmetry (0  η  1, η = 0 for the axial case).
The nuclear quadrupole interaction which determines a “pure” nuclear quadrupole resonance (that
is without any applied magnetic ﬁeld) also inﬂuences nuclear magnetic resonance (NMR): it produces shifts, splittings, and broadening of lines in
NMR spectra.
NUCLEAR QUADRUPOLE RELAXATION

Establishment of equilibrium between a
nuclear quadrupole spin system and a crystal lat-

tice. As a rule, the related processes are studied
with the help of the Pauli equations for the level
populations associated with the nuclear quadrupole Hamiltonian (see Nuclear quadrupole interaction) which characterize the interaction of nuclei
with the electric ﬁeld of their electronic environment without taking into account the internal internuclear interactions of nucleons with each other.
The roots of the characteristic equation which enter a set of Pauli equations are the relaxation times
of energy level populations (commonly called nuclear quadrupole spin–lattice relaxation times).
The interaction of the nuclear quadrupole spin system with the lattice which brings about the nuclear
quadrupole relaxation is due to the thermal motion
of molecular groups and particles which, in turn,
is the cause of the random time dependence of the
nuclear quadrupole Hamiltonian terms. The most
frequently considered relaxation mechanisms involving thermal motion are the following: the libration mechanism (rotational vibrations of molecular groups containing the nuclei under consideration); the reorientational mechanism (angular jumps of such groups or particles between

metastable positions); the modulation mechanism
(various movements of particles neighboring those
containing the nuclei under consideration). Comparison of results of experimental and analytical
investigations of the temperature dependence of
the relaxation times is employed in the physics
and chemistry of solids for studying the internal
dynamics and the phase transitions in crystals.
A more recent approach to the computation of relaxation times based on the use of the Einstein–
Fokker equations is much more general than the
earlier conventional approach in the sense that
it does not assume that the thermal motions are
small, so perturbation theory methods do not apply. The term nuclear quadrupole relaxation is also
employed to denote quadrupole interaction mechanisms for the relaxation of nuclear magnetic polarization in an applied external magnetic ﬁeld.
NUCLEAR QUADRUPOLE RESONANCE (NQR)

Resonance absorption of the energy of a radiofrequency electromagnetic ﬁeld by a nucleus with
a nuclear spin I > 1/2 and an electric quadrupole moment Q situated in a microscopically inhomogeneous crystalline electric ﬁeld. This crystal ﬁeld produces splittings of the nuclear magnetic sublevels which are proportional to the value
of the quadrupole moment Q, and to the gradient of the electric ﬁeld at the nuclear site in the
crystal (see Nuclear quadrupole interaction). From
another viewpoint, nuclear quadrupole resonance
(NQR) involves observing magnetic dipole transitions between nuclear spin sublevels of the type
studied in nuclear magnetic resonance for nuclear
spins I > 1/2, but NQR involves the case when
the quadrupole splitting of the spin sublevels is
larger than the Zeeman splitting of these sublevels
(see Zeeman effect). In this case a nuclear quadrupole resonance can be observed in the absence of
an applied magnetic ﬁeld B. When the magnetic
ﬁeld B = 0 and the crystalline electric ﬁeld E has
axial symmetry the quadrupole energy levels Em
are given by
Em =

e2 qQ
3m2 − I (I + 1) ,
2I (2I − 1)

where q = ∂E/∂z is the ﬁeld gradient, and the
magnetic quantum number m has the range of
values −I  m  I . Another seldom-used name

NUCLEAR RADIATION DETECTORS

for this zero ﬁeld experiment is called “purequadrupole resonance”.
The main parameters which characterize nuclear quadrupole resonance are the following: the
quadrupole interaction constant which determines
the spectral frequencies; the asymmetry parameter η of the electric eld gradient which measures deviations from axial symmetry; the spectral line width; the spin–spin and spin–lattice relaxation times (see Nuclear quadrupole relaxation).
These parameters are highly sensitive to the chemical and physical structure of solids, the crystal lattice dynamics, and external actions such as mechanical, thermal, magnetic, electric, and radiation actions, as well as to the presence of diverse
impurities and lattice defects. Owing to this, nuclear quadrupole radiospectroscopy is an effective technique for investigating the chemical and
physical state of a solid. This technique is employed in nuclear physics to determine quadrupole and hexadecapole nuclear moments, and it
is applied in the chemistry and physics of solids
for studying intramolecular and intermolecular interactions, molecular dynamics and phase transitions, molecular structure, and the nature of chemical bonds. There are also various special applications of nuclear quadrupole resonance (among
them a thermometry based on nuclear quadrupole
resonance).
Tables of nuclear quadrupole resonance frequencies of a variety of chemical compounds are
given in monographs devoted to this method, and
in handbooks.
The sensitivity of the nuclear quadrupole resonance method is less than that of NMR. As a rule,
to observe the signal the sample must be of a few
units or even tens of cm3 in volume.
A weak magnetic ﬁeld induces an extra Zeeman splitting (in addition to the quadrupole splitting), with the appearance of additional spectral
lines. By varying the orientation of this ﬁeld with
respect to the orientation of a monocrystal one can
establish experimentally the directions of the principal axes of the electric ﬁeld gradient tensor with
respect to the crystallographic axes. In a strong
magnetic ﬁeld an ordinary NMR transition takes
place with a superposed quadrupole splitting (Zeeman splitting > quadrupole splitting). An external
electric ﬁeld causes a shift of quadrupole levels,
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and in the case of monocrystals this leads to either
a Stark effect shift or a line splitting due to the
nuclear quadrupole resonance dependence on the
crystal ﬁeld symmetry, and the localization of the
nuclei involved in the resonance (see Stark effect).
This type of information is useful in studies of the
nature of chemical bonds.
NUCLEAR QUADRUPOLE SPIN SYSTEM

A subsystem of a magnetic resonance spin system in a crystal whose properties are determined
by the isolation of the quadrupole part of the overall Hamiltonian. The word “spin” is used in this
term since the nuclear electric quadrupole Hamiltonian can be expressed in terms of the nuclear
quadrupole moment, the nuclear spin operator I ,
and the characteristics of the electric eld gradient Vij = −∂Ei /∂xj of the electronic environment of a nucleus. For example, the quadrupole
Hamiltonian can be written in tensor notation as
H = I QI , where I is the nuclear spin vector operator, and the quadrupole tensor has the components Qij = eQVij /[2I (2I + 1)], e is the elec
tronic charge, Q = ρ(r)(3z2 − r 2 ) dV is the
scalar quadrupole moment, and ρ is the charge
density. Nuclear spins I > 1/2 have quadrupole
moments (see Nuclear quadrupole interaction).
NUCLEAR RADIATION DETECTORS

Devices for detecting charged nuclear particles
and gamma rays. In a solid-state nuclear radiation detector the space charge region of a p–n
or p–i–n junction (i is a region of intrinsic conductivity, see Semiconductor junction) is the sensitive part. The ionizing particle forms electron–hole
pairs within the space charge region. An energy
ε equal to several widths of the band gap (e.g.,
in silicon ε ≈ 3.6 eV, in germanium ε ≈ 2.9 eV)
is spent in the formation of each pair, independently of the type of radiation. Electrons and holes
are separated by the electrical ﬁeld, and at the capacitance of the n–p junction the charge ∝ E/ε
(E is the particle energy) accumulates. Thus, the
voltage pulse, recorded by the electronic circuit,
will be proportional to the particle energy if its
path is within the space charge region. This is the
operating principle of the so-called E-detector. If
the path of the particle is longer than the space
charge region width then the signal of the detector
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is proportional to MZ 2 /E, where M and Z are the
mass and charge of the detected particle (channeling detector, detector of speciﬁc energy losses or
E-detector). Multiplication of the signals from
E- and E-detectors provide information about
the mass of the particle. In order to determine the
location of the particle passage, position-sensitive
detectors are used, which simultaneously with the
energy measurement provide information about
the position of the particle entry into the detector.
The charge created by the particle within the detector is distributed between two contacts located
at opposite ends of the rear side, and it depends
on the resistances Rx from the zero contact to the
point of the particle’s penetration, and Ry from the
penetration point to the second contact. The signal, taken from the front end of the detector, determines the total value of the energy E, and the ratio
of these signals determines the location of the particle penetration.
The surface-barrier E-detectors have a fast response (∼10−9 s) and they are used for the determination of the mass of particles by their time of
ﬂight from the target to the detector. For the spectrometry of nuclear particles Si-detectors are used,
and for the spectrometry of γ - and X-radiation Ge
and Si diffusion-drift detectors are used operating
at the temperature of liquid nitrogen. The energy
resolution of these detectors is some fractions of
one percent, which is much better than that for
other types of detectors such as ionization chambers, scintillators, etc.
It is possible to detect high-energy (100 to
1000 GeV) nuclear particles by recording their
transition radiation which appears at the passage
of the particle through the interface of two media
with different refractive indices (e.g., gas–solid).
In order to increase the sensitivity nuclear radiation detectors are used which contain 103 gas–
solid layers. The intensity of the forward transitional radiation is proportional to the incident particle’s energy, and this permits its determination.
Surface-barrier silicon detectors are also used
for detecting neutrons. For recording slow neutrons the so-called converter (e.g., the layer of 6 Li,
10 B), within which the (n, α) reaction takes place,
is located at the surface-barrier nuclear radiation
detector which records the exiting α-particles. For
detecting fast neutrons a hydrogen-containing target (e.g., polyethylene ﬁlm), which is the source of

the proton yield upon irradiation by fast neutrons,
serves as the detector. Another type of detector of
fast neutrons is based on the radiative damage inﬂicted on a silicon p–n junction. With increasing
radiation dose the silicon resistance grows and the
measured resistance of the p–n junction provides
the density of fast neutron ﬂow, and the adsorbed
dose within the range 5 to 5000 rad is measured.
NUCLEAR RADIATIONS

Fluxes of nuclear particles and gamma rays.
Nuclear radiations result from nuclear reactions
and the decay of radioactive isotopes. The products of nuclear reactions are neutrons, protons,
deuterons, α-particles, nuclear ﬁssion fragments,
high-energy charged atomic nuclei, β-particles including negatively charged β − (electrons) and
positively charged β + (positrons), as well as
gamma quanta. Gamma rays appear as a result of
nuclear capture reactions when a nucleus transforms from an excited state to its ground state, and
when high-energy electrons brake (decellerate) in
the ﬁelds of heavy nuclei.
At their interaction with matter, nuclear radiations bring about ionization and thereby produce
positively charged ions and negatively charged
electrons. As a result, nuclear radiations are often called ionizing radiations. These are divided
into the ionizing radiation itself which consists
of charged particles with sufﬁcient kinetic energy
to ionize atoms at collisions (electrons, positrons,
protons, α-particles, etc.), and indirectly ionizing
radiation which consists of uncharged particles
(neutrons) or gamma rays and X-rays.
At an elastic collision of a nuclear particle with
an atom, when the kinetic energy exceeds a certain
value atoms can be displaced from lattice sites,
with the resultant production of other types of radiation defects.
At an inelastic collision when the energy of the
nuclear particle is greater than the nucleon binding
energy of the nucleus, then nuclear reactions can
accompany the nuclear radiation output.
NUCLEAR SPIN DIFFUSION

Process of transport of nuclear magnetization
Mz (nuclear spin polarization Pz ) caused by dipole–dipole (d–d) ﬂip-ﬂop transitions of spins of
neighboring nuclei. As long as the mutual spin

NUCLEAR SPIN RELAXATION IN SUPERCONDUCTORS

ﬂips do not change the overall Zeeman energy (see
Zeeman effect) the process of nuclear spin diffusion takes place without involving the lattice.
One should stress that nuclear spin diffusion does
not involve any spatial movement of the nuclei;
it only concerns a deviation of the local nuclear
magnetization from its value averaged over the
sample. In many cases (and always for spin I =
1/2) one can introduce the concept of a spatialcoordinate-dependent nuclear spin temperature Ts
(see Level population), and speak about the equalization of Ts over a sample through the process
of spin diffusion. The concept of nuclear spin diffusion was introduced by N. Blombergen (1949)
when studying nuclear magnetic relaxation in nonmetallic diamagnetic crystals with small concentrations of paramagnetic impurity ions (see Magnetic ion). In such samples the nuclear spin–lattice
relaxation at low temperatures is mainly due to the
magnetic dipole–dipole interaction of the nuclear
magnetic moments of the nuclei with the much
stronger (by a factor of 103 ) electronic magnetic
moments of the impurity ions. Since the nuclei of
the host are at various distances from the impurity
ions, the nuclei closest to paramagnetic impurities
relax at the highest rate. As a result, during the relaxation process there arises a transient variation
of the degree of magnetization (e.g., by saturation
of nuclear magnetic resonance, NMR) throughout
the sample, and the gradient of nuclear polarization (spin temperature) Mz becomes position dependent. Thus one might expect a distribution of
nuclear relaxation times, whereas experimentally
a single nuclear relaxation time T1n is observed,
that is the nuclei behave as a coherently interconnected system of spins. This process is explained
by the efﬁciency of the process of nuclear spin
diffusion in nonmetallic diamagnetic crystals containing paramagnetic impurities, and it is quantitatively described by the Blombergen equation

∂Mz
|r − r m |−6 (Mz − M0 ),
= D∇ 2 Mz − c
∂t
m
(1)
where the ﬁrst term describes the nuclear spin
diffusion directed toward establishing a uniform
magnetization Mz , and the second term describes
the relaxation itself which brings about transient
local nonuniformities of the distribution; r m is the
radius-vector of mth impurity paramagnetic ion,
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∇ 2 is the Laplacian operator, and c is a known
constant. The parameter D is called the nuclear
spin diffusion coefﬁcient. In the general case, D is
a symmetric second-rank tensor whose components depend on the orientation of the external
magnetic ﬁeld B 0 relative to the crystallographic
axes. Only for the cases of cubic monocrystals,
polycrystalline samples, and a powder belonging
to an arbitrary crystal system, is D reduced to a
scalar. An exact derivation of Eq. (1) was given by
L.L. Buishvili and D.N. Zubarev (1965). At sufﬁciently low temperatures, the nuclei near paramagnetic impurities have strongly shifted resonant frequencies, and this hinders the ﬂip-ﬂop processes
between them. Therefore, there is a diffusion barrier of radius δ near every impurity paramagnetic
ion, inside the barrier D ≈ 0, and outside the barrier D ≈ const. It has been proven analytically and
experimentally that there is a possibility of breaking the diffusion barrier under the inﬂuence of ﬂipﬂop transitions of neighboring nuclei which are
induced by the spin lattice relaxation or the spin–
spin relaxation of the paramagnetic ions.
NUCLEAR SPIN RELAXATION IN
SUPERCONDUCTORS

A characteristic time is associated with the
change of non-equilibrium nuclear spin magnetization in a superconductor. The so-called spin–
lattice and spin–spin relaxation times, T1 and T2 ,
respectively, are distinguished (see Nuclear spin
relaxation time). Nuclear spin relaxation in metals
is caused mainly by the coupling between the nuclear and electronic subsystems via the hyper ne
interaction. The dependence of T1 on the temperature calculated in the Bardeen–Cooper–Schrieffer
theory has a non-monotonic character. As the temperature is lowered below the superconducting
transition temperature T c , the relaxation time T1
at ﬁrst decreases, reaches a minimum, and then
monotonically increases, due to the exponentially
decreasing concentration of normal excitations in
the superconductor. The initial decrease of T1 is
caused by the increase (compared with a normal
metal) of the density of electron states at the edge
of the superconductor gap. A high concentration
of impurities and a strong magnetic ﬁeld smear
out the singularity in the superconductor density
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of states, and lead to the smoothing out or disappearance of the minimum in T1 . Type II superconductors in the mixed state exhibit non-exponential
nuclear spin relaxation caused by different values
of T1 within and outside the vortex core.
NUCLEAR SPIN RELAXATION TIME

A characteristic time for the return of a nonequilibrium nuclear spin magnetization back to its
equilibrium conﬁguration. When a system of nuclear spins in a magnetic ﬁeld absorbs a pulse of
radio-frequency energy at the Larmor frequency
a non-equlibrium distribution of nuclear magnetization is established in the system. The spins
return to thermal equilibrium by passing this excess energy to the random Brownian motion in
the case of liquids, to the lattice vibrations in the
case of insulators, and to the conduction electrons
in metals (Korringa relaxation). The time constant for this transfer of excess energy is called the
spin–lattice (or longitudinal) relaxation time T1 .
The nuclear spins reestablish thermal equilibrium
among themselves in the characteristic time T2
called the spin–spin (or transverse) relaxation
time. For low viscosity liquids T1 ∼ T2 , and in typical solids T1 T2 .
NUCLEAR SPIN WAVES
Variety of spin waves due to oscillations of

nuclear spin directions. The most convenient objects for observation of nuclear spin waves are the
easy plane and cubic Mn-based antiferromagnets
(MnCO3 , CsMnF3 , RbMnF3 , MnO, etc.). The indirect coupling of nuclear spins, which gives rise
to a very strong spin–spin interaction, takes place
in these materials through the intermediary of
magnons, which have a very high effective range
r0 of coupling that reaches 104 a (a is the average distance between spins). Due to this high value
of r0 , the nuclear spin waves may exist at helium
temperature (T  4K), which far exceeds the temperature of nuclear spin ordering (about 10−2 K
for these materials). Experimental investigations
of nuclear spin waves involve studying nonlinear
effects caused by these waves using the technique
of nuclear magnetic resonance.
NUCLEAR TARGET, POLARIZED
See Polarized nuclear targets.

NUCLEAR ZEEMAN EFFECT

Splitting of energy levels and spectral lines
of emission or absorption by atoms, molecules,
or crystals under the effect of an external magnetic ﬁeld B 0 , arising from the interaction of a
nuclear magnetic moment with B 0 . The complete theory of the nuclear Zeeman effect is provided by quantum mechanics. The nucleus with
spin I has the related dipole magnetic moment
μI = γI I (γI is the nuclear gyromagnetic ratio). In the ﬁeld B 0 , the nucleus acquires the Zeeman energy −μI B 0 = γI B0 m, where the projection m of I along the direction B 0 can assume the 2I + 1 values m = −I, −I + 1, . . . , I .
As a result, the nuclear spin energy level is split
into 2I + 1 equidistant Zeeman sublevels with
the spacing ωI , where ωI = γI B0 is the nuclear
Zeeman Larmor frequency. Nuclear magnetic resonance arises from quantum transitions between
nuclear Zeeman sublevels which are induced by a
radiofrequency ﬁeld perpendicular to B 0 , with the
frequency ω ≈ ωI .
NUCLEAR ZEEMAN PSEUDOEFFECT

Phenomenon of splitting of the neutron (n) spin
S = 1/2 energy level into two sublevels upon passage of a ﬂux of slow neutrons through a polarized
nuclear target. In addition to a weak dipole–dipole
interaction, there is a stronger magnetic interaction between the neutron magnetic moment and
the target nuclei, arising from the nuclear forces.
The interaction with the target nuclei can be considered as arising from an effective pseudomagnetic ﬁeld B ∗ = αP acting upon n from the polarized target, where P is the polarization of the
nuclei (see Nuclear orientation), and α is a function of the scattering cross-section of the neutron
by the nucleus. As a result, the neutron in a constant magnetic ﬁeld B 0 experiences the effect of
the total ﬁeld B 0 + B ∗ , and its Zeeman frequency
ωI∗ = γI (B0 + B ∗ ) (assuming B ∗  B 0 ) lies in the
UHF range, where B ∗ B0 , corresponding to an
appreciably large polarization P . Quantum transitions between Zeeman pseudo-levels (so-called
pseudomagnetic resonance) can be induced by an
alternating magnetic ﬁeld. In this case, the effective alternating ﬁeld is due mainly to the pseudomagnetic contribution.

NUCLEATION

NUCLEATING CRACK

An ideally sharp, elastic-equilibrium submicrofracture that forms in a slip band of a crystal under the effect of shear stress as a result of
the merging of n dislocations of a cluster held by
a grain boundary. According to the Stroh theory,
the length of an equilibrium nucleating crack is
c ∼ n2 b (b is the value of the Burgers vector), and
a typical dimension at the yield limit of polycrystalline iron is (1/70)d (d is the grain size). Nucleating cracks are constantly forming during treatment processes accompanied by plastic deformation of the material, and they cause the speciﬁc
volume to increase up to 1%. Nucleating cracks
formed under critical normal stress lose their stability, and cause an ideally brittle spalling (microspalling), and perhaps total failure of a solid at
the initial stage of avalanche propagation.
NUCLEATION at phase transitions

A process involving the appearance of small
regions of a new phase (nucleating center) in a
phase transition in the near vicinity of the phase
transition temperature Tc . Nucleation in solids
causes local disturbances because the crystal lattice parameters of the two phases always differ
from each other. Therefore, the appearance of a
nucleating center is accompanied by the emergence of a ﬁeld of nonuniform mechanical stresses
in its vicinity. If these stresses are sufﬁciently
high, the irreversible strain and even the complete failure of the sample may occur. Otherwise,
additional elastic energy appears that can retard
a phase transition. The formation of nucleating
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centers and the subsequent decomposition of the
system can start only in overheated (overcooled)
samples, i.e. when a certain degree of metastability (see Metastable state) has been attained.
This causes a striction contribution to hysteresis
in phase transitions, which is speciﬁc for solids.
The sufﬁciently strong striction effects in some
cases bring about complete striction blocking of
nucleating centers, i.e. they cancel the possibility of nucleation in a phase transition. The most
favorable for the formation of nucleating centers
are the portions of a sample containing various defects of structure and composition, as well as the
surface areas. In highly perfect crystals the ﬂuctuation mechanism of nucleation may prevail. At
the ﬁrst stage of nucleating center development
(critical embryos), their shape is typically close to
spherical, which is related to the inﬂuence of surface tension at the interface of the old and new
phases. During the process of further growth (supercritical nucleating centers), the surface energy
becomes insigniﬁcant, so the optimum orientation
and shape of nucleating centers is completely determined by the requirement of developing toward
an elastic energy minimum. Typically, a plate-like
shape of nucleating centers proves to be the most
favored. In ferroelectric (ferroelastic) phase transitions, the supercritical nucleating centers tend
to have a complicated coherent domain structure.
The rate of nucleating center growth ﬂuctuates
over a wide range; it can be limited by such slow
processes as diffusion and thermal conductivity, as
well as by rapid processes such as the speed of
elastic stress propagation (sound velocity).
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OCTAHEDRAL COMPLEX

Coordination sphere). In a regular octahedral complex, the central metal ion has six identical nearest neighbors (ligands; such as ions O2− , F− , Cl−
etc., molecular ions, and water molecules) equidistant from the center along three orthogonal axes.
The octahedron has eight faces in the form of equilateral triangles. The point group of symmetry of
the central ion is m3m (Oh ); three fourth-order
symmetry axes pass through the vertices of the octahedron, four C3 axes are normal to the faces, and
six C2 axes pass through the centers of edges.
The distortion of an octahedral complex (static or dynamic) caused by lattice vibrations is described by 15 symmetric coordinates that comprise the bases of: one-dimensional $1g (A1g ),
two-dimensional $3g (Eg ), and three-dimensional
$5g (T2g ), 2$4u (2T1u ), $5u (T2u ) irreducible
representations of the cubic symmetry group. The
normal coordinates are linear combinations of displacements of the central ion and ligands from
the equilibrium positions. Under the even-parity
(gerade, g) strain, only the ligands undergo displacements. The central ion can move during oddparity (ungerade, u) type vibrations. The totallysymmetric deformation $1g corresponds to the
expansion or contraction of the octahedron volume while retaining its shape; under the tetragonal
($3g ) and trigonal ($5g ) deformations, the octahedron contracts or stretches along one of the axes
of fourth or third order, respectively. The electron density distribution in an octahedral complex
can be represented by molecular orbitals obtained
as a result of d 2 sp3 -hybridization of six electron
states of the central (transition) ion mixed with
linear combinations of wave functions (see Symmetrized functions) of the outer ﬁlled (valence)
electron shells of the ligands.

One of the most widespread coordination polyhedra found in crystal lattices containing ions of
transition groups with coordination number 6 (see

OFF-CENTER IONS
See Noncentral ions.

OCCLUSION

Gas absorption by solid metals or melts, with
the adsorbate trapped on the surface or within the
bulk, often with the formation of solid or liquid
solutions, or chemical compounds (nitrides, hydrides, etc.).
OCCUPATION NUMBERS

Numbers nk associated with various quantum
states indicating the number of identical particles
in each state k. For a system of fermions (particles
with half-integer spin), according to the Pauli exclusion principle the occupation numbers assume
values of either 0 or 1. In a system of bosons (particles with integer spin) nk = 0, 1, 2, 3, . . . . Occupation numbers are normalized by the condition
nk = N , where N is the total number of particles in the system. In quantum statistics the averages nk play an important role. For ideal quantum
gases the statistics are determined by the distribution function: Fermi–Dirac for fermions and and
Bose–Einstein for bosons (see Fermi–Dirac statistics, Bose–Einstein statistics). At T = 0 the lowest energy states are occupied. This means that
at absolute zero all states are occupied below the
Fermi level and all are empty above it for a system
of fermions (totally degenerate Fermi gas), and it
means that all particles are in the ground state for
bosons (Bose–Einstein condensation).
The concept of occupation number appears in
the formalism of second quantization where the
number operator nμ (k) is the product of a creation
operator and an annihilation operator: nμ (k) =
+ (k)a (k).
aμ
μ
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OHMIC CONTACT

OHMIC CONTACT
Metal–semiconductor junction, or semiconduc-

tor–semiconductor contact, with resistance independent of the magnitude of the current running
through the contact, and small compared to the remainder of the sample. Good ohmic contacts have
resistivity less than 10−7 ·m2 . In particular, the
external terminals of semiconductor devices and
integrated circuits are ohmic contacts. In this case
they must satisfy additional requirements concerning both electrical and mechanical stability. In addition, ohmic contacts should not inject minority
carriers into a semiconductor. As a rule, ohmic
contacts are produced through the formation of a
strongly doped layer (with conduction of the same
kind) on the semiconductor surface. These function via diffusion or ion implantation, or else the
deposition on the surface and subsequent fusion
of an alloy with a necessary doping impurity. The
best known alloys for ohmic contacts involving Si
and Ge are Au–Sn for n-type semiconductors, and
Au–In for p-type semiconductors.
OKMAL (a Russian term)

Polycrystalline dense material produced by
sintering diamond powders at high pressures and
temperatures without using binders. By varying
the process parameters (pressure, temperature, sintering time), it is possible to obtain okmal with a
porosity from 2 to 13% and with different physical properties: hole conductivity or electronic conductivity, electric resistivity 102 to 1014 ·cm,
thermal expansion (2–4)·10−6 K−1 , and thermal
conductivity up to 260 W·m−1 ·K−1 and above.
The temperature dependences of thermo-physical
properties of okmal are similar to those of diamond monocrystals. Okmal is oxidized on heating
in air in the range 200 to 500 ◦ C, which causes reduction of strength of the samples and irreversible
changes of some physical properties (e.g., increase
of electrical resistance by several orders of magnitude). It is used in electrical engineering to manufacture heat sinks.
OKOROKOV EFFECT (V.V. Okorokov, 1965)

Coherent excitation of channeled ions (see
Channeling). When moving with the velocity v
along an ordered atomic chain in a crystal lattice,

a channeled ion experiences the coherent periodic
interaction of the lattice atoms with frequencies
ωn =

2π
vn
,
a (1 − v 2 /c2 )1/2

where a is the lattice constant; and n = 1, 2, . . .
is the harmonic number. If the frequency ωn of
the external force acting upon a particle emerging from the crystal lattice coincides with the
frequency of a transition of the channeled ion
from one state to another, E = E e − E g , i.e.
ωn = E/, a resonance excitation of the particle (similar to the excitation of an atom by the periodic ﬁeld of a monochromatic electromagnetic
wave) may occur. The presence of the Lorentz factor (1 − v 2 /c2 )−1/2 (connected with the relativistic contraction of the interatomic lattice distance in
the coordinate system of the moving ion) in the expression for the frequency ωn allows one to study
the coherent excitations of nuclear levels that are
characterized by a large value of the transition energy (more than a hundred keV).
The best conditions for the experimental observation of the coherent excitation of a singly
charged anion are achieved, if the ion does not
change its charge state in passing through a monocrystal. If the resonance condition ωn = E/ is
met, a coherent transition to the excited state takes
place.
ONE-DIMENSIONAL METALS
A large class of organic high molecular weight
compounds and inorganic chain compounds that
exhibit a relatively high (“metallic”) electrical
conductivity in one direction, and behave as insulators in the transverse plane. The conductiv-

ity anisotropy in known one-dimensional disordered metals reaches 105 . One-dimensional conductors are unstable with respect to the generation
of charge density waves or spin density waves.
The emergence of the latter leads to a restructuring of the uniform ground state of the electron system, and to the development of a superstructure with wave number q = 2p0 in the system, where p0 is the Fermi momentum. This is
the so-called Peierls–Fröhlich instability. It is suppressed even by a relatively small degree of disorder in the structure of one-dimensional conducting chains. The nature of the disordering of

ONSAGER METHOD

the one-dimensional disordered metals may either be related to randomly located defects of
the crystal lattice, or pertain to a particular compound. For example, in a unit cell of crystals
of the KPC type (abbreviated term for the salt
K2 Pt(CN)4 Br0.3 ·3H2 O), the number of equivalent positions for halogen atoms exceeds the
number of these atoms, and the positions are randomly occupied. The elastic scattering of onedimensional electrons by random lattice inhomogeneities leads to the phenomenon of localization
of all electron states in a one-dimensional disordered metal, and its transformation into a zero-gap
dielectric with a high degree of polarizability. The
charge transport in such systems is effected by the
hopping of electrons between localized states with
energies differing by the magnitude of a quantum of the external ﬁeld of frequency ω. The lowfrequency conductivity of localized electrons at
zero temperature is proportional to ω2 ln2 (ωτ ),
where τ is the mean free path time. At a ﬁnite temperature, by virtue of inelastic scattering by phonons, the electronic states become
delocalized, and nonzero static conduction appears. Examples of organic molecular compounds
with quasi-one-dimensional metallic type electrical conductivity are salts of 7, 7, 7, 8-tetracyanop-quinodimethane, called TCNQ for short. Salts
of bis(ethylenedithia)tetrathiafulvalene, called
BEDT-TTF for short, exhibit low-dimensional
electrical conductivity.
ONE-DIMENSIONAL MODELS OF
DISORDERED STRUCTURES

Theoretical models that allow one to write
closed form equations for one or another dynamic
quantity, and thus obtain equations (Smoluchowski
equation or Fokker–Planck equation) for probability densities of these quantities. Such equations
can be solved or investigated in detail for many
important cases.
The richness in the physical content of onedimensional models of disordered structures is due
to the fact that these models express so clearly
the principal difference between disordered systems and ordered ones, namely, the presence of
a macroscopic number of localized states of an
essentially non-Bloch type (see Bloch theorem):
all states in one-dimensional disordered structures
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are localized. The simplest quantity to characterize the localization is the localization length l that
equals the inverse increment (Lyapunov index)
of the envelope of the squared magnitude of the
wave function. This localization of states drastically changes the kinetic properties of the system.
At zero temperature, the low-frequency conductivity tends to zero along with the frequency. The
most typical form of such a dependence (Mott law)
is σ (ω) ∼ (ωτ )2 ln2 (ωτ ) (with τ ∼ l/vF , where
vF is the Fermi velocity). In one-dimensional disordered systems of ﬁnite length L, the static electrical conductivity is exponentially small in the parameter L/ l.
ONE-DIMENSIONAL SUPERCONDUCTIVITY
See Superconductivity in quasi-one-dimensional systems.
ONSAGER METHOD (L. Onsager)

Method for calculating the statistical sum of
the Ising model for a planar N × M lattice in the
absence of an external ﬁeld. The Onsager method
is based on the representation of the statistical sum
as Z = σ (V N )σ σ , where the transfer matrix
V = V1 V2 . The matrix V1 describes the spin interactions of a lattice row with a neighboring one:



V1 = exp K
σn,m σn+1,m ,
m=1,...,M

and the matrix V2 describes the interaction of adjacent spins in one and the same row:



σn,m σn,m+1 .
V2 = exp K
m=1,...,M

The quantity Z is expressed through the eigenvalN
ues λi of the matrix V , i.e. Z = λN
i ≈ λmax
where λmax is the largest eigenvalue. To calculate λmax , the commutation relations of the matrices V1 and V2 are used. Due to the presence of
translational symmetry along the rows, the problem simpliﬁes through the application of a Fourier
transform, and the following relation is found
for λmax :
3 
4
π dq
M/2
exp −
εq ,
λmax = (2 sinh 2K)
−π 4π
cosh εq = cosh 2K coth 2K − cos q.
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ONSAGER THEORY

The Onsager method is not applicable for calculating the statistical sum of an Ising model in
an external ﬁeld, B = 0, or this sum for a threedimensional Ising model, since in these cases the
commutation relations of the matrices V1 and V2
become too complicated.
ONSAGER THEORY

A theory in the physics of insulators, which establishes relations between the static εs and highfrequency ε∞ dielectric constant of a medium
containing polar molecules (with an intrinsic dipole moment). Account is taken of the difference in the dipole moment of a molecule in a
medium and in vacuo, resulting from interactions
with neighboring dipoles, and the difference between the electric ﬁeld in the medium before and
after applying an external electric ﬁeld E. A molecule is treated as a sphere with an isotropic polarizability. The Onsager equation is as follows:


ε∞ + 2 2
4πμ2v N0
3εs
,
ε s − ε∞ =
3kB T 2εs + ε∞
3
(1)
where N0 is the concentration of polar molecules. The Onsager theory disregards deviations
from a macroscopic description of the interaction between nearest neighbor molecules. Accordingly, the correction reduces to adding the factor
(1 + zcos γ ) into the right-hand side of Eq. (1).
Here, z is the average number of nearest neighbors
of the molecule, cos γ  is the mean value of the
cosine of the angle between neighboring dipoles.
Eq. (1) with the added factor (1 + zcos γ ) is
called the Kirkwood formula (see Kirkwood approximation).
OPPOSED DOMAINS
Domains (magnetic, ferroelectric, etc.), charac-

terized by a jump of the polarization (magnetic,
electrical, etc.) component, normal to the domain
wall, e.g., polarization can reverse direction in opposed domains (see Fig.). Usually such domains
are energetically unfavorable because of the appearance of demagnetizing (depolarizing) ﬁelds.
However in some cases they can form, e.g., in ferroelectrics with high conductivity, so that the the
bound charges at the walls, creating the high ﬁelds,
can be compensated by incoming free charges; and

Diagram of the polarization directions of two cases of
opposed domains.

in magnetic substances they can be compensated
by strong nonuniform external magnetic ﬁelds.
OPTICAL ABSORPTION SPECTROSCOPY

Measurement of the absorption or reﬂection of
electromagnetic radiation in the infrared (IR), visible, and ultraviolet (UV), frequency ranges to establish the energy level structure of materials.
The absorption spectra of solid insulators and
semiconductors in the UV, visible, and near IR
correspond to interband and impurity electron
transitions, while in the middle and far IR they
arise from crystal lattice vibrations, and possibly from the presence of free carriers and impurities. Metals are opaque in the visible and
transparent in the UV with the cross-over between these two regions given by the plasma frequency ωp = [ne2 /(ε0 m)]1/2 which is typically
∼1015 Hz. Absorption spectra are investigated experimentally with the aid of spectrometers, spectrophotometers, spectrographs, monochromators,
etc. Fourier-transform spectrometers (see Fourier
spectroscopy) which employ a Michelson interferometer are widely used in the infrared range.
Examples of detectors are photoplates, photocells,
photomultipliers, photoresistors, thermoelements,
bolometers, and acoustic-optical receivers. Examples of radiation sources are lasers, heated ﬁlaments, gas-discharge and arc-discharge lamps,
and laser sparks arising under the action of powerful laser pulses on a material. Cherenkov radiation and synchrotron radiation are also available. The transmission spectrum of the sample
under study is often compared to that of a reference spectrum. The absorption generally follows
the Beer–Lambert law of exponential decay with
material thickness. Typical spectra plot absorption versus radiation frequency (or wavelength). If

OPTICAL BISTABILITY

the absorption spectrum is measured over a wide
enough frequency range then the optical conductivity can be determined by the Kramers–Kronig
relations.
OPTICAL ACTIVITY
See Rotation of light polarization plane.
OPTICAL ANALOG OF MÖSSBAUER EFFECT
See Mössbauer effect, optical analog.
OPTICAL ANISOTROPY
See Induced optical anisotropy.
OPTICAL ANISOTROPY

Dependence of the optical properties on the
direction of propagation and the polarization of
an electromagnetic wave. Optical anisotropy in
crystals leads to birefringence, dichroism of crystals, changing of ellipticity of light, etc. Optical
anisotropy can be natural or induced by an external factor. Noncubic crystals possess natural optical anisotropy.
OPTICAL ANTIRESONANCE
A dip in the density of states of excitations in

a solid, caused by the interaction of two states coincident or close in energy, one of which is discrete, and the other characterized by a continuous
or quite wide-band spectrum. The antiresonance
manifests itself in absorption, reﬂection, Raman
scattering of light, and luminescence spectra (see
Fano resonance).
OPTICAL AXIS OF A CRYSTAL

Preferential direction in an anisotropic crystal where a beam of light propagates without birefringence. A crystal can have one or two optical axes, depending on the crystal lattice symmetry
(see Crystal optics).
OPTICAL BISTABILITY

The existence of two (in a multistable system,
more than two) stable states for the output optical
signal of a system in the presence of a single input
signal. This is determined by the totality of static and dynamical processes involved in nonlinear
systems with feedback.
Generally the bistable optical element is a
Fabry–Perot interferometer ﬁlled with a nonlinear
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medium. The feedback arises during the reﬂection
of light from the interferometer mirrors. The interferometer transmittance in the absence of absorption is determined by the Airy function:

T=

1
IT
,
=
I0
I + F sin2 Φ/2

(1)

where I T and I0 are the intensities of the transmitted and incident light; F = 4R/(I − R)2 is
the interferometer reﬂectivity coefﬁcient; R is the
mirror re e ctance; Φ = 2πnL/(λ/2) is the phase
increment; L is the length of the interferometer;
and n is the refractive index of the material. In the
simplest case (for “dispersion” optical bistability),
n(I c ) = n0 + n2 Ic , where Ic is the light intensity inside the interferometer, and n2 is a constant.
Irradiating the interferometer with sufﬁciently intense light produces a change in the refractive index n, phase Φ and, accordingly, its transmittance
which can be expressed via Ic . Disregarding any
spatial nonuniformity of the ﬁeld in the interferometer, we have
T=

Ic (1 − R)
.
I0 (1 + R)

(2)

The behavior of an optically bistable system is
easy to analyze graphically (see Fig. (a)) by solving Eqs. (1) and (2) simultaneusly. The dependences T (I0 ) and, accordingly, IT (I0 ) display
hysteresis (Fig. (b)) which is in the optical memory regime. By selecting the system parameters
one can obtain a differential gain, corresponding
to the optical transistor regime (Fig. (c)). Optical bistability in systems with ﬁxed polarization
of radiation is subdivided into “dispersion” and
“absorption” bistability, depending on whether the
dominant process is change in the refractive index or the absorption coefﬁcient of the nonlinear
medium. The optical output can involve “intrinsic”
optical bistability (signal produced by resonator
mirrors, or by the nonlinear process itself) or “hybrid” optical bistability (signal supplied by external electronic device).
Semiconductors are the most promising nonlinear medium for tiny (several micrometers long)
devices based on the optical bistability effect; their
salient feature being a low energy requirement
for the switching mode. Characteristics used are
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OPTICAL BREAKDOWN

Optical bistability. (a) Graphical solution of Eqs. (1) and (2); (b) hysteresis of optical memory mode: the “on” pulse
switches the optically bistable element from state 1 to state 2, whereas the “off” pulse switches from 2 to 1 (I  is the
intensity of memory storage); (c) optical transistor mode showing signal ampliﬁcation.

resonance dynamical nonlinearities in semiconductors, which are determined by speciﬁc features of absorption and refraction of laser radiation
at resonance transitions, at resonance excitation
of excitons, biexcitons, bound excitons, impurity
states, and so on. These nonlinearities (called giant
ones) are several orders of magnitude larger than
the corresponding classical nonlinearities in nonabsorbtive media. The latter nonlinearities determine such processes as the second harmonic
generation, parametric generation (see Optical
parametric oscillator), and so on, and manifest
themselves in intense light ﬁelds comparable to
intratomic ones. When using giant resonance nonlinearities, one should take into account the dynamical properties and the relaxation (lifetime) of
excited states, which control the speed of response
of devices based on the optical bistability effect.
The switching-on time of a device is related to the
time τ c of the ﬁeld relaxation in the interferometer
(if L = 10 μm, τ c < 10−12 s), and to the intensity
of the exciting light I0 (i.e. to the value of the induced nonlinearity), while the switching-off time
is determined by the lifetime of excited states.
Optical bistability is of interest both from the
practical viewpoint: for the production of optical
transistors, ultraspeed selectors, storage elements,
and other optoelectronic devices (see Optoelectronics) where the light beam replaces an electric current; and for investigating nonlinear opti-

cal processes that determine the bistable behavior
of systems: the feedback provides the possibility
to detect a nonlinear process under relatively low
excitation levels.
OPTICAL BREAKDOWN, light breakdown,
optical discharge, laser spark

Transformation of matter to a plasma state as
a result of intense ionization under the action of
electromagnetic ﬁelds at optical frequencies. In
optical breakdown a spark seen as a bright ﬂash
emerges in the focal point of a lens, and is accompanied by a strong pulse of sound. In irradiated
optically transparent solids the optical breakdown
can occur at the entrance or exit surface, or in the
sample bulk, depending on the lens focal point.
The latter case requires the highest intensity of focused radiation. The plasma of a spark in the bulk
expands in space in such way that the glow front
drifts towards the path along the normal to the surface at a speed of 107 cm/s. The glow spectrum
of the plasma formed in the bulk of the condensed
matter is continuous, and that near the surfaces
is continuous with a superimposed line spectrum
emitted from regions of lower plasma density.
Optical breakdown in condensed matter where
power laser radiation propagates can be the cause
of a material failure. The evaporation of the
solid-state target surface for the case of symmetrical irradiation stimulates uniform compres-

OPTICAL DETECTION OF MAGNETIC RESONANCE

sion and heating of the material to high temperatures, with the formation of a high-temperature
(≈107 K) dense plasma where thermonuclear reactions might be possible.
OPTICAL COMPENSATOR

A device for introducing a certain optical pathlength difference for two coherent light beams, or
for reducing an existing path-length difference to
zero, or to some constant value. As a rule, an optical compensator is equipped with a reading device to facilitate its use as a path-length difference
meter. There are two main types of optical compensators. Interference optical compensators are
used in double-beam interferometers for equalizing the optical path-length difference of interfering
beams, e.g., by adjusting the inclination of parallel
plates in the beam path to a certain angle. Polarizing optical compensators are used for the analysis of elliptically polarized light. The path-length
difference in this case is adjusted by varying the
thickness of plates cut from a birefringent crystal
with differing velocities of the ordinary ray and the
extraordinary ray. Optical compensators are used
to study stresses in transparent materials with the
help of polarized light; in crystal optics in combination with the polarizing microscope, and also to
change and analyze light beam polarization.
OPTICAL DEFECTOSCOPY

Application of optical methods to determine
crystal structure perfection. As distinct from
X-ray defectoscopy (see Defectoscopy) that establishes the nature and concentration of defects at
the atomic level, optical defectoscopy yields data
on the quality of the crystal lattice as a whole.
The investigation methods used for this purpose
are diverse: luminescence, Raman scattering of
light, light absorption, as well as shadow, polarization, and interference methods. By analyzing the
intensity, line width, and frequency of the lines
observed in spectra, and by comparing the crystals under study with standard samples, one can
judge the perfection and block (granular) structure of a crystal lattice. The crystal blocks (grains),
the traces of slip and other weak local inhomogeneities with clearly pronounced boundaries are
easily detected using the shadow method, whereby
a crystal is inserted in a divergent beam from a
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point source, and its shadow image is examined on
a remote screen. The sensitivity is very high, and
allows detecting a heterogeneity that produces a
path difference of 0.01λ at the crystal boundaries.
Optical inhomogeneities are easily detectable
by interference methods in Michelson, Rayleigh,
and Jamin interferometers. The essence of interference methods is the fact that the refractive index of any inhomogeneity differs from that of the
host crystal. The refractive index difference introduces an optical path difference between the interfering beams, causing the interference lines to
bend. The magnitude of the bending allows one
to judge the geometrical dimensions of inhomogeneities, and to determine the refractive index of
impurities. In crystals with microscopic refraction
index inhomogeneities, the latter are observed using microinterferometers.
Polarization methods are especially sensitive
to stress of any kind in a crystal lattice. To observe stress-induced birefringence, a crystal is positioned between crossed polarizers.
OPTICAL DETECTION
The same as Pockels effect.
OPTICAL DETECTION OF MAGNETIC
RESONANCE
Methods for detecting magnetic resonance op-

tically during microwave saturation of spin sublevels. Applied to solids, this technique is similar
to the optical double magnetic resonance method.
There are two variations of optical detection techniques. One of them uses incident circularly polarized pumping light, and detects effects that are
in some way related to the circular polarization of
the emergent radiation (optical pumping method).
Another variety does not necessarily involve the
light polarization: these techniques are based on
the spin-dependent nature (see Spin-dependent effects) of the optical properties of solids (e.g., recombination luminescence). When applying the
process of optical detection, a sample under study
is placed in a resonator of an electron paramagnetic resonance spectrometer, and is subjected to
the simultaneous action of optical pumping and
microwave saturation. As a rule, the microwave
power is amplitude-modulated, and the optical detection is performed at this modulation frequency.
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OPTICAL EXTINCTION

An advantage of optical detection relative to electron paramagnetic resonance is the signiﬁcantly
higher sensitivity (approximately by the ratio between the light and microwave frequencies, i.e.
∼104 ). This provides the possibility of studying
the radio spectroscopic characteristics of excited
states of paramagnetic centers, and excited triplet
states involving exceedingly small quantities of
short-lived intermediate radicals, i.e. photochemical reaction products. In the context of semiconductors, the optical detection method allows one to
identify unambiguously the pairs of particles (e.g.,
donors and acceptors) that are responsible for various bands of recombination luminescence.
The addition of an extra radio frequency source
transforms the optical detection technique into that
of electron–nuclear double resonance. This makes
it possible to detect transitions between nuclear
spin sublevels in an optical channel with a sensitivity characteristic of the optical detection technique, and a resolution characteristic of the nuclear magnetic resonance technique.
OPTICAL EXTINCTION
See Luminescence quenching.
OPTICAL FILTERS

Devices that change the intensity of radiation
passing through them, and the distribution of intensity over the spectrum. There are absorption,
interference, and interference-polarization optical
ﬁlters, depending on how the light interacts with
the working elements of the solid-state ﬁlters. The
two last types are multilayer systems where the interference of natural or polarized radiation takes
place and, as result, a narrow spectral band is isolated.
Solid-state absorptive optical ﬁlters can be
neutral-gray (reduce light beam uniformly over
a broad spectral region) and selective (cut-off
or band type). The cut-off optical ﬁlters absorb a wide short-wave or long-wave part of
the spectrum and pass adjacent regions, while
selective ﬁlters isolate a certain narrow spectral band. High selectivity is a salient feature
of interference-polarization optical ﬁlters whose
bandwidth can be 10−2 nm. Such optical ﬁlters
are labor-consuming to manufacture, and ﬁnd use,
mainly, in astrophysics for isolating narrow atomic

radiation lines arriving from outer space. Among
the most widely used optical ﬁlters the best parameters are possessed by interference ﬁlters with
multilayer dielectric mirrors that constitute a halfwavelength layer, in which the transmission band
is formed as a result of the interference of the
light.
OPTICAL FREQUENCY CONVERTER
Device based on nonlinear-optical crystals

where laser radiation is converted into light of
another frequency. Crystals without a center of
symmetry exhibit a nonlinear polarization component proportional to the square of the light wave
electric ﬁeld amplitude. The three-photon interaction occurring in such crystals (ω3 = ω1 + ω2 )
allows one to perform light frequency doubling,
and the generation of sum and difference waves.
The most efﬁcient transfer of laser radiation energy takes place if the condition of phase synchronism k3 = k1 + k2 is met (see Second harmonic
generation). More than 90% of the laser energy is
converted in frequency doublers (optical harmonic
generators). Nonlinear-optical generators of sum
and difference waves ﬁnd use as coherent radiation sources in the IR and UV regions of the optical spectrum. A pride of place among them belongs to optical parametric oscillators that provide
a smooth frequency conversion.
When a nonlinear crystal is used to mix laser
radiation with IR radiation that carries information
on a subject or a process, there results an upward
frequency conversion. This can be used to transform the infrared image to a visible spectrum so it
is recorded with the help of ordinary methods. Using several successive nonlinear crystals, one can
repeat the operations of frequency doubling, addition, and subtraction, and thus obtain sources of
coherent radiation at combination frequencies, including high harmonics.
In centrally symmetric crystals with a cubic
nonlinearity, the frequency conversion is achieved
via four-photon interactions. Such crystals are useful in the direct generation of third-harmonic light
waves, and the two-photon pumping of parametric ampliﬁers and generators. To convert the frequency of intense light waves, use can be made
also of the process of induced light scattering.

OPTICAL NUCLEAR POLARIZATION

The spectral range of a nonlinear crystal in optical frequency converters is limited by the transparency region of the crystal, and a set of several
crystals can be used to cover the overall spectral
region from the far-IR to near-UV frequencies.
OPTICAL GATE

A device for one-time or periodic passing or
stopping a light beam for a certain time interval t c . In photographic cameras, high-speed
cine-cameras, and some optical devices, an optical gate is used to control the exposure time.
Optical gates for periodic action provide light
modulation. There are mechanical optical gates
( t c  10−4 s) based on attenuated total reﬂection, magneto-optical gates based on the Faraday
effect, electrooptical gates based on either the Kerr
effect or the Pockels effect ( t c = 10−13 –10−9 s),
and some others. Minimal t c = 10−12 s is attained by the action of ultrashort light pulses. Optical gates are used in lasers for Q-modulation of
optical resonators. There are active optical gates
driven by an external signal, e.g., electrooptical
gates, and passive optical gates driven by the radiation of the laser itself, e.g., bleaching solutions of
organic dyes, semiconductor crystals, and glasses.
Optical gates are used for the generation of nanoand picosecond light pulses, including so-called
giant light pulses.
OPTICAL GLASS

An optically homogeneous solid material from
a solidiﬁed melt of amorphous structure designed
for manufacturing transparent elements of optical
systems, such as lenses, prisms, plates, and so on.
The main source material used for producing optical glass is silica (SiO2 ). The spectroscopic properties of optical glass (refractive index, dispersion,
and transparency range) are governed by impurities incorporated in the glass composition. Typically, components made of optical glass are employed in the range 0.4 to 2.5 μm. Impurity-free
pure optical glass made of silicon dioxide (fused
quartz) is used in the range 0.2 to 4 μm, as well
as in the far-infrared (λ > 100 μm). High-quality
optical glass for the infrared range is made of
chalcogenides of germanium and arsenic (see
Chalcogenide materials). Optical glass is the main
material for the manufacture of optical ﬁbers and
components of ber optics.
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OPTICALLY ACTIVE MEDIUM
See Gyrotropic medium.
OPTICAL–MAGNETIC RESONANCE
A kind of a double resonance involving two

frequencies, one in the optical region and the
other in the microwave or radio-frequency region.
Optical–magnetic resonance serves to enhance the
sensitivity and improve the resolution of resonance methods. See also Optical detection of magnetic resonance.
OPTICAL NUCLEAR POLARIZATION

A dynamical method for polarizing magnetic
nuclei (see Nuclear orientation) with the help of
optical pumping. The methods of optical nuclear
polarization originate from experiments on optical
pumping (see Optical detection of magnetic resonance) in gases where the polarization mechanism
is related to the nuclear-spin-dependent selection
rules for optical transitions. In solid insulators and
semiconductors, the optical nuclear polarization
in the external magnetic ﬁeld arises in the presence of paramagnetic centers whose spin polarization Pe under illumination differs from the equilibrium Boltzmann value Pe0 . If the paramagnetic
centers bring about spin–lattice relaxation, i.e. if
the time-modulated hyper ne interaction of electron and nuclear magnetic moments is present, the
nuclear polarization Pn = Pn0 − ξf (Pe − Pe0 ) appears, where ξ = −1 for the contact interaction
and 0 < ξ < 0.5 for the dipole–dipole hyperﬁne
one; f < 1 is the leakage factor that allows for
a decrease of Pn due to the presence of extrinsic
paramagnetic centers. The difference between Pe
and Pe0 needed to achieve optical nuclear polarization appears in semiconductors (GaAs, Si), e.g.,
when paramagnetic centers trap conduction electrons that are optically oriented by the circularly
polarized light. The excitation of a semiconductor
by unpolarized band-to-band light produces equal
quantities of electrons with spin projections +1/2
and −1/2 in the conduction band, so Pe = 0. If,
however, the sample is in a magnetic ﬁeld, then
Pe0 = 0, and hence nuclear polarization is possible. In silicon, the maximum optical nuclear polarization Pn /Pn0 ≈ 5·104 was observed in samples
subjected to irradiation. Under illumination the
strongly oriented triplet state paramagnetic centers are excited in these samples, the mechanism
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OPTICAL PARAMETRIC OSCILLATOR

of orientation of the centers being related to the
selective ﬁlling and depletion of triplet state magnetic sublevels. A similar mechanism of polarization takes place in some insulators. Optical nuclear polarization is experimentally observable using the methods of nuclear magnetic resonance
and recombination luminescence.
OPTICAL PARAMETRIC OSCILLATOR

A source of coherent optical radiation, which
depends for its operation on the interaction of
light waves of various frequencies in a lighttransmitting nonlinear medium. The optical parametric oscillator performs the transformation of
the energy of laser radiation, which is incident
upon a nonlinear-optical crystal, to light waves of
lower frequency. This process involves a special
type of three-photon interaction ωp = ω1 + ω2 ,
whereby the high-frequency pumping wave ωp exhibits absolute instability. A crystal without a center of symmetry, which has a quadratic nonlinearity of the polarizability in an electric ﬁeld of the
light wave, serves as the nonlinear medium. Only
those waves are excited in the parametric light oscillator, for which the condition of phase synchronism k 3 = k 1 + k 2 (see Second harmonic generation) in the bulk of the nonlinear crystal is fulﬁlled.
Wave dispersion obstructs the fulﬁllment of this
condition. The synchronous interaction is realized
in anisotropic crystals between an ordinary ray and
an extraordinary ray, which exhibit different frequency dependences of the refractive index, and
different directions of propagation. The change of
dispersion causes a change in the frequencies of
excited and ampliﬁed modes. This principle provides the basis for the operation of the frequencymodulated optical parametric oscillator. The oscillator is tuned to a particular frequency by changing the angle of synchronism (θ s ). The angle θ s is
changed by the rotation of the crystal, change of
its temperature, or application of an external electric ﬁeld. Positive feedback, which provides the
parametric generation, is established by placing
the nonlinear crystal between the dielectric mirror
plates (M1 , M2 ) of a reentrant resonator (see the
ﬁgure). In some instances, the injection of a weak
coherent signal (e.g., of a semiconductor laser) is
used in order to increase the stability of operation
of an optical parametric oscillator.

Optical parametric oscillator.

The wavelengths, which are tunable continuously by the optical parametric oscillator, range
from 0.4 to 16 μm; this wave band is spanned
through the use of a set of optical crystals, which
exhibit different transparent regions and different
values of nonlinear distortion factors and failure
thresholds. The sources of laser pulses, as well
as the sources which provide continuous or periodic laser radiation and the harmonics of laser
radiation, serve as pumps. In certain cases, optical parametric oscillators perform the frequency
tuning within 10% of the light frequency. These
oscillators are of particular value in the infrared
region. Optical parametric oscillators, which are
created for the needs of the optical spectroscopy
of ultrahigh-rate processes, generate laser pulses
of pico- and femtosecond duration. Their unique
characteristics are coherence, narrowness of generated lines, high power density, continuous frequency tuning. It is due to these characteristics that
the optical parametric oscillator is the most widely
used (and in certain cases the only one usable) device for performing spectroscopic investigations in
the IR region, for the execution of selective actions on certain materials, for control over environments, and for other purposes.
OPTICAL PHONONS
See Phonons.
OPTICAL POLARIZATION METHOD
Investigation of the birefringence of crystals

and of amorphous media under the inﬂuence
of external (electric) ﬁelds. It is based on the
dependence of transmission of the interferencepolarization signal on the value of birefringence,
on the light wave length, on the thickness of the

OPTICAL RADIATION DETECTORS

sample, and on its orientation. This system consists of a crossed polarizer and analyzer with the
sample under investigation placed between them.
Usually it is not the absolute value of the intensity of the light transmitted by the system that is
determined, but rather its variations relative to the
center of the interference pattern (see Conoscopy),
or a study is made of the interference picture
which displays the distribution of internal stresses
of the object under study. With the aid of the compensator of birefringence, the rotation angle of
the analyzer up to the transmission minimum is
measured, and using this angle the birefringence
is calculated. The optical polarization method is
utilized in electro-, piezo-, magneto-, acoustooptical, measurements for investigating stresses in
transparent materials.
OPTICAL PROPERTIES OF LIQUID CRYSTALS

Great variety of optical effects related to the
anisotropy of liquid crystals (LC), which are caused
by the orientational ordering (see Orientational order) of antisymmetric molecules. The optical axis
of a LC (e.g., of a nematic crystal, see Nematic
liquid crystal) coincides with the direction of a director. The orientation of the latter can change easily due to various factors, such as external ﬁelds,
boundary conditions, and ﬂuctuations. The effects
most typical of liquid crystals are as follows:
• Change in optical properties due to rotation of
the director under an external action, resulting
in birefringence and absorption dichroism (see
Dichroism of crystals). Dichroism in the optical
range is ensured by introducing anisotropic impurity molecules: the guest–host effect.
• Visualization of inhomogeneities: textures, disclinations, and point defects, modulated static
and dynamic structures, wave-like modulation
in liquid crystals (Kapustin–Williams domains,
dynamic light scattering).
• Scattering of the director by thermal ﬂuctuations in the nematic phase (also in smectic
phase C, see Smectic liquid crystal) is about
106 times that in the isotropic phase. This is
related to the fact that the long-wave ﬂuctuations involve negligible energy outlay: the free
energy does not change during uniform rotations of the director. Such modes are similar to
Goldstone modes (see Goldstone theorem), but
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prove to be diffusive because of viscosity. The
scattering becomes still greater by a few orders
of magnitude during the emergence of turbulent
ﬂows in a regime of dynamic light scattering.
• Giant optical nonlinearity (roughly 9 orders of
magnitude higher than that in carbon bisulﬁde)
is due to director rotation under illumination.
Unique optical properties arise in LC with a helical structure (cholesterics, see Cholesteric liquid
crystal, and chiral smectics C): (i) enormous optical activity (about 104 deg/mm), and (ii) selective
light reﬂection (also seen in blue phases) due to
Bragg diffraction from the helical structure. Since
the helix pitch is temperature sensitive, this phenomenon ﬁnds wide use in thermography in engineering and medicine.
OPTICAL QUENCHING
See Luminescence quenching.
OPTICAL RADIATION DETECTORS

Devices for the transformation of optical radiation energy to other types of energy convenient
for measurement. Solids may be divided into three
classes according to the character of the interaction of optical radiation with the material: photonic, thermal, photochemical. These provide the
main elements of optical radiation detectors. In the
photonic variety individual photons are counted,
in the thermal types the total energy over the time
of observation is integrated, in the photochemical
types the optical density of the photolayer, which
varies due to the photochemical reaction and to the
effect of photographic development, is measured.
Each optical radiation detector is characterized
by the following six main parameters:
(1) Threshold sensitivity – minimal optical radiation intensity that gives an output signal at the
detector that is equal to the root mean square
noise (ﬂuctuation) of the receiving element.
At the detector all types of uctuations are reduced to a minimum, and ﬂuctuations of the
incoming radiation ﬂux (quantum noise of radiation source and of background) plus the
thermal conductivity noise of the sensing element determine the threshold sensitivity (detection ability).
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(2) Time constant – time of signal growth up to
a speciﬁed value, characterizes the rapidity of
the response of the optical radiation detector.
(3) The transformation ratio determines the value
of the output signal, normalized to the value
of detected input radiation ﬂux; it is measured
in volts per watt or in amperes per watt.
(4) The spectral sensitivity is the dependence of
the output signal of the detector on the wavelength of incoming radiation. Thermal optical
radiation detectors usually have a broad spectral sensitivity range, and they are called nonselective receivers of optical radiation. Photonic optical radiation detectors operate, as a
rule, in narrow ranges of the spectrum, and are
very selective.
(5) Dynamic range is the region of values of
recorded input optical radiation ﬂux, where
the output signal is proportional to the input.
Thermal optical radiation detectors and photodiodes in the current generator mode possess
a wide dynamic range.
(6) Operating temperature of the sensing element.
The main thermal optical radiation detectors
are bolometers, thermocouples (thermoelements
and thermostacks), pyroelectric radiation detectors
and optico-acoustic (pneumatic) receivers (see
Acousto-optic devices); they have the threshold
sensitivity 10−8 to 10−12 W/Hz1/2 and a time
constant 1 to 10−3 s. Superconducting bolometers are 100 to 1000 times superior according
to their sensitivity and fast response. For measurements of very high ﬂuxes of optical radiation
calorimeters are used (see Calorimetry). The following devices are photonic optical radiation detectors: photocells, photodiodes, photomultiplier
tubes, photoresistors with threshold sensitivity
up to 10−12 W/Hz1/2 and time constant up to
10−10 s. Tunnel photodiodes with microantennae may operate with a time constant 10−14 s.
Photoelectronic multipliers and avalanche photodiodes have their threshold sensitivity up to
10−17 W/Hz1/2 .
There are multichannel optical radiation detectors based on arrays of photodiodes combined
into shift registers with charge coupling (chargecoupled devices), and also receivers of the television tubes type, such as super silicon diode array
cameras. Multichannel optical radiation detectors

form a new class of multichannel analyzers with
improved sensitivity, dynamic range, and fast response in real time compared to the photochemical multichannel optical radiation detectors in the
form of different photosensitive layers, as used in
photography.
OPTICAL RADIATION, SCANNING
See Scanning of optical radiation.
OPTICAL RADIATION SOURCES

Devices for conversion of various kinds of energy into electromagnetic irradiation in the optical range within the conventional wavelength limits (in vacuo) λ = 100 nm to 1 mm (3·1015 –
3·1011 Hz). Solid state optical radiation sources
can be classiﬁed into three groups according to
their mode of generating radiation:
(1) The temperature (thermal) mode converts the
heat motion of particles of a solid directly
into electromagnetic radiation energy. The
commonest are heat sources of optical radiation, viz., incandescent lamp, globar, Nernst
glower, platinum-ceramic sources heated by
an electric current, and electrodes raised to
a white glow in a gas discharge (such as a
carbon arc). As a rule, thermal optical radiation sources can generate both a discrete
and a continuous spectrum with the equivalent brightness temperature of a black body
T b  4000 K.
(2) The luminescence mode uses the recombination radiation of electronic and intramolecular vibrational states of crystals and glasses
(luminophors). These states can be excited either with electric current (see, e.g., light emitting diodes) or a ﬂux of various particles:
γ -quanta, photons (photoluminescence), electrons (cathodoluminescence), etc. Luminescent optical radiation sources can generate
both discrete and continuous spectra, and operate in both continuous and pulse modes using single or periodic pulses of ﬂashes with
durations longer than several nanoseconds.
The equivalent brightness temperature of a
black body for continuous luminescent optical
radiation sources can reach 10,000 K.

OPTICAL RECORDING MEDIA
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(3) The laser mode (see Laser) of an optical radiation source possesses temporal and spatial coherence. Laser sources can generate optical radiation at ﬁxed or adjustable wavelengths, and
continuous or discrete radiation with a pulse
duration less than 10−14 s (tens of femtoseconds).
Other optical radiation sources are various
plasma types (gas discharge and spark) with
T b  104 K, as well as those based on relativistic particle ﬂuxes (e.g., synchrotron radiation and
undulator radiation with T b ∼ 107 K for the vacuum ultraviolet range).
OPTICAL RECORDING MEDIA

Light-sensitive materials for information recording (including digital data and images). Of
widest use are ordinary photographic materials
with subsequent chemical development. To process and record information in real time, optical
recording media with a photochromic effect and
photorefrac tion are used. Under the action of light,
the complex refractive index ñ = n − iκ (here n
and κ are the refractive index and absorption index, respectively) changes in these materials. Depending on the relation between n and κ, one
can differentiate amplitude ( κ
n) and phase
( n
κ) optical recording media. In some media, e.g., photothermoplastic materials (see Nonsilver photography), the medium thickness (proﬁle) changes under the action of light.
Information can be recorded on an optical
medium either in a discrete (digital) fashion (point
recording), or in the form of images, or twodimensional or three-dimensional holograms. The
recording density in an optical recording medium
is limited by diffraction of light phenomena, and is
as high as λ−2 in two-dimensional media and as
λ−3 in three-dimensional media, which gives for
the visible range (wavelength λ = 0.6 μm) the values 108 bit/cm2 and 1012 bit/cm3 , respectively.
Usually two-dimensional optical recording media
are the main ones used.
Fundamental optical recording processes can
be reduced to three kinds of reactions: phototransfer of charge (electrons; protons in some
organic compounds); photoinduced phase transitions; recordings on phononless lines. The phototransfer of charge is carried out in electroop-

Laser hole burning in absorption spectrum of dihydroporphyrin: (a) photoinduced tautomeric reaction in
porphyrin molecule; (b) 1, spectral absorption bands
for different tautomers; 2, proﬁle of laser radiation absorption band; 3, selective action of laser radiation; and
4, spectral hole in an individual phononless line.

tic materials (LiNbO3 , LiTaO3 , etc.). The action of light upon these materials is accompanied by an anomalous photovoltaic effect, and
the establishment of an internal electric ﬁeld that
changes the refractive index (internal electrooptical effect). Photoinduced phase transitions take
place in amorphous chalcogenide materials, e.g.,
in tellurium and its compounds. Light-induced
phase transitions can provide either read–write
(reversible recording), or read-only (irreversible,
one-time recording) storage. Solid-to-vapor phase
transitions (one-time recording) are used also for
digital recording, and light-induced phase transitions in amorphous semiconductors are used in
optical storage disks. Recording on phononless
lines is performed at molecular centers in organic
compounds or ionic crystals. The half-width of a
phononless line (δ0 ≈ 10−3 cm−1 ) is smaller by
2 to 3 orders of magnitude than the total half-width
of the band (see Fig.). Therefore, this method provides an optical record density signiﬁcantly beyond the diffraction threshold (due to narrow absorption bands), and achieves in two-dimensional
media a 1010 –1011 bit/cm2 density. The application of this method is hindered by the necessity to
operate at liquid helium temperatures and below.
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Table 1. Sensitivity of materials for optical recording
Recording type

Recording material

Sensitivity,
mJ/cm2

Recorded energy,
nJ/bit

Irreversible
(read only)

Tellurium or its compounds
Films based on dyes
Particles of silver in gelatin (Drexon)
Films of TeOx
Films of Se20 In35 Sb45
Chalcogenide semiconductors

130
100
60
160
20–2000
10–1000

1.3
1.0
0.6
1.6
0.2–20
0.1–10
2·10−5

Reversible
(read-write)

Crystals of KTa0.65 Nb0.35 O3

0.2

With ampliﬁcation

Photothermoplastics with CdSe

10−5

10−3

With chemical
treatment

Reoxan

2000

–

Silver photomaterials

Silver halides

10−2

10−3

The light sensitivity for direct recording on optical media is lower by several orders of magnitude
than that of silver-halide materials with chemical development. Only in photothermoplastic materials (see Thermoplastic materials) and photorefractive materials (see Holography) recorded in an
electric ﬁeld (enhancement of the primary reaction), does the sensitivity approach that of ordinary
photographic media (see Table 1).
Optical recording media ﬁnd use in recording
holograms and discrete information in real time.
Controlled spatial light modulators have been developed for optical ﬁltration (see Optical lters).
Optical recording media are also applied to the
production of holographic optical elements such
as interference ﬁlters, holographic lenses, diffraction gratings, etc. Amorphous chalcogenides
are applied as master optical storage disks when
manufacturing secondary disks (so-called compact disks) for reproduction of audio- and videorecordings. Also, reversible optical disks have
been developed for computers (to replace magnetic media in ROM systems), and for playback
devices for audio and video recordings.
OPTICAL SOLITON

Self-localized nonlinear excitation (see Soliton) of an electromagnetic ﬁeld. An optical soliton occurs in media that exhibit a linear relationship between the refractive index and the intensity of the traveling wave (in ﬁber-optics tubes

or light pipes, lm s, etc.), and in resonant media.
The existence of optical solitons in optical singlemode light pipes was predicted by F. Tappert and
A. Hasegawa (1973); and was observed by L. Mollenauer et al. (1980). The optical soliton in a light
pipe corresponds to the so-called envelope soliton of a light wave. Soliton modes may appear
in a light pipe when there is mutual compensation for the effect of an increase of slope of the
wave front because of nonlinearity, and there is
wave packet spreading related to dispersion (see
Wave packet representations of wave functions).
The nonlinear properties of light pipes are related
to the deformation of the electronic shells of glass
molecules (see Vitreous state of matter) under the
action of the electric ﬁeld of the wave. The dynamics of propagation of the envelope soliton is
described by the nonlinear Schrödinger equation,
in which the role of time is played by the coordinate along the ﬁber direction. Dark solitons
arise, if the light pulse propagates over a region
of normal dispersion of light; bright solitons occur if the propagation is over a region of anomalous dispersion of light. Dark solitons are dips in
intensity of quasi-continuous pumping, or a long
pulse; bright solitons are individual localized wave
packets. Typical parameter values for the generation of a single bright optical soliton in a light pipe
are: wavelength λ = 1.55 μm, input pulse duration
70 ps, light guide cross-section S = 100 μm2 , peak
power 1 W. Optical solitons show promise for applications to ﬁber-optic information cables with

OPTICAL SPECTROSCOPY OF SURFACES

extra-high transmission rates, logic gates, soliton
lasers.
OPTICAL SPECTROSCOPY OF SOLIDS

The branch of spectroscopy concerned with the
study of light absorption, re e ction of light, luminescence, Raman scattering of light, and photoconductivity optical spectra of solids, the determination of their energy level conﬁgurations, and
their suitability for various applications. The theory underlying the analysis of the above spectra
is the quantum theory of solids and group theory. The latter takes into account the symmetry
properties of a crystal lattice (and, consequently,
of wave functions) and establishes selection rules
for quantum transitions. Spectroscopic data provide an opportunity to judge the nature of the interaction between a light wave and a crystal, the
energy migration in a crystal, the nature of defects,
the centers of radiative recombination of electrons
and holes, the presence of photochemical transformations, the inﬂuence of external factors (temperature, pressure, electric and magnetic ﬁelds) on the
energy bands and discrete levels, and the role of
surface states. Under high (laser) levels of excitation, multiphoton processes and nonlinear optical effects, including stimulated Raman scattering
and stimulated radiation emission, become feasible. Optical spectroscopy methods are quite informative for the spectral analysis of solids. Any
spectrum depends on the chemical composition,
the crystal structure, the presence of defects in a
crystal lattice, their nature, etc.
In accordance with the band theory of solids,
quantum transitions between the allowed bands,
intraband transitions, those with participation of
defects of various kinds, and quasi-particles, are
possible. Band-to-band transitions produce broad
absorption spectra with a sharp cutoff (intrinsic
light absorption edge) on the long-wavelength
side. Adjacent to these spectra are impurity-band,
exciton absorption, and luminescence spectra. The
latter result from the electron–hole Coulomb interaction. Typical of excitons with a large radius
(Wannier–Mott excitons) is a set of narrow bands
forming a hydrogen-like (Rydberg) series. Its edge
coincides with that of intrinsic absorption, while
the most outlying band is at a distance correlated
with the binding energy of an exciton, and determines its ground state.

925

There are both direct band-to-band transitions
and indirect band-to-band transitions. The former
arise without the participation of phonons, and
are characterized by high values of the absorption coef cient (104 –105 cm−1 ). The latter appear with the participation of either phonons or defects, and have absorption coefﬁcients lower by 2
to 3 orders of magnitude. The interaction of excitons with photons results in the formation of
photoexcitons (polaritons). The edge and exciton
absorption, luminescence, reﬂection, and photoconductivity spectra of semiconductors and insulators occupy the regions of near-IR, visible, and
UV radiation. Electronic transitions in molecular
crystals, and in particular dyes, are found in the
same spectral region.
For electronic transitions with the participation
of impurity states formed by atoms of rare-earth,
transuranium and transition elements, very narrow absorption and luminescence bands can appear even at high temperatures. They have a great
number of components due to the splitting of degenerate states in the crystal e ld, and are related
with the inner (e.g., 4f n for rare-earth elements)
electronic shells of impurity atoms.
In addition to quantum transitions between the
electronic states that result from vibrations of
atoms, ions, or molecules that compose a crystal,
there can be a vibration-induced change of the dipole moment and the polarizability of the unit cell.
Also, IR absorption and Raman scattering may appear. For crystals with a center of symmetry in the
unit cell some of the lattice vibrations appear in
the IR spectrum, and others are found in the Raman spectrum (see Mutual exclusion), as permitted
by selection rules. The lattice spectra of molecular
crystals reveal the rich structure of intramolecular
vibrations. In the case of anisotropic lattices, all
spectra are polarized.
OPTICAL SPECTROSCOPY OF SURFACES
Studies of solid surfaces and phase boundaries

by optical methods. The optical spectroscopy of
surfaces is used mainly to investigate the molecular structure of the near-surface layer, its changes
during the course of chemical reactions, and the
adsorption process at the surface (IR absorption,
IR reﬂection, multiple total internal re ection);
speciﬁc features of surface quasi-particles such as
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surface plasmons, surface polaritons, and excitons
(attenuated total internal re ection, Raman scattering of light, surface laser photoluminescence,
reﬂection spectroscopy); the rate of surface recombination, surface state parameters, and the
planar band potential (IR absorption, electrore ection, photoluminescence); the structure of energy
levels in heterojunctions, superlattices, and quantum wells (IR absorption, Raman scattering, pho-

toluminescence).
As a general rule, optical spectroscopy of a
surface is not associated with a strong interaction
there, and it often yields the most direct data on
surface parameters (e.g., energy levels in quantum
wells and superlattices). This presages the wide
use of optical spectroscopy in investigations of
physical and physicochemical processes near the
surface.
OPTICAL SPIN ORIENTATION

Appearance of anisotropy of the spatial distribution of spins of charge carriers excited by
circularly polarized electromagnetic radiation in
solids. The incident circularly polarized radiation
possesses a ﬁnite momentum, and by virtue of its
conservation the charge carriers that emerge after its absorption in a semiconductor should have
the same momentum. Since the angular momentum of free electrons in a semiconductor is related to the presence of spin, the spins of the lightgenerated electrons will have a prevailing orientation along the radiation propagation direction. The
spin–orbit interaction can also result in the orientation of holes. A similar effect arises when polarized light is absorbed by a system of atoms,
and the resultant angular momenta of the atoms
are oriented. Experiments reveal an optical spin
orientation owing to the presence of circular polarization of the recombination radiation of spinoriented electrons and holes. In GaAs, the maximum polarization achieved is 90%. This value decreases as a result of relaxation of the oriented
electrons and holes during the time delay between
excitation and emission of the radiation (see Paramagnetic relaxation).
OPTICAL STORAGE DISKS

Information carriers for recording discrete (digital) or holographic data. Storage disks can be
read-only or reversible (read–write). The former
are used in commercial equipment for the repro-

duction of audio and video data or recordings
(Fig. 1(a)). The digital master record is usually
made with a semiconductor laser. The diameter
of a single bit (a dot) of a record on an optical
storage disk is about 1 μm (Fig. 1(b)), which allows the recording of about one billion data bits
on a disk 12 cm in diameter (equivalent to 50,000
pages of text, or a 20 min color video recording
with sound). Master recording on the disk usually
makes use of optical recording media designed for
real-time operation. The master disk is copied on
to secondary ones that are plastic plates with a system of small holes (about 1 μm in diameter). Substrates for optical storage disks are mostly plastic
or glass. Each disk has a required protective coating. Those used in computers are 36 cm in diameter. The development of read–write optical storage
disks began in 1983–1985 (see Information recording in solids).
OPTICAL TECHNIQUES OF INFORMATION
RECORDING

Light-induced residual changes of physicochemical properties of materials (see Optical recording media). Optical techniques of information
recording are applied to the recording of images,
discrete (digital) information, holograms and so
on, and can be implemented in two-dimensional
and three-dimensional media. The limit of the
recording density is set by the conditions of diffraction and is as high as λ−2 bit/cm2 in twodimensional media and λ−3 bit/cm2 in threedimensional ones (here λ is the wavelength).
The theoretical limit of recording density has
been attained in two-dimensional systems (at
λ = 632.8 nm it is 2.5·108 bit/cm2 ).
Optical techniques of information recording
use changes in optical constants (absorption index κ, refractive index n) or proﬁle (dn) (d is
the thickness) of the medium (see p. 928, Fig. 2).
Depending on the relation between changes in
optical constants, one can distinguish amplitude
|n1 − n| and phase |n1 − n|
|κ1 − κ|
|κ1 − κ| optical recording. The latter provides a
high diffraction efﬁciency (up to 100% in threedimensional and up to 34% in two-dimensional
media) in holographic recording. This high diffraction efﬁciency is of great practical importance
in the manufacture of optical holographic elements (lenses and diffraction gratings).

OPTICAL TECHNIQUES OF INFORMATION RECORDING
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Fig. 1. (a) Optical storage disk, and (b) details of localized region A.

The design of optical information recording
techniques is linked to the production of lasers and
optical storage disks. Here, the recording process
itself runs in real time (1 to 100 ns for RAM),
whereas the information recorded in ROM must
be stored for years. These optical techniques are
used for both one-time and repeated (reversible)
recording. In the latter case, optical erasure is used
for a new recording. As a rule, recording media

are constructed as complicated multilayer systems
containing a light-sensitive layer, various sublayer
coatings, and a substrate. Of interest is the socalled bubble recording when the light absorbed
by the medium also causes heating of the sublayer with subsequent gas liberation (formation of
a bubble). This makes it possible to enhance the
photosensitivity and improve the detection parameters.
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vector k → 0, the atoms move in the “head-on” direction). They are called optical because they are
vibrations in ionic crystals in the IR part of the
spectrum near the visible region. These optical vibrations involve an antiphase motion of ions of the
unit cell which produce an alternating crystal dipole moment that interacts with the external electromagnetic ﬁeld. In contrast to acoustic vibrations
that always exist in a three-dimensional crystal,
the frequencies of optical vibrations do not vanish
at k = 0. The number of optical vibration branches
is 3q − 3, where q is the number of atoms in a unit
cell.
OPTICAL WAVEGUIDE

A dielectric structure along which electromagnetic radiation of an optical spectrum can propagate with low loss. The commonest types involve
ber optics, such as ﬁber light guides, and various
kinds of optical waveguides for integrated optics
(planar, channel, etc.).
OPTICO-ACOUSTICS
See Acousto-optics.
OPTICS, NONLINEAR
See Nonlinear optics and Nonlinear-optical crystals.

Fig. 2. Three types of optical information recording gratings: (a) amplitude type with thickness d, separation s,
and absorption indices κ1 and κ, (b) phase type with indices of refraction n1 and n0 , and (c) proﬁle-phase type.

OPTICAL THEOREM

A relation connecting the imaginary part of
the scattering amplitude f (k, Θ) for a particle or
quasi-particle of wave vector k at a zero angle
(Θ = 0), with the total (elastic or inelastic) scattering cross-section σ tot of the particle, σ tot =
(4π/k)Imf (k, 0).
OPTICAL VIBRATIONS of crystal lattice
Branches of normal vibrations that exist in crystals containing more than one atom per unit cell.

Long-wave displacements of vibrating atoms (or
molecules, or ions) occur with no shift in the center of gravity of individual unit cells (with wave

OPTICS, NUCLEAR
See Nuclear optics.
OPTICS OF METALS
See Metal optics.
OPTICS OF SOLIDS

Part of physical optics studying processes of
light propagation and light interaction with solids.
This includes polarization of light, birefringence,
interference, diffraction of light, optical activity
(see Rotation of light polarization plane), dispersion of light, light absorption, magnetooptics, electrooptics, etc. The basis of the phenomenological theory of the optics of solids, which reﬂects
the wave aspect of radiation, is Maxwell’s equations. The coefﬁcients of these equations are the
material constants of matter: the relative dielectric constant ε and magnetic permeability μ which
are related to the crystal lattice structure, and determine its refractive index n = (εμ/ε0 μ0 )1/2 ,

OPTOELECTRONICS

where ε0 and μ0 are the free space (vacuum) values. All three parameters, n, ε, and μ, are functions of frequency and wave vector. Most crystals
are anisotropic, so these three parameters depend
on the light propagation direction (see Anisotropy
of crystals). In nonmagnetic solids μ ≈ μ0 .
All crystals are characterized by their intrinsic absorption spectra which are determined by
the structure of the energy bands of electrons
and phonons. The electronic absorption spectra
are related to the resonance band-to-band transitions of electrons as well as to intraband transitions and, as a rule, are situated in the UV, visible and near-IR regions. The absorption of phonon
radiation takes place in the middle and far-IR regions. The strongest absorption over broad optical
spectral regions pertains to metals owing to their
high free-carrier concentration. The band-to-band
transitions of metals are, in most cases, in the UV
and perhaps visible regions, so many good metals are opaque in the visible. A high transparency
of metals is found at frequencies above that of
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plasma oscillations, starting at frequencies much
higher than those of highly-doped semiconductors.
The exciton spectra that are usually adjacent to the
intrinsic light absorption edge are in many cases
superimposed on the electron band-to-band spectra. The electronic spectra of molecular crystals reproduce, to a great extent, the spectra of the individual molecules that they contain, and are situated predominantly in the UV and visible regions.
Very rich spectra of intramolecular vibrations are
found in the IR.
OPTICS, VIBRONIC EFFECTS
See Vibronic effects in optics.
OPTOELECTRONICS

A technological scientiﬁc discipline where a
combination of electronic and optical methods
and means is used for processing, transmission,
recording, storage, and presentation of information. The main feature of optoelectronics is the
presence of an optical photon connection to bring

Fig. 1. Diagrams of optoelectronic transformations of: (a) an electrical signal ϕ(J, V ) which is a function of current J and
voltage V , and (b) an optical signal ϕ(Phν , λ) which is a function radiation density Phν and wavelength λ. The systems
include a radiation source (RS), a photon detector (PD) and an optical medium (OM) with electrical ϕ0 (J, V ) and optical
0 , λ) input reference signals. The indicated transformations are electron-to-photon (EP), photon-to-electron (PE),
fc0 (Phν
electron-to-optical (EO) and photon-to-photon (PP). The intermediate transformed signals are denoted by f and ψ .
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Fig. 2. Qualitative characteristics of optoelectronic transformations and their applications.

about an optoelectronic (either electron–photon
or photon–electron) transformation. A characteristic of optoelectronics is charge neutrality, low
noise feature, and the accessibility of the information carrier that is a photon for visual perception.
Besides, optoelectronics provides the possibility
of excluding the effect of a frequency-dependent
wave impedance from the circuit matching, of suppressing reactances from communication channels. It can also ensure almost complete isolation and autonomy of the channels by combining
quantum mechanisms for generating radiation and
current carriers in the material with electronic
methods for controlling these mechanisms. The
application of the optoelectronic transformation to
electrical (a) and optical (b) signals is illustrated
in Fig. 1. The diagrams reﬂect the duality of optoelectronic circuits, which determined, to a great

extent, the term “optoelectronics”. The connections shown can be broken in one or several places.
Thus there are several independent branches in optoelectronics: devices for the display and presentation of information, photoelectronics and photoelectronic automatic equipment, ber optics, integrated optics, acousto-optics, magnetooptics, and
so on. The block diagram of an optoelectronic
transducer can contain any number of electronic
elements (e.g., ampliﬁers, generators, logical isolators, etc.) in its electrical part. This introduces no
changes into the algorithm of the optoelectronic
transformation, its essence being unambiguously
determined by the basic elements of optoelectronics: radiation sources, photodetectors, and optical
media. Simple optoelectronic transducers are exempliﬁed by optoisolators (optrons) based on an
optically connected radiation source and photode-

ORBACH–AMINOV–BLUME PROCESS

tector located in the same enclosure (like integrated circuits); ﬁber-optical communication lines
where the optical medium has the form of a long
glass-ﬁber cable; solid-state ampliﬁers; and radiation image converters where the photodetector
and radiation source are distributed structures, integrated technologically in a single device. The
functional possibilities of an optoelectronic transducer are determined by the nature of the radiation used. Coherent radiation provides more information content, and has a higher Q. The sources
of coherent radiation in optoelectronic transducers
are lasers and light emitting diodes. The functionality of incoherent optoelectronics stems, mainly,
from the photoelectric transformation. Used to this
end in optoelectronics are photoresistors, photodiodes, phototransistors, and other photoelectric devices and their arrays. The generation, transformation, and detection of the radiation are in most
cases carried out by semiconductor elements and
structures that lend themselves to microminiaturization and integration. The advantages of optoelectronics that determine its role in solving some
technical and scientiﬁc tasks, and its relation with
various ﬁelds of physics, are clearly seen on the
diagram of Fig. 2.
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from the light-emitting diode to the photodetector.
Optoisolators or optrons are used for amplifying
and converting electrical and optical signals, for
switching, for modulation, etc. To increase the current transformation ratio I2 /I1 , which is typically
about 10−3 , by tens of times, a phototransistor is
used in the optoisolator instead of a photodiode.
See also Optoelectronics.
OPTRON
See Optoisolator.
OPW METHOD
See Orthogonalized plane waves.
ORBACH–AMINOV–BLUME PROCESS
(R. Orbach, M.K. Aminov, M. Blume)

contacts between input (control) and output signals (see Fig. 1). The signal input current I1 triggers the generation of radiation by the lightemitting diode. This radiation is detected by the
photodiode and then transformed into an electric current I2 to be applied to the load resistor
R L . Fig. 1 shows a photon hν during its transit

Establishment of an equilibrium distribution of
populations (see Level population) Em and Em
of spin levels of a magnetic ion with the nearest excited state energy El lower than the maximum phonon energy (see Fig. 2). The process results from absorption of a phonon of frequency
ωph = / = (El − Em )/ and the spontaneous
or induced radiation of a phonon with energy
El − Em . This process, called resonant phonon
ﬂuorescence, as a mechanism of spin–lattice relaxation involving levels m and m was considered
by Orbach (1961) and investigated independently
by Aminov (1962). The rate τ −1 of this relaxation process is characterized by its exponential
dependence on the reciprocal temperature, τ −1 ∝
exp[−Δ/(k B T )], and it is inversely proportional
to the level width of E l determined by the spontaneous phonon emission. The process was observed experimentally with Ce3+ ions in cerium–
magnesium nitrate, as well as with some ions of
the iron group. Blume and Orbach (1962) studied

Fig. 1. Sketch of an optoisolator.

Fig. 2. Energy level diagram of the resonant phonon ﬂuorescence process.

OPTOISOLATOR, optron
A semiconductor device containing a light
source (light emitting diode) and a detector (photodiode, phototransistor) without direct electrical
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ORBITAL ANGULAR MOMENTUM

the spin-relaxation process (see Paramagnetic relaxation) for the ground state multiplet of a magnetic ion, i.e. when the value of Δ is very small.
Such a process results in a temperature-dependent
relaxation rate τ −1 ∝ T 5 .
ORBITAL ANGULAR MOMENTUM, orbital
moment

The angular momentum of a microparticle arising from its motion in a spherically symmetric force ﬁeld. According to quantum mechanics,
the orbital angular momentum L is quantized;
namely, its magnitude as well as its projection
upon an axis, arbitrarily chosen in space (z axis),
can take on only certain discrete values: L2 =
2 l(l + 1), Lz = m. Here, l = 0, 1, 2, . . . is the
orbital (azimuthal) quantum number, m = l, l −
1, . . . , −l is the magnetic quantum number. The
classiﬁcation of the states of microparticles in accordance with their values of l is used in the theory
of atoms and atomic nuclei, and also in the theory
of scattering and collisions.
ORBITAL, HYBRID
See Hybridization of orbitals.
ORBITALS

Single-electron wave functions for constructing the wave function of a many-electron system.
In the single-electron approximation, the state of
every electron of the system is described by its
own wave function, an orbital, reﬂecting the existence of an individual state of an electron in a
certain effective ﬁeld of the other electrons. In
atoms, the individual electron states are described
by atomic orbitals, and in molecules they are described by molecular orbitals.
A single-electron wave function dependent
solely on spatial coordinates of a given electron
is called an orbital; or, taking into account spin
variables, a spin orbital. The sequence of singleelectron orbitals ψm corresponds to the spectrum of single-electron energy levels εm (m =
1, 2, 3, . . .). If each ith electron of the system
is described by its individual spin-orbitals (i.e.
ψm (i)α(i) and ψm (i)β(i), allowing for two spin
directions: up (α) and down (β)), and its principal
quantum number m, then the single-electron approximation lets the overall system wave function

be written in the form of a Slater determinant:
1
ψ=√ ×
N!
⎤
ψ1 (1)α(1) ψ1 (1)β(1) . . . ψn (1)α(1) ψn (1)β(1)
⎢ ψ1 (2)α(2) ψ1 (2)β(2) . . . ψn (2)α(2) ψn (2)β(2) ⎥
⎥
⎢
⎥.
det ⎢
.
.
.
.
.
⎥
⎢
.
.
.
.
.
⎦
⎣
.
.
.
.
.
ψ1 (N)α(N) ψ1 (N)β(N). . .ψn (N)α(N) ψn (N)β(N)
⎡

The above representation of the wave function for
N electrons (N = 2n) ensures its antisymmetric
properties, with the Pauli principle automatically
satisﬁed.
ORDER
See Long-range and short-range order.
ORDER, ATOMIC
See Atomic order.
ORDER DEGREE
See Degree of order.
ORDER–DISORDER LAYERED STRUCTURE
(K. Dornberger-Schiff, 1964)

Structures of so-called order–disorder (OD)
layers, their alternation exhibiting some characteristic features of order–disorder. The OD layers
can be adjacent to each other in several equivalent ways, depending on the symmetry of individual layers and neighboring layer pairs. Layers in a
pair are related by operations of partial symmetry,
which are valid for a given pair, but not necessarily for the system as a whole. Owing to the variation of partial symmetry for different pairs, there
could be, in principle, a diversity of OD structures
formed from the same layers (of one or several
kinds), and symmetrically equivalent pairs of layers (so-called adjacency condition), both involving disordered and various strictly periodic alternations of layers.
ORDER–DISORDER PHASE TRANSITION
Phase transition involving an ion (or atom) sit-

uated in a potential well with two or more minima, which determines by its position the value of
the order parameter. These minima are separated
by maxima with energy U , considerably higher
than the interaction energy J between the different
ions of this type (see Fig.).

ORDER PARAMETER
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low-temperature one) exhibits lower symmetry.
In the latter case, the high-temperature phase is
called the disordered phase or symmetric phase.
Examples of ordered systems of this type are: ferromagnets, antiferromagnets, ferroelectrics, superconductors, spin glasses and dipole glasses, liquid
crystals, ordered alloys (see Alloy ordering). The
distinctive feature of an ordered system is that its
order parameter differs from zero; the generation
of an ordered phase is a consequence of spontaneous symmetry breaking (in the absence of an
external ﬁeld).
ORDER IN ALLOYS
See Alloy ordering.
Single-particle potential showing the two minima where
the ion is located at the order–disorder transition (Q is a
generalized coordinate, and U
J ).

Above the order–disorder phase transition temperature (Tc ) both minima of the single-particle
potential are populated with equal probability. In
some systems above the transition point the double
minimum potential reduces to a simple parabolic
form characteristic of only one minimum. Below
Tc the interaction J causes an asymmetry of the
distributions in the potential wells, and an order
parameter different from zero appears. At T = 0
all ions occupy equivalent minima. Sometimes,
upon the variation of the external conditions, the
correlation between U and J becomes reversed,
and a displacive type phase transition takes place
( U < J ). Transitions of alloy ordering, many
ferroelectric phase transitions (e.g., KH2 PO4 and
NaNO2 ), structural phase transitions, etc., are related to the order–disorder type.
ORDERED PHASE
See Ordered system.
ORDERED SYSTEM, ordered phase

From the viewpoint of solid state physics, an
ordered system is one exhibiting a certain type of
long-range order (see Long-range and short-range
order), such as a crystal. In terms of the physics
of order–disorder phase transitions, the term “ordered system” is used in reference to that of two
thermodynamic phases, one of which (usually the

ORDERING, ISOTOPIC
See Isotopic ordering.
ORDERING TEMPERATURE
The temperature of a rst-order phase transition or of a second-order phase transition to a
phase of lower symmetry (ordered phase, see Ordered system).
ORDER PARAMETER (introduced by
L.D. Landau, 1937)

A generalized quantity, which is a measure of
the change of structure (change of internal symmetry) of a condensed many-particle system (a solid,
in particular) in passing through a phase transition point. The order parameter differs from zero
only in the ordered phase (i.e. in the phase of lowered symmetry). It undergoes an abrupt change
at a rst-order phase transition and is continuous
at a second-order phase transition, where its ﬁrst
derivative with respect to a certain thermodynamic
variable (temperature, pressure, density, etc.) has
a discontinuity. The nature of the order parameter,
its tensor dimension, and the number of its components, are determined by the physical characteristics of the phase transition. In the case of a transition to the ferro- or antiferromagnetic state, the
role of the order parameter is played by the vector
of spontaneous magnetization (ferromagnets) or
the antiferromagnetism vector (antiferromagnets).
In the case of a ferroelectric phase transition and
ferroelastic transitions, the polarization vector and
strain tensor act as order parameters, whereas in
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the case of a superconducting phase transition the
role of the order parameter is played by the complex coherent wave function of the condensate of
Cooper pairs. The order parameter is a thermodynamic variable and is the statistical average of a
certain physical quantity over the state of incomplete thermodynamic equilibrium (see Anomalous
means). The order parameter is subject to thermodynamic ﬂuctuations, which become abnormally
strong in the neighborhood of second-order phase
transitions. The order parameter space is formed
by those values of the order parameter, which correspond to the same (minimal) value of a thermodynamic potential. The geometrical properties
of this space are of importance in the analysis of
topological inhomogeneities. The concept of the
order parameter is of crucial importance in the
Landau theory of second-order phase transitions.
See also Order parameters in liquid crystals, Order
parameters in alloys.
ORDER PARAMETER PHASE
of superconducting and super uid states
The order parameter is a key characteristic of

the macroscopic coherence properties of the condensate of Cooper pairs in superconductors (see
Superconductivity), or of the superﬂuid component
in quantum Bose and Fermi liquids (see Super uidity). The phase of the order parameter is independent of time and space in the absence of electromagnetic ﬁelds and currents in the superconductor, or ﬂuxes and vortex-type motion in superﬂuid helium. This is indicative of the establishment
of long-range order (see Long-range and shortrange order) in the superconducting or superﬂuid
state. This long-range order exhibits overall coherence, and is described by a complex order parameter or wave function ψ = |ψ|eiϕ (of phase ϕ and
absolute value |ψ|). Macroscopic quantum coherence is responsible for the presence of persistent
(undamped) currents in superconductors, and superﬂuid ﬂows in liquid helium. The persistent current j is proportional to the space derivative of the
phase, that is j ∼ ∇ϕ. It also brings about quantum vortices in superﬂuid helium, Abrikosov vortices in type II superconductors placed in a magnetic ﬁeld, the quantization of ux, Josephson effects, etc.

ORDER PARAMETERS IN ALLOYS

Parameters, which are a measure of long-range
and short-range order in alloys. Consider a binary alloy, which consists of NA atoms of type A
and NB atoms of type B. If there are two types
of sites 1 and 2 for the atoms A and B, which
are taken in amounts N (1) and N (2) , respectively,
then the quantity that is taken to be the parameter
or degree of long-range order, or the order parameter, is given by the equation
(1)

p − cA
η= A
,
1−ν

(1)

(1)

where pA is the a priori probability of substitution of the site 1 by an atom, cA = NA /N
(where N = NA + NB = N (1) + N (2) ) is the relative concentration of the atoms of type A, and
ν = N (1) /N . The order parameter η ranges from
zero (for the case of a disordered alloy, i.e. an alloy, which does not exhibit long-range order, when
(1)
pA = cA ) to the maximum value ηmax = cA /ν
for cA  ν, or ηmax = (1 − cA )/(1 − ν) at cA  ν.
In a fully ordered alloy (see Alloy ordering) of stoichiometric composition (cA = ν), η = ηmax = 1.
The long-range order in an alloy of n components
with Q types of sites is deﬁned by independent
long-range order parameters, the number of which
is equal to S = (n − 1)(Q − 1). The selection of
a set of long-range order parameters is determined
by various factors, and parameters different from
those given by Eq. (1) are used in certain cases
(the long-range order parameters are usually pro(1)
portional to pA − cA ).
The short-range order of an A–B alloy with
two types of atomic sites (each site of type 1 having as nearest neighbors only sites of type 2, and
vice versa), and cA = ν = 1/2 may be deﬁned by
a short-range parameter (degree) of the form
σ=

2NAB − N ∗
,
N∗

(2)

where NAB is the number of pairs of neighboring A–B atoms, and N ∗ is the total number
neighboring atom pairs. In the general case of an
n-component alloy with Q types of sites, the
short-range order is deﬁned by the correlation

ORDER PARAMETERS IN LIQUID CRYSTALS

parameters with respect to different coordination
spheres:






LL (ρ ) = P LL (ρ ) − P L P L ,
εαα

l
l
α α
αα 

α, α  = A, B, C, . . . ,

(3)

L, L = 1, 2, . . . , Q,
LL (ρ ) is the probability of occupation
where Pαα

l

of a site of type L by an atom of type α and simultaneous occupation of a site of type L (at the
distance ρl in lth coordination sphere) by an atom

of type α  ; PαL , PαL are a priori probabilities of
occupation of sites L and L by atoms α and α 
respectively. In the case of alloys, which are described by Eq. (2),
12 (ρ ),
σ = η2 + 4εAB
1

(4)

i.e. the short-range order parameter σ is determined in the ordered state not only by the correlation parameter, but also by the degree of longrange order η. In the case of disordered A–B alloys (η = 0), the following short-range order parameters:
PAB (ρl )
,
(5)
σl = 1 −
cA cB
are often used. These short-range order parameters are related to the correlation parameters
εAB (ρl ) = PAB (ρl ) − cA cB by the equation
αl = εAB (ρl )/(cA cB ) (the indices L and L are
omitted in these equations, because all sites of a
disordered alloy are of the same type).
ORDER PARAMETERS IN LIQUID CRYSTALS
Parameters which are representative of orientational order and of partial translational order. Ori-

entational order is exhibited by the long axes of
rod-shaped molecules, and by the normals to the
planes of disk-shaped molecules. Partial translational order occurs in smectic liquid crystals and
columnar phases of discotics. In the general case,
orientational order is described by the symmetrical traceless tensor Qαβ , which may be used as
a measure of a biaxial medium. In the case of,
e.g., a plank-shaped molecule, the ordering of both
major and minor axes can readily be imagined.
This type of ordering may occur in nematics and
in smectics C (biaxial lyotropic nematics, see Nematic liquid crystal). Furthermore, the ﬂuctuations
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of biaxiality may be of importance also in uniaxial
liquid crystals. In the case of an uniaxial crystal,
the tensor order parameter is of the form


1
(1)
Qαβ = S nα nβ − δαβ ,
3
where S is the degree of order or order parameter modulus, n is a unit vector. The physical
meaning of uniaxiality is as follows: there exists an axis n about which the tensor Qαβ remains invariant under rotation. For instance, in
the case of n = {0, 0, 1}, Qαβ is diagonal and invariant under rotation about the z-axis. It can be
seen from Eq. (1) that replacement of n with −n
leaves Qαβ unchanged, i.e. the states that are described by Qαβ involving n or −n, are equivalent, from which it follows that the medium under consideration is nonpolar (if molecules of the
medium exhibit permanent dipole moments, then
equal quantities of the dipoles are directed upwards and downwards). The name “order parameter” is often given to the quantity that characterizes
the degeneracy of the equilibrium state of a system. In this case, such a quantity is the unit vector n, two directions of which (n and −n) are considered to be equivalent (such a vector is called the
director). The order parameter Qαβ is the quantity, in terms of which the thermodynamic potentials are expanded in the theory of phase transitions. For example, the nematic-to-isotropic liquid
transition is described using Qαβ . In the case of
cholesteric liquid crystals, the order parameter (as
given by Eq. (1)) is meaningful only locally, and
in the general case consideration must be given
to biaxiality, which is related to the helicity of
the director (the auxiliary optical axis). The order parameter space of a nematic (the domain of
values of n) is a sphere with equivalent diametrically opposite points. The order parameter space
of a cholesteric is found to possess a more intricate
shape, which is why the cholesteric exhibits, e.g., a
wider diversity of defects and textures. A periodic
modulation of the density ρ takes place in smectics (as a consequence of one-dimensional translational order). For a smectic A the density modulation is given by the equation


1
ρ(r) = ρ0 1 + √ ψ(r) exp(iq0 nr) + c.c. ,
2
(2)
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where 2π/q0 is the distance between smectic layers, and the complex modulation amplitude ψ(r)
is the order parameter for describing the nematic–
smectic A phase transition. In this case, the free
energy is set up by invariants, which are derived
from Qαβ and ψ . In the case of a smectic A–
smectic C transition, the role of the order parameter is played (at given laminated structure) by the
complex function ψ = ω(r) exp{iϕ(r)}, where ω
deﬁnes the inclination of the director with respect
to the normal to smectic layers in the C-phase, and
the phase ϕ deﬁnes the direction of the inclination (C-director). Hence, this phase transition is
similar to the transition of 4 He to the superﬂuid
state (“helium analogy”). Other mesophases and
the phase transitions between them are considered
in a similar manner. For instance, the density is a
two-dimensional periodic function of coordinates
for the columnar phases of discotics. As in the
case of smectics, the role of the order parameters
is now played by the corresponding amplitudes of
the given modulation.
ORDER, RADIATION-INDUCED
See Radiation-induced order.
ORDINARY RAY, ordinary wave

One of the two light waves arising as a result
of the refraction of light at the boundary of a uniaxial crystal, that is normal to the principal section of the crystal (see Crystal optics). The ordinary ray obeys ordinary refraction laws: it lies in
the plane of incidence, and its speed of propagation and, consequently, refractive index n0 , are independent of the direction of propagation.
ORGANIC CONDUCTORS AND
SUPERCONDUCTORS

A series of organic materials has been synthesized that exhibits at high temperatures metallic type electrical conductivity proceeding mainly
along molecular chains. The crystals of such organic conductors, as a rule, consist of planar molecules packed in zigzag stacks that form chains.
The extensive overlap of the electron wave functions of neighboring molecules in a stack provides
for metallic conduction along the chain. The overlapping of wave functions of neighboring chains is
small enough to result in a quasi-one-dimensional

nature of the electron spectrum, as well as a strong
anisotropy of crystal electronic properties in directions along and transverse to the conducting
chains (see Quasi-one-dimensional crystals). Due
to the quasi-one-dimensional electron spectrum,
at low temperatures these materials are usually
insulators. In the organic compound TTF-TCNQ
(tetrathiofulvalene-tetracyano-quinodimethane) as
well as in a number of other organic conductors, the insulating state arises by virtue of a
metal–insulator Peierls transition. In another class
of organic conducting compounds (TMTSF)2 X
(TMTSF is tetramethyl-tetraselenium-fulvalene,
and X are anions of various types), metal–insulator
phase transitions are also observable. In compounds (TMTSF)2 X with low-symmetry anions
X = ReO4 , BF4 , NO3 , this transition is related to
the anion ordering that leads to a superstructure
with a longitudinal wave vector component Q =
2kF (here kF is the Fermi momentum). In crystals with symmetric anions AsF6 , PF6 , SbF6 and
TaF6 , the insulating state is related to spin density
waves. In both cases, the metal–insulator phase
transition is caused by the quasi-one-dimensional
character of the electron spectrum. As in the
case of a Peierls transition, the insulating state in
(TMTSF)2 X corresponds to the appearance of a
gap in the electron spectrum at the Fermi surface
(or some part of it). The insulating character of
the electron spectrum hinders the superconductivity. The insulating state can be suppressed by reducing the distance between the chains (e.g., using
external pressure), since the probability of electron transitions between neighboring chains increases in this case, and the electron spectrum becomes three-dimensional. Studies of compounds
(TMTSF)2 X under pressure showed that pressure
can be instrumental in suppressing the transition
to the insulating state, which is related to the generation of spin density waves or anion ordering in
these compounds. Here, the superconducting state
appears under pressure P ≈ 1.1 GPa at T  Tc ≈
1 K. In the compound (TMTSF)2 ClO4 superconductivity appears at Tc ≈ 1.3 K under pressures
as low as one atmosphere. This is attributed to
the belief that the so-called chemical contraction
has taken place in the given compound. Essentially the idea involves the substitution of octahedral anions PF6 , AsF6 for tetrahedral anions ClO4

ORGANIC POLYMERS

of smaller size. This is equivalent to the action of
pressure, and results in enhancing the degree of
three-dimensionality of the electronic spectrum.
(TMTSF)2 X compounds exhibit superconductivity and spin density waves coexisting in a narrow
range of pressures and temperatures.
In addition to (TMTSF)2 X, superconductivity has been observed in another class of organic
conductors, (BEDT-TTF)X (here BEDT-TTF is
bis(ethylenedithiol)tetrafulvalene, X is any anion). The structure of compounds of this class is
close to that of (TMTSF)2 X compounds, but the
electronic spectrum in the former is more twodimensional. The compound (BEDT-TTF)2 I3 superconducts with Tc ≈ 6–8 K.
Apparently the phonon mechanism of superconductivity is operative in organic superconductors. The possible realization of the exciton mechanism of superconductivity, suggested by W. Little (1964) for obtaining high-temperature superconductivity in organics, is problematic. Still, the
great potentialities of organic synthesis sustain the
hope of signiﬁcantly raising their critical temperatures.
ORGANIC POLYMERS

High molecular weight organic compounds
whose macromolecules consist of a great number
of repeating units called monomers. For example,
the polymer polyvinylchloride (–CH2 –CHCl–)n
is a derivative of the monomer vinylchloride
CH2 =CHCl which has a double bond that becomes a single bond at polymerization. The degree of polymerization n, called the multiplicity,
can be as high as several hundred thousand. If
polymer chains contain several kinds of repeat
units, the compound is called a copolymer (e.g.,
butadiene–styrene rubber). According to the type
of backbone chain, organic polymers are classiﬁed into homochain and heterochain types. The
backbone of carbochain polymers consists solely
of carbon atoms. Most carbochain polymers contain saturated (single bonded) polymeric chains,
but there are also polymers with unsaturated (multiple) bonds in the chains, such as raw rubbers
and polyacetylene. In heterochain polymers the
backbone consists of carbon-containing segments
joined by heteroatoms. In most cases, oxygen
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or nitrogen serve as heteroatoms (e.g., in polyesters and polyamides). The backbone of an organic polymer can have a linear or a branching
network structure. Linear polymers exhibit some
speciﬁc properties, including their ability to form
anisotropic highly oriented ﬁbers and ﬁlms, and
to undergo extensive reversible deformations, socalled highly-elastic deformations. In the progression from linear polymers to branched and crosslinked types, their speciﬁc properties becomes
less pronounced. Cross-linked polymers (see Polymer cross-linking) are insoluble, infusible, exhibit
no plasticity, and are often brittle (e.g., phenolic
resins). Some polymers are amorphous and some
are crystalline. In addition to the highly elastic
state, amorphous polymers exist in vitreous and
visco-elastic states. Polymers that transform from
highly elastic to vitreous below room temperature are classed as elastomers; and those with
higher transition temperatures are plastics (see
Polymeric materials). The ability to crystallize is
characteristic of polymers with regular sequences
of monomers, and a minimal amount of branching. Thus, “low-density” polyethylene with 20–50
branches per 1000 atoms has a 55–70% degree of
crystallinity, and “high-density” polyethylene with
5–15 branches per 1000 atoms has 80–90% crystallinity. The density and strength characteristics
are higher for the latter. Crystalline polymers are
similar to plastics in their behavior. The properties of organic polymers are also determined by
intermolecular interactions due to the presence of
polar groups. For example, polymethylmethacrylate has a linear structure, and its transition to
the highly-elastic state occurs at only 100 ◦ C; cellulose is formed from rigid linear chains, and
decomposes before reaching the highly elastic
state transformation temperature. The substitution
of ﬂuorine atoms for hydrogen produces polymers (e.g., polytetraﬂuoroethylene, brand name
Teﬂon) with excellent mechanical and electrical insulation properties, as well as high thermal
and chemical resistance. Organic polymers can be
produced by polymerization reactions (mostly,
carbochain polymers) and polycondensation (heterochain polymers).
The mechanical strength, elasticity, and electrical insulation properties of organic polymers
in combination with a low molecular weight and
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low production cost are responsible for their wide
application. Polymers are the basis for manufacturing plastics, chemical ﬁbers, rubbers, paintwork materials, glues, sealing compounds, ionexchange resins. Biopolymers are the foundation
for all living organisms; they participate in all vital function processes, and examples of them are
enzymes, nucleic acids, polysaccharides, etc.
Nowadays, the so-called conducting polymers
are intensively investigated. These are carbochain
organic polymers with a backbone of unsaturated polymeric chains containing alternating single and double bonds (polyvinylenes). Owing to
their backbone-bond conjugation, these polymers
exhibit unique electrical properties. The simplest
of them is polyacetylene (–CH=CH–)n which is a
semiconductor with conductivity 10−3 (·m)−1 .
Introducing impurities in small quantities, either
donors or acceptors (e.g., Li and I2 , respectively),
results in an increase in electrical conductivity that
can reach metallic values. For example, the maximum conductivity of iodine-doped polyacetylene is 1.5·107 (·m)−1 . Conducting polymers
are promising materials for the creation of current sources, gas-ﬁlled capacitors operating on the
principle of electrochemical doping, phototransformers, solar cells, etc.
A copolymer is composed of polymer chains
containing two or more types of repeat units (A)m
and (B)n . In many cases one polymer component
(A)m is water soluble, and the other (B)n is not.
A polymer nanosphere is formed when one long
polymer (A)m coils up in a spherical shape and
develops cross links between adjacent lengths of
strands to give rigidity to the sphere. Strands of
the other component (B)n attached to the surface
form what is called a “hairy” nanosphere copolymer if they are short compared to the diameter of
the sphere, and they form a so-called “star” polymer if they are long compared to the nanosphere
diameter. A “brush” copolymer consists of a substrate with long strands of soluble (A)m projecting
on one side, and long strands of insoluble (B)n on
the other side.
ORGANIC SEMICONDUCTORS

A class of materials that belongs, because of
their type of bonding, to molecular compounds

that exhibit signiﬁcant hole conductivity or electronic conductivity, and positive temperature coefﬁcients of electrical conductivity. They include
molecular crystals of organic compounds, organic
dyes, charge-transfer complexes, ion-radical salts,
and polymers with conjugated bonds. Electrical and photoelectric properties of organic semiconductors are due to their system of conjugated bonds; their current carriers are excited
π -electrons associated with these conjugated systems. Organic semiconductors exist as monocrystals, polycrystals, amorphous lms and powders.
The resistivity at room temperature varies from
1018 (naphthalene, anthracene) to 1022 ·cm
(ion-radical salts).
Charge carriers in organic semiconductors with
weak interactions of the van der Waals type (see
Van der Waals forces) are able, owing to the pronounced localization of individual molecules, to
interact with electron and nuclear subsystems of
their environment, and form polarons. The conduction bands in organic semiconductors are narrow (∼0.1 eV), and the mobility of current carriers is typically as low as ∼1 cm2 ·V−1 ·s−1 . In
addition to the band mechanism of conduction,
hopping conductivity takes place. The temperature
dependence of the mobility of current carriers in
model systems of organic semiconductors exhibits
a low-temperature behavior similar to that in inorganic semiconductors, namely, T −n with n > 1.
The trapping centers (traps) of charge carriers
in organic semiconductors can be of either structural or impurity origin. The structural defects that
produce a local clustering of molecules in a crystal
lattice become traps due to the accretion of electron polarization energy of the crystal by a carrier
in the defect region. Due to the strong localization of charge carriers at individual molecules in
organic semiconductors, structural defects such as
dislocations, stacking faults, orientation and conformational defects, etc., play a more signiﬁcant
role in processes of charge carrier transfer in comparison to inorganic semiconductors. The impurity
traps of charge carriers in organic semiconductors
are produced by impurity molecules with a greater
electron af nity or lower ionization potential than
those of host molecules. There are charge carrier
traps localized in the vicinity of an impurity molecule even when the impurity molecules themselves
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produce no traps. This kind of trap results from
the perturbation of corresponding energy levels of
host molecules by a neighboring impurity molecule.
Organic semiconductors ﬁnd use in microelectronics as light-sensitive materials for non-silver
photography and in other applications. The study
of organic semiconductors is important to gain insight into the processes of transfer and transformation of energy in complicated biological systems.
ORGANOPLASTICS
Plastics (see Polymeric materials) reinforced

with synthetic ﬁbers. Organoplastics possess relatively low density and low thermal conductivity, high strength, good electrical insulation properties, as well as high atmospheric, water, and
chemical resistance; they are readily machinable.
Organoplastics are used in radio-engineering and
for construction materials in the aircraft, automobile, and other industries.
ORIENTATIONAL LINE BROADENING
Inhomogeneous broadening that arises due to
different orientations of paramagnetic centers rel-

ative to an external magnetic ﬁeld B. Randomly
oriented paramagnetic centers appear in powders,
glasses, frozen solutions, and crystals with a mosaic structure (see Mosaic crystals). In many cases
the population density of these centers (glasses,
powders) directed along any solid angle is the
same. There is an additional condition for orientational broadening to appear. The resonance value
of the magnetic ﬁeld B r should depend on the angles specifying the direction of the ﬁeld B relative to the principal axes of the paramagnetic centers, i.e. the spectral lines of monocrystals should
exhibit an angular dependence of spectra. In this
case the variously oriented paramagnetic centers
will have different values of B r , resulting in orientational broadening with an asymmetrical line
shape that depends on the type of spin Hamiltonian (see the Figure). In some cases of a nonmonotonic angular dependence of B r , extra absorption peaks appear in electron paramagnetic
resonance spectra, which facilitate their analysis.
On the whole, the interpretation of spectra with
orientational broadening is a much more difﬁcult
task than the analysis of the angular dependence

Absorption line shape (1) and its derivative (2) in the
case of a spin Hamiltonian H with orthorhombic symmetry of the form H = μB i=x,y,z gii Si Bi , where
Bri = hν/(μB Sgii ) (μB is the Bohr magneton, gii are
g-tensor principal value components, Si are spin operators, and ν is the microwave frequency).

of each individual line in a spectrum from a paramagnetic center in a monocrystal.
ORIENTATIONAL ORDER

A characteristic of a system where, in principle, the spontaneous breaking of rotational symmetry at phase transitions is possible (see also
Spontaneous symmetry breaking). To describe
orientational order, the concept of order parameter is introduced. As a rule, short-range orientational order appears at temperatures above the
phase transition point, and long-range orientational order appears below this point (see Longrange and short-range order). For example, ferromagnets, ferroelectrics, and nematics (see Nematic
liquid crystal) display long-range orientational order with the corresponding order parameters magnetization, polarization, and director. In terms of a
qualitative description, the orientational order in
a ferromagnet and a ferroelectric can be thought
of as the aligning of magnetic and electric dipoles
along some (particular) axes over the whole (in-
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ﬁnite) space. In nematics, the elements ordered
along the director are the long axes of rod-shaped
molecules or the normals to planes of disk-shaped
molecules. True long-range orientational order exists when the average over all orientations of, e.g.,
magnetic moments or long axes of molecules, differs from zero. However, this can not always be
achieved. For instance, in two-dimensional magnets or nematics, true long-range orientational order is impossible, but a quasi-long-range one can
exist. The latter is understood as the falling-off of
the corresponding correlation functions as a power
of distance in contrast to the short-range orientation order (e.g., paramagnets or isotropic phase of
nematics) when the correlators fall off exponentially.
ORIENTATIONAL PHASE TRANSITION
A phase transition where the orientation of the
order parameter vector η (magnetization, polariza-

tion, and so on) changes as the temperature, pressure, or external ﬁeld changes.
ORIENTATION EFFECTS in irradiated
monocrystals

A sharp dependence of the efﬁciency of various
processes during the passage of charged particles
or high-energy photons through monocrystals on
the angle ψ of the particle (photon) beam direction with respect to the directions of atomic chains
or planes. The following orientation effects are observable in the channeling of positive ions: abnormally deep penetration of ions into monocrystals;
reduction of the nuclear reaction efﬁciency (e.g.,
of protons or alpha particles with atoms of the
crystal); decrease of characteristic X-ray radiation
intensity; and decrease of backscattering of ions
when the the angle of incidence ψ is limited to
values below the critical angle ψk . Other orientational effects include the channeling of ion beams
and the related shadow effect, the anisotropy of
ion–ion and ion–electron emission and cathode
sputtering, and the appearance of Vener spots during sputtering (see Focuson). During the channelling of electrons and positrons intense hard radiation can appear. An orientational effect at the
incidence of a beam of electrons or X-rays at the
Bragg angle is their anomalous passage through
monocrystals due to interference between transmitted and scattered beams, when the maxima of

the resultant beam density are concentrated in interfacial regions of the crystal (see Anomalous
passage of X-rays).
ORIENTATION RELATIONS

A way to express the geometrical correspondence of two conjugate crystal bodies or phases.
The orientation relations were established by Heidinger in 1827 for intergrown minerals of hematite
and magnetite; the basal plane (001) in hematite is
parallel to the (111) plane in magnetite. The orientation relations (OR) are expressed in terms of
parallel or near-parallel close-packed planes and
directions of the crystal lattices of these bodies or
phases. These relations are found with the help of
X-ray, electron diffraction, electron-microscopic,
and optical methods. A single relation corresponds
to a few crystallographically equivalent orientations of crystals of some phase with respect to
a crystal of another phase. The Nishiyama orientation relation (Z. Nishiyama, 1934–1935) corresponds to 12 equivalent orientationally variant
martensitic crystals. For example, a variant of this
relation is (001)α  (111)γ , [01̄1]α  [2̄11]γ ; and
the remaining 11 variants involve permutation of
Miller indices (see Crystallographic indices). The
Kurdyumov–Sachs orientation relation (G.V. Kurdyumov, G. Sachs, 1930) gives the directional
interrelation of crystal lattices of austenite (A)
and martensite (M) in steel and iron alloys. In an
austenite monocrystal, the martensite lattice can
be oriented in 24 ways, e.g., (111)A  (101̄)M ,
[101]A  [111]M , where the close-packed planes
and directions of austenite and martensite are parallel; in this case twinning structures may form. An
intermediate OR between those of Nishiyama and
Kurdyumov–Sachs is the Greninger–Troiano orientation relation (A.B. Greninger, A.R. Troiano,
1949), according to which 24 variants of mutual
orientations of austenite and martensite exist, e.g.,
(111)A  (011)M , [5, 12, 17]A  [7, 17, 17]M . Orientation relations are found in practically every
diffusion and diffusion-free transformation in solids,
oxidizing reactions, directional and eutectic crystallizations. Orientations often tend to spread (deviations from planar and direction parallelism) due
to crystal structure defects and external and internal stresses. The strictest adherence to orientations (within an error of ∼1◦ ) is found in martensitic transformations. For the transition from a
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face-centered cubic (FCC) to a body-centered cubic (BCC) (or body-centered tetragonal) lattice,
depending on the composition of the alloys, the
Kurdyumov–Sachs, Greninger–Troiano or Nishiyama OR is valid. (The latter appears in iron–nickel
alloys and differs from the Kurdyumov–Sachs OR
by a turn of the martensite lattice through 5◦ 16
about the direction [001]α .) A similar transition
in thin lms leads to the Bain orientation relation (001)α  (001)γ , [100]α  [110]γ (E.C. Bain,
1924). At the transition of a BCC phase to a
hexagonal close-packed (HCP) phase, Burgers
orientation relation (W.G. Burgers, 1936) applies
most often: (110)BCC  (0001)HCP , [1̄10]BCC 
[112̄0]HCP .
Orientation relations are used for establishing
the crystalline geometrical mechanism of the rearrangement of one crystal lattice into another during a solid state transformation. For example, the
rearrangement of a FCC phase into a BCC (or
BC-tetragonal) phase with an invariant plane involves the intrinsic (Bain) deformation to rearrange the initial lattice to the ﬁnal one; a deformation with an invariant lattice by means of shear
and twinning of the crystal; and, ﬁnally, the rotation of the rearranged region through an angle that
ensures the adaptation of the rearrangement mechanism to the external conditions, in particular, with
the elastic action of the surrounding initial phase.
It is this rotation that determines the orientation
relation. No rotation of the rearranged region is
present at the transition of the FCC phase to closepacked martensite phases (in particular, those with
the HCP lattice) that are formed by means of
the shear of close-packed planes (111). In this
case, the ORs are determined by the plane and
the shear direction (e.g., (111)FCC  (0001)HCP ,
[101̄]FCC  [21̄1̄0]HCP ). For transformations with
a predominance of surface energy, those orientation relations are present that correspond to the
minimum at the cross-section of a polar diagram
of the surface energy, and provide for the best interlinking of the lattices of two crystal phases over
the plane of their contact.
ORTHOFERRITE (fr. Gr. oρθoς , straight, and
ferrite)
Ferrites with rhombically distorted variants of
the perovskite (CaTiO3 ) structure. The general
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chemical formula is RFeO3 , where R is yttrium or
a rare-earth element. The chemical unit cell coincides with the magnetic one, and contains four for16 ). The
mula units. The space group is P bnm (D2h
3+
3+
R and Fe ions are in crystallographic site positions 4c and 4b, respectively. The system of Fe
ions experiences magnetic ordering at T ∼ 600 K.
The type of ordering is antiferromagnetic, usually
with weak ferromagnetism. The system of rareearth element ions is ordered at liquid helium temperatures. With the temperature lowered, spontaneous spin-reorienting magnetic phase transitions
occur in many orthoferrites.
ORTHOGONALITY, STRONG
See Strong orthogonality.
ORTHOGONALIZED PLANE WAVES, OPW
method
A band structure computation method that uses

plane waves, orthogonalized to wave functions of
the atomic core, as the basis functions. When the
basis of the OPW method is over-determined, use
is often made of its modiﬁcation, the completely
orthogonalized plane wave method. In the latter
case, as many orthogonalized plane waves are removed from the basis set as is necessary to eliminate over-determination. The OPW method was
historically the foundation for the pseudopotential
method.
ORTHORHOMBIC SYSTEM (fr. Gr. oρθoς , right,
and ρoμβoς , rhombus)
Crystallographic system determined by the

presence of three second-order symmetry axes
in crystals; it belongs to the orthorhombic crystal class. The rectangular basis coordinate system
axes of this system 2 (or 2̄) are directed along
the edges of the unit cell with parameters a =
b = c, α = β = γ = 90◦ . The orthorhombic system includes 4 Bravais lattices, 3 point groups, and
59 space groups.
OSCILLATIONS, FRIEDEL
See Friedel oscillations.
OSCILLATIONS, KHAIKIN
See Khaikin oscillations.
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OSCILLATIONS, SELF-

OSCILLATIONS, SELFSee Self-oscillation.
OSCILLATIONS, ZERO SPIN
See Zero spin oscillations.
OSCILLATOR STRENGTH

Dimensionless quantity describing the probability of a quantum transition during a radiation process (see Radiative quantum transition) and
light absorption. For electronic transitions between
levels of energies Ei and Ej arising from a change
of the system dipole moment the oscillator strength
fij is given by
fij = −


8π 2 m 1
νij
|p̄iα,jβ |2 ,
2
3he gi
αβ

where m, e are the electron mass and charge, respectively, gi is the statistical weight of the initial
state, νij = (Ei − Ej )/ h, and piα,jβ is the matrix element of the electric dipole moment operator
between states (iα) and (jβ). For Ei > Ej (radiation), the oscillator strength is negative, and for
Ei < Ej (absorption) it is positive
fij = −

gj
fj i .
gi

The oscillator strength obeys the sum rule
j fij = N , where N is the number of elec-

trons in the quantum system. The term oscillator strength arises from the fact that the contribution of transition i → j to the polarizability can
be considered as the polarizability of an oscillator multiplied by fij . Therefore, this term not only
applies to electronic but also to other types (in particular, oscillatory) of transitions. The oscillator
strength is determined by measuring the integrated
absorption, by curves of anomalous dispersion of
light, and by other methods.
OSCILLISTOR

Oscillations of current in the electron–
hole plasma of a semiconductor (see Solid-state
plasma) placed in parallel electric and magnetic
ﬁelds. This effect was ﬁrst detected in germanium. The phenomenon of current instability results from the Kadomtsev–Nedospasov screw instability (B.B. Kadomtsev and A.V. Nedospasov,

1960). The latter is caused by the Hall drift of the
plasma in mutually perpendicular magnetic and
electric ﬁelds, which arises as a result of the shift
of electron and hole screw perturbations of density
in a constant electric ﬁeld. The equality of the Hall
and diffusion ﬂows corresponds to the threshold of
excitation of the instability. Therefore, the instability is excited in sufﬁciently strong electric and
magnetic ﬁelds: ∼30 V/cm and ∼1 T. A related
phenomenon is the oscillation of a bar of semiconducting material such as germanium when subjected to a magnetic ﬁeld and a direct current.
OSMIUM, Os

A chemical element of Group VIII of the periodic system with atomic number 76 and atomic
mass 190.2. Natural osmium consists of stable
isotopes 184 Os (0.018%), 186 Os (1.582%), 187 Os
(1.64%), 188 Os (13.27%), 189 Os (16.14%), 190 Os
(26.38%) and 192 Os (40.97%). Outer electronic
shell conﬁguration is 4f 14 5d 6 6s 2 . Successive
ionization energies are 8.7, 17.0 eV. Atomic radius
is 0.133 nm; radius of Os4+ ion is 0.065 nm, of
Os6+ is 0.069 nm. Electronegativity is 1.52. Oxidation state is +8, +6, +4; less often, +3, +2.
In free form, osmium is a bluish-gray metal
(heaviest known metal), very hard and brittle. It
has a hexagonal close packed lattice with parameters a = 0.273445 nm and c = 0.431745 nm at
4 ). The den300 K, space group P 63 /mmc (D6h
sity is 22.6 g/cm3 , T melting = 3318 K, T boiling ∼
5300 K. Binding energy is −8.11 eV/atom
at 298.15 K. Heat of melting is 29.3 kJ/mole;
heat of evaporation is 678 kJ/mole, and heat of
sublimation is 728.5 kJ/mole. Speciﬁc heat is
0.129 kJ·kg−1 ·K−1 at 298 K; Debye temperature
is 278.5 K; the linear thermal expansion coefﬁcient is 5.6·10−6 K−1 along the main axis 6 and
3.9·10−6 K−1 transverse to it (at room temperature), the coefﬁcient of thermal conductivity is
87.1 W·m−1 ·K−1 at 273 to 373 K. Adiabatic bulk
modulus is 375 GPa, Young’s modulus is 559 GPa,
rigidity is 223 GPa, Poisson ratio is 0.25 at 298 K;
Vickers hardness is 2.9 to 6.6 GPa for annealed
osmium at 298 K and 1.4 to 4.0 GPa at 1473 K
(range due to anisotropy of elasticity). Osmium
metal is practically impossible to deform and difﬁcult to volatilize in high vacuum (saturated vapor
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pressure at 2773 K is 0.0133 Pa). Ion-plasma frequency of osmium is 16.127 THz; coefﬁcient of
the linear term in low-temperature electronic speciﬁc heat is 2.26 mJ·mole−1 ·K−2 ; electric resistivity is 96.6 n·m at 298 K; temperature coefﬁcient of electrical resistance 0.0042 K−1 from 273
to 373 K; superconducting transition temperature
is 0.655 K, critical magnetic ﬁeld is 6.5 mT (at
0 K). Osmium is paramagnetic with magnetic susceptibility +13.1·10−6 cm3 /mole; nuclear magnetic moment of isotope 189 Os is 0.651 nuclear
magnetons.
Owing to the high hardness, corrosion and
wear resistance of osmium, as well as its natural
and artiﬁcial alloys with other platinum group metals, it is employed in various instruments. Osmium
(and its compounds) is a good catalyst for many
kinds of synthesis.
OVERHAUSER EFFECT (A.W. Overhauser,
1953)
Dynamic nuclear polarization caused by spin
relaxation (see Paramagnetic relaxation) of an un-

paired electron center coupled to nuclear spins
by the hyper ne interaction. In the case of the
Overhauser effect, dynamic nuclear polarization
is achieved owing to the electron spin subsystem that was disturbed from thermodynamic equilibrium by external alternating ﬁelds. The electron spin relaxation involves nuclear spin forbidden relaxation transitions with a certain probability. Since under nonequilibrium conditions the
balance of relaxation paths is disturbed, the system is dominated by relaxation processes characterized by a certain change M of the projection M of the electron spin S. The selection rules
relate the change m of the projection m of nuclear spin I with M; this leads to a predominantly nonequilibrium population of particular nuclear spin sublevels. In the case of the Overhauser
effect, the subsystem is saturated by the resonance
oscillating ﬁeld, while the electron nuclear relaxation is caused by the contact interaction of the
S · I type that does not change the resultant projection of spins: M + m = 0. The maximum
possible dynamic nuclear polarization in the case
S = I = 1/2 is pm = −P0 = tanh[ωs /(2k B T )],
which is practically coincident in value with the
equilibrium polarization P0 of electron spins in a
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magnetic ﬁeld with Zeeman frequency ωS
ωI
(ωI is the splitting of nuclear spin levels). If the
electron–nuclear relaxation is controlled by the
anisotropic part of the hyperﬁne interaction with
selection rules M + m = ±2, then pm equals
P0 /2.
OVERHEATING, METAL
See Metal overheating.
OXIDATION, oxide coating

Formation of a solid oxide phase on a metal or
semiconductor surface. It proceeds via the electrochemical interaction of ambient oxygen molecules
with atoms of the substrate. The rate of formation
of oxide decreases as the thickness of the oxide
ﬁlm grows; therefore, the steady-state thickness of
the oxide is determined by its transparency to penetration by oxygen molecules. The formation of
a dense ﬁlm (Al2 O3 ) promotes surface passivation. Loose oxide ﬁlms (Fe2 O3 , CuO etc.) hinder
further oxidation, thereby facilitating surface corrosion. The controlled coating of a semiconductor
surface with oxides is widely used in semiconductor engineering to produce insulating and passivating coatings. To this end, thermal and anode oxidation is applied.
OXIDATION, THERMAL
See Thermal oxidation.
OXIDE MAGNET

A magnetically hard ferrite; a permanent magnet made of these materials. Oxide magnets are
manufactured from Fe, Ba, Co, and Sr oxides, and
most often from barium ferrite BaO·6Fe2 O3 in
two modiﬁcations, isotropic and anisotropic (the
latter obtained by pressing powder in a magnetic
ﬁeld). Some properties of oxide magnets are given
in Table 1 of Hard magnetic materials.
OXYGEN, O

Chemical element of Group VI of the periodic system with atomic number 8 and atomic
mass 15.9994. Naturally occurring oxygen is composed of three stable isotopes: 16 O (99.762%),
17 O (0.038%), and 18 O (0.200%). The tetrahedral atomic radius is 0.066 nm (coordination number 4), the octahedral radius is 0.074 nm (coordination number 6), and the ionic radius of O2−

944

OXYGEN

is 0.136 nm. The electronic conﬁguration of the
outer shell is 2s 2 2p4 . Successive ionization energies are: 13.618, 35.117, and 54.90 eV. The electron afﬁnity is 1.467 eV, and the oxidation state
is −2, more rarely, −1.
Oxygen in the free state usually forms the
molecule, O2 , more rarely, ozone, O3 (10−4 %).
O2 is one of the few triplet ground state molecules (spin S = 1); the dissociation energy is
493.6 kJ/mol (at 0 K), and the distance between the nuclei is 0.120735 nm. The speciﬁc
heats of O2 are: cp = 29.27 J·mol−1 ·K−1 , cv =
20.5 J·mol−1 ·K−1 (at 273 K). The density of
gaseous oxygen is 1.42897 g/dm3 (at 273 K
and standard pressure), that of liquid oxygen is
1.1321 g/cm3 (at T boiling), and that of solid
oxygen is 1.46 g/cm3 (at 20.3 K); T melting =
54.43 K, and T boiling = 80.15 K. The triple point
parameters are: Ttriple = 54.36 K and ptriple =
146 Pa; the heat of vaporization is 6.82 kJ/mol,
and the heat of fusion is 0.443 kJ/mol. At 273 K,
the thermal conductivity is 24 mW·m−1 ·K−1 , the
dielectric constant is 1.000547, the viscosity is
18.9 μPa·s, and the susceptibility χ (at 293 K) is
107.8·10−9 .
Solid oxygen belongs to the group of molecular crystals or cryocrystals. It combines, in a
unique fashion, the properties of a molecular crystal and of a magnetic substance. Solid oxygen is
the only naturally occurring homomolecular magnetic compound with a direct exchange interaction, this interaction comprising a substantial portion of the total lattice energy. This fact is respon-

sible for a very close coordination of the magnetic and lattice properties of solid oxygen, as
well as for a very rich spectrum of collective excitations: acoustic phonons, librons, magnons, vibrons, excitons, biexcitons, and various combinations thereof (multi-particle excitations). Due to
the unique character of its properties solid oxygen has been a popular material for study in lowtemperature physics. At the saturation vapor pressure solid oxygen exists in three crystallographic
modiﬁcations.
The high-temperature cubic γ -phase (space
group P m3n, Oh3 ) has a high degree of disorder of its molecular orientations. The orientationally ordered rhombohedral (trigonal, R3m,
5 ) β-phase (T
D3d
γ β = 43.80 K) and monoclinic

3 ) α-phase (T
(C2/m, C2h
βα = 23.88 K) have a
similar pattern of molecular packing since both
phases have layered structures. The O2 molecules in each layer form densely packed planes
with the molecular axes perpendicular to these
planes. The monoclinic lattice distortion at the
β → α transition arises from the magnetic ordering. The α-O2 modiﬁcation is a quasi-twodimensional antiferromagnet. The interlayer exchange in β-O2 results in a strong antiferromagnetic short-range order, even though there is
no long-range magnetic order in this phase. The
γ -phase and liquid O2 are paramagnets. Studies of solid oxygen under pressure have revealed
several new phases with an orientational structure
similar to those of α- and β-O2 .

Pp
wave functions ψi of the ground state can be expressed in terms of one-electron functions χi localized at two-center bonds. There is a unitary
transformation to express the functions ψi as a linear combination of basis functions χi localized at
the bonds, so the total system energy and charge
distribution remain invariant under the transition
to the new basis.

PAIRING, TRIPLET
See Triplet pairing.
PAIRWISE ADDITIVE APPROXIMATION

One of the methods of approximately calculating the total energy of molecular systems. The
pairwise additive approximation is used in situations where it is possible to construct the model
of the pairwise interaction of atoms, in which
the many-atomic interactions are effectively taken
into account. In its general form the total potential energy of system of N atoms is presented by
the sum of double, triple, etc., individual potential
energy terms
U=

PAIRWISE INTERACTION OF ATOMS

An approximation sometimes used to describe
the interaction between atoms (ions) in solids, as
well as in liquids and gases. It assumes that the
potential energy of a solid (adiabatic potential) U
within the adiabatic approximation may be represented in the form of the sum of potential energies
(potentials) of pairs of atoms (ions), the coordinates of which are R l and R l  :
1
U=
ϕ(R l , R l  ).
2 

N
N
1 
1 
ϕij +
ϕij k + · · ·
2!
3!
i=j

+

1
m!

i=j =k

N


ϕij ...m ,

ll

i=j =···=m

This ignores interactions of three or more atoms
(ions), a neglect which can not always be justiﬁed. Besides that, the approximation of pairwise
interaction of atoms fails to take into account energy terms which are not dependent on the solid
structure, but which are functions only of its volume. Such a neglect is not warranted in the case of
a metal, although it does provide good results for
crystals with ionic bonds, with covalent bonds and
with van der Waals chemical bonds (see Van der
Waals forces). In the simplest form of the pairwise
interaction approximation, the potential ϕ is assumed to be a function of the interatomic distance
|R l − R l  | only. This approximation restricts the
interatomic interaction potentials to central forces
only.
The pairwise interaction approximation is valid
when analyzing the properties of solids in the

which in some cases can be written in the form
1 ∗
Eij ,
2
N

U=

i=j

where



1  ϕij k
∗ =ϕ
Eij
ij 1 +
3!
ϕ
k=i,j ij


;

this includes averaged interactions of higher orders. Introduction of the pairwise additive approximation is especially useful in cases where notions
of isolated chemical bonds are valid, as, e.g., in
covalent structures. The picture of two-centered
bonds corresponds to real singularities of electron
behavior in saturated systems, where the basic
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context of the harmonic approximation. The interatomic interaction potential in this case is inconsistent with a simple two-particle potential, but
takes into account the contributions of many-ion
potentials. In this connection, the concept of effective pairwise potential is introduced, the parameters of which are determined experimentally.
This interatomic potential can account for the
prominent features of an interatomic interaction in
general: short-range repulsion and comparatively
long-range attraction.
PALLADIUM, Pd

An element of Group VIII of the periodic table with atomic number 46, atomic weight 106.42.
Natural palladium consists of isotopes with following mass numbers: 102 (1.02%), 104 (11.14%),
105 (22.33%), 106 (27.33%), 108 (26.46%), 110
(11.72%). Electronic conﬁguration of the outer
shell is 4d 10 . Sequential ionization energies (eV):
8.336, 19.428 and 32.92. Atomic radius 0.137 nm.
The radii of Pd2+ and Pd4+ ions are respectively 0.080 nm and 0.065 nm. Oxidation states:
+2, +4, less often +3. Electronegativity value
≈2.2.
Free palladium is a silvery-white soft metal.
It exhibits a face-centered cubic structure, a =
0.38902 nm (at 296 K). Density 12.02 g/cm3 at
293 K, Tmelting = 1827 K, Tboiling ≈ 3210 K.
Heat of melting 16.71 kJ/mol, heat of evaporation
353 kJ/mol; speciﬁc heat 0.2445 kJ·kg−1 ·K−1
(at 298 K); the coefﬁcient of thermal conductivity 71.2 W·m−1 ·K−1 . Coefﬁcient of linear thermal expansion 11.1·10−6 K−1 (at 273–373 K).
Resistivity 99.6 n·m (at 298 K). The temperature resistance coefﬁcient 0.00379 K−1 (at
273–373 K). Electron work function 4.99 eV.
Palladium is paramagnetic with the speciﬁc magnetic susceptibility 5.231·10−6 at room temperature. Saturation vapor pressure is 13.33 MPa
(at 1427 K) and 1333 MPa (at 1773 K). Annealed palladium exhibits the elastic modulus of
121.128 GPa, the shear modulus of 49.98 GPa,
ultimate tensile strength ≈189 MPa, relative
elongation from 25 to 40%. The value of Brinell
hardness 480.2 MPa. Palladium is amenable to
forging, punching, rolling to thinnest sheets,
stretching to thin wires, it lends itself readily to
polishing and welding. Cold strain hardens palla-

dium noticeably. Thus, 50% reduction increases
the ultimate tensile strength to 325.5 MPa; the
value of hardness increases by a factor of 2–
2.5. The annealing, which follows the reduction,
softens the metal again. Alloying elements, particularly ruthenium and nickel, also increase the
value of palladium harness. Palladium exhibits
the following values of adiabatic elastic moduli
(GPa): c11 = 227.10, c12 = 176.04, c44 = 71.73
at 300 K. The characteristic feature of palladium is
its ability to reversibly absorb hydrogen, whereby
up to 900 volumes of the gas are taken by a
single volume of metal; absorption of hydrogen
causes considerable increase of volume and embrittlement of palladium. On moderate heating in
vacuum the metal releases the absorbed hydrogen.
Pure palladium is used for the manufacture of
chemical equipment; gold-, platinum- and radiumbearing alloys are used in temperature controllers,
thermocouples, etc. The chief application of
palladium is in medicine, particularly in dental
work.
PAPKOVICH–NEUBER SOLUTION
(P.F. Papkovich, 1932; H.Z. Neuber, 1934)

A general solution of the equations of elastic medium equilibrium, which is expressed in
terms of the scalar function ϕ and vector function ψ . If the equilibrium equation is written as
μ∇ 2 u + (λ + μ) grad div u + ρF = 0, where u is
the displacement vector, λ, μ are the elastic Lamé
coef cients, ρ is the density, F is the mass density of the bulk force, then the Papkovich–Neuber
solution is of the form u = grad(ϕ + r · ψ) −
4(1 − ν)ψ , where ν is the Poisson ratio, and the
functions ϕ and ψ satisfy the equations
4(1 − ν)∇ 2 ϕ +

ρ
r · F = 0,
μ

4(1 − ν)∇ 2 ψ =

ρ
F.
μ

It follows from the latter equations that the scalar
function ϕ and the components of the vector function ψ are harmonic functions in the absence of
bulk forces (F = 0).

PARAELECTRIC RESONANCE
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PARACONDUCTIVITY in superconductors

ferromagnets. If the Curie point is approached

Increase of conductivity of a normal metal,
which takes place as the superconducting phase
transition point T = Tc is approached from above.
This increase generally exists, but is quite small.
It is due to superconducting ﬂuctuations (see Fluctuations in superconductors), and the excess current depends on the magnitude and lifetime of
the ﬂuctuations (Aslamazov–Larkin contribution,
1968). The excess conductivity depends on the
dimensionality of the superconductor, and in the
case of lm s is determined by a universal relation σ  = [e2 /(16d)][T /(T − Tc )], where d is
the ﬁlm thickness. This result holds true for temperatures (T − Tc )/Tc ε2 , where ε2 is the width
of the critical region, and is in good agreement
with a large number of experimental data. In some
cases, however, there is no accord between theory
and observation, and it is therefore necessary to
consider another mechanism of paraconductivity,
which is related to the interaction between normal excitations and superconducting ﬂuctuations:
so-called Maki–Thompson contribution (K. Maki,
1968; R.S. Thompson, 1970).

from the paraelectric phase, then the temperature
dependence of the dielectric susceptibility is described by the Curie–Weiss law. If the symmetry
of the paraelectric phase is known, then crystallographic considerations allows one to predict the
symmetry of plausible ferroelectric phases. The
symmetry of the paraelectric phase is a factor in
determining the macroscopic properties in the ferroelectric phase. For example, the spontaneous
birefringence of ferroelectrics in the ferroelectric
phase may vary either quadratically or linearly
with the spontaneous polarization depending on
whether the ferroelectric crystal is centrally symmetric (e.g., BaTiO3 ) or noncentrally symmetric
(e.g., KH2 PO4 ) (see Ferroelectricity).

PARACRYSTAL

A crystal with a deformed or distorted crystal lattice structure that broadens X-ray diffraction
lines. A model representation of such an imperfect crystal is formulated in terms of three parameters (basis vectors) a, b and c, which are given
independent, perhaps random, values. Statistical
relations of the radius vector R ma mb mc may be
obtained by adding together and averaging ma
vectors a, mb vectors b and mc vectors c, as independent random quantities. The diffraction pattern
of a paracrystal is qualitatively analogous with that
of a corresponding crystal containing defects, but
with broadened diffraction lines (see Defects in
crystals). The above paracrystal model is used in
the analysis of the structure of ﬁbrous crystals,
mosaic type crystals, crystals with dispersed coherent precipitates of a second phase, those which
are correlated to a macrolattice, etc.
PARAELECTRIC PHASE

A crystallographic modiﬁcation of a ferroelectric that does exhibit spontaneous polarization, and
goes over into the ferroelectric phase at a temperature that is called the Curie point in analogy with

PARAELECTRIC RESONANCE

Resonance absorption of the power of an alternating electric ﬁeld by a system of tunneling
levels of electric dipoles; a method of investigating systems with impurities, which exhibit electric dipole moments. Paraelectric resonance was
ﬁrst observed in dipole molecules, and then in a
number of crystals with noncentral ions. The distance between tunneling levels is ordinarily varied by the application of an external constant electric ﬁeld, which allows one to “scan” across the
resonance region by varying the DC ﬁeld at the
constant frequency of the AC ﬁeld (the latter frequency is usually within the ultrahigh-frequency
range). Paraelectric resonance is observed in crystals of KCl:Li+ , RbCl:Ag+ , KBr:Li+ , etc.
The spectrometers used to observe paraelectric resonance are, in many aspects, similar to
electron paramagnetic resonance (EPR) spectrometers. The main distinction is in the design of
the resonator, which accommodates subjecting the
sample to uniform alternating and constant electric
ﬁelds. The intensity of the constant (applied) electric ﬁeld ranges from zero to the breakdown value.
The measurements are usually carried out within
the temperature range 1.4–4.2 K, since higher temperatures cause strong broadening of paraelectric resonance lines. Narrowing of magnetic resonance line may be achieved by thoroughly cleaning the samples. The concentration of noncentral
ions does not usually exceed 1017 cm−3 . The
paraelectric resonance spectrum of Li+ in KCl is
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and E for weak applied electric ﬁelds E. Among
paraelectrics are, in particular, ferroelectrics in a
nonpolar phase in the neighborhood of the Curie
point.
PARALLELEPIPED, PRIMITIVE
See Primitive parallelepiped.
PARALLEL PUMPING OF MAGNONS
See Spin waves, Parametric excitation of spin
waves.
PARAMAGNET
Dependence of the derivative of the ultrahigh-frequency
power absorption on the applied electric ﬁeld E at the
noncentral ion 7 Li in KCl (ν klystron = 63 GHz, T =
4.2 K, N Li = 7·1016 cm−3 ): (1, 3) forbidden transitions,
(2) allowed transition, χ  is the imaginary part of the
electric susceptibility.

given in Fig. as an example. The locations of the
resonance lines provide the magnitudes of the tunnel splitting Δ, and the electric dipole moment d
of the impurity. For 7 Li+ in KCl Δ ≈ 32 GHz,
d  [111], |d| ≈ 18.5·10−30 C·m (without taking
into account the correction for the Lorentz eld).
Paraelectric resonance may be also observed
in the absence of the applied electric ﬁeld, a situation called zero-ﬁeld paraelectric resonance. In
this case the resonance frequencies, which correspond to the peaks of observed bands, coincide
with the tunnel splitting frequencies. For Li+ in
KBr they are 62, 65, 141 GHz (for 7 Li) and 88,
88, 118 GHz (for 6 Li). The 40% difference between magnitudes of the tunnel splitting of the
isotopes 6 Li and 7 Li is consistent with the results
of measurements of thermal conductivity and speci c heat, and conﬁrms the tunneling nature of the
noncentral ion transport. The study of the location, shape and width of the resonance lines, and
of the environmental inﬂuences on these factors,
provides information on the noncentral ions, their
interaction with one another and with the lattice,
as well as on the properties of the solid under consideration.
PARAELECTRICS
Insulators which exhibit a linear (and hyster-

esis-less) dependence between the polarization P

A material which becomes magnetized proportional to and in the direction of an applied external
magnetic eld B, but does not exhibit magnetic ordering. Diamagnetism that may be present is dominated by paramagnetism in paramagnets. Classical paramagnets (Langevin paramagnets), which
have a temperature dependence of the susceptibility which satisﬁes the Curie law, include a wide
group of materials with intrinsic magnetic moments: gases (O2 , NO, metallic vapors), liquids
and solids (rare-earth salts, salts of transition metals, solutions of these salts). Many paramagnets
are Langevin types, and yet exhibit stronger interactions of their magnetic moments with the matrix
and with one another (salts and oxides of transition ions, certain rare-earth ions, including those
magnetically ordered above the Curie point or Néel
point, even gases O2 and NO under elevated pressure), do not obey the Curie law, but instead follow the Curie–Weiss law. The majority of nontransition metals (all alkali metals; alkaline-earth
metals, except for Be and Al, etc.) are paramagnets of the Pauli type with a temperature independent susceptibility χ = μ2B g(E F ) arising from
the conduction electrons, where g(E F ) is the density of states at the Fermi level. Transition metals,
which do not exhibit magnetic order, are clearly
deﬁned paramagnets, exhibiting high values of
magnetic susceptibility χ and rather complicated
temperature dependences. This speciﬁc group of
paramagnets consists of strong band paramagnets (see Strong band paramagnetism). There exist also nuclear paramagnets, nuclear spin systems
with spin I > 0, such as 3 He at low temperatures
(T < 0.1 K).

PARAMAGNETIC RELAXATION

PARAMAGNETIC CENTER

A localized state in a solid, which exhibits
a nonzero magnetic dipole moment; it is the
origin of the paramagnetism and the source of
the electron paramagnetic resonance (EPR) signal. Some examples of paramagnetic centers are:
ions of transition elements with incomplete d- or
f -shells; impurity atoms, molecular ions or their
associations in natural or synthetic crystals (ﬁxed
nitrogen in diamond, aluminum in quartz); localized donor states and acceptor states in doped
semiconductors (e.g., elements of Groups III and V
in silicon and germanium); point defects produced
by irradiation, heat or chemical treatment (introduction of impurities), e.g., an electron occupying the vacancy of a negative ion (F -center),
self-trapped hole (Vk -center) and similar defects
of a more complicated nature; intrinsic defects
like dangling bonds in amorphous semiconductors, stable free radicals; photoexcited states (e.g.,
triplet ones) of impurities and defects, which exhibit zero magnetic moment in their ground state.
The term “paramagnetic center” refers not only to
the impurity atom, ion or defect, but also to its
close environment, which exerts a strong inﬂuence
upon the nature of the wave function of the paramagnetic center, and upon its EPR spectrum. One
of the challenges of magnetic resonance spectroscopy and microwave spectroscopy is the identiﬁcation of paramagnetic centers, and the determination of their spatial conﬁguration and energy
band structure.
PARAMAGNETIC ION
See Magnetic ion.
PARAMAGNETIC LIMIT in superconductors

The peak value of a magnetic ﬁeld Bp in a
superconductor with Cooper pairs in the singlet
state; when the magnetic ﬁeld reaches the paramagnetic limit, the free energies of the superconducting phase and normal phase become equal
in magnitude, taking into account the polarization of electronic spins by the magnetic ﬁeld, but
without regard for diamagnetic undamped currents (Meissner effect). The phenomenon of the
paramagnetic limit was examined theoretically by
A.M. Clogston and B.S. Chandrasekhar (1962).
At absolute zero (T = 0), the paramagnetic limit

949

of a weak electron–phonon interaction
√ is given
by the equation Bp (0) = Δ(0)/(μB 2), where
Δ(0) is the energy gap in the spectrum of quasiparticles at T = 0, and μB is the Bohr magneton. For superconductors which exhibit a critical
temperature Tc = 10 K, the paramagnetic limit
Bp (0) ≈ 18.5 T. There are some known materials for which an upper critical eld B c2 (0) exceeds
Bp (0). Some examples are laminated dichalcogenides of transition metals, Laves phases, etc.
The cases of overriding the paramagnetic limit
were attributed to the coexistence of superconductivity and electron localization, to the compensation of the external magnetic ﬁeld by an internal
exchange ﬁeld (Jaccarino–Peter effect), to the generation of the nonuniform Fulde–Ferrell–Larkin–
Ovchinnikov state, etc.
PARAMAGNETIC PROBE METHOD
Investigation of crystals by the paramagnetic
resonance method, which involves implantation

of paramagnetic ions (probes) into the crystalline
sample. The method can provide, among other
things, the local symmetry of the lattice sites,
and information on the spatial microscopic crystal
symmetry. Paramagnetic probes called spin labels
(often nitroxide radical ions) are widely used for
biological samples.
PARAMAGNETIC RELAXATION

The process of establishing thermal equilibrium in a paramagnet; one of the types of magnetic relaxation. Also used is the term “spin relaxation” when it involves the energy levels of a
paramagnetic ion present at ordinary temperatures
in paramagnetic crystals (in which intracrystalline
interaction and spin–orbit interaction are substantial factors) which may be described in terms of
the resultant spin and spin Hamiltonian. Paramagnetic relaxation is of major importance for electron paramagnetic resonance and nuclear magnetic resonance, for it determines the value of the
absorbed power in relation to the radio-frequency
ﬁeld amplitude.
If a paramagnet is placed in a constant magnetic ﬁeld B0 , then relaxation of the longitudinal
component (with respect to the ﬁeld direction),
and the transverse components of magnetization
are distinguished. Accordingly, the terms “longitudinal relaxation time” and “transverse relaxation
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time” were introduced by F. Bloch (1946). Longitudinal relaxation is related to the change of
Zeeman energy of a paramagnet in an external
ﬁeld B0 , and therefore, may take place only in the
presence of a thermal reservoir (e.g., vibrating lattice, Brownian motion); longitudinal relaxation is
spin–lattice relaxation, and in solids it arises from
lattice vibrations. These vibrations are responsible for the change of the intracrystalline electric
ﬁeld, which acts upon the paramagnetic center,
and inﬂuences its magnetic moment through the
spin–orbit interaction. Transverse relaxation is not
related to the change of energy of the spin system, and may take place both through the spin–
lattice interaction, and through the spin–spin interaction. The principal mechanism of spin–spin
relaxation in dilute paramagnets is the magnetic
dipole interaction. Spin–spin relaxation generally
takes place in a shorter time interval than spin–
lattice relaxation, and the spin system reaches a
quasi-equilibrium state during the spin–spin relaxation; a state which may be described in terms of
a spin temperature, which is distinct from the lattice temperature. In this case, the process of spin–
lattice relaxation brings about the equalization of
the temperatures of the spin system and the lattice.
One of the techniques for determining the longitudinal relaxation time, which was proposed by
C. Gorter (1936) prior to the discovery of the
paramagnetic resonance phenomenon, consists in
measuring the nonresonance absorption of the
variable magnetic ﬁeld energy for a parallel mutual alignment of the constant ﬁeld and the variable ﬁeld. Nonresonance absorption is described
by an equation, which is similar to the Debye
formula for dielectric loss in dielectrics, and is
characterized by the time parameter τ , which is
the relaxation time of the resultant magnetic moment of the system. The parameter τ may differ from the values of the longitudinal relaxation
time, which are measured by paramagnetic resonance experiments (pulsed or continuous saturation), when nonequilibrium magnetization is
induced by changing the populations of a particular pair of spin levels. All methods of determining the longitudinal relaxation time provide
equal values only in the case of systems with an
equidistant Zeeman energy spectrum, or when the
spin S = 1/2. The transverse relaxation time may

also be determined from the experiments on pulse
or continuous saturation of electron paramagnetic
resonance lines. In systems which exhibit slow
spin diffusion, information on the spin relaxation
times may be gained through the method of electron spin echo.
PARAMAGNETIC RESONANCE, also called
electron spin resonance

Resonance absorption of microwaves by a
paramagnet; a particular case of magnetic resonance. From the standpoint of physics, the reason

for the occurrence of paramagnetic resonance is
that the application of a constant magnetic eld
to materials which contain paramagnetic particles gives rise to an energy level system El , with
each level characterized by a certain orientation of
the magnetic moment of a particle. The transition
from the j th level to the ith level, which involves
reorientation of the magnetic moment and absorption of an energy quantum hνij , takes place under
action of an electromagnetic wave of frequency
νij = (Ei − Ej )/ h. Zero-ﬁeld paramagnetic resonance, i.e. paramagnetic resonance in the absence
of external magnetic ﬁeld, is much less common.
In this case, the energy level scheme arises from
the interaction between the magnetic moments of
the particles and the intracrystalline electric ﬁeld.
Depending on the nature of the paramagnetic particles, electron paramagnetic resonance and nuclear paramagnetic resonance are distinguished
(the latter is ordinarily referred to as nuclear magnetic resonance). Frequencies and intensities of
paramagnetic resonance lines are sensitive to various ﬁelds, which surround the magnetic moments
of the particles, and hence, paramagnetic resonance is applied in studies of local properties of
solids.
PARAMAGNETIC RESONANCE, ACOUSTIC
See Acoustic paramagnetic resonance.
PARAMAGNETISM (fr. Gr. παρα , near, by, and
magnetism)

The property of materials that possess no
atomic magnetic structure (paramagnets) to acquire magnetization, which partially align their

magnetic moments when placed in an external
magnetic eld. Paramagnetism is the opposite of

PARAMAGNETISM

diamagnetism. Paramagnetism was ﬁrst described
by M. Faraday (1847). From the standpoint of
microphysics, paramagnetism is characterized by
certain particles of paramagnetic substances which
possess uncompensated magnetic moments m (an
exception is provided by Van Vleck paramagnetism). The distinction between paramagnetism
and other types of magnetism involving uncompensated magnetic moments is that in the case of
paramagnetism in the absence of an applied magnetic ﬁeld these moments are oriented randomly
and are independent of one another, i.e. the mean
value of the m components of each particle is
equal to zero (in contrast to spin glasses); in addition the magnetization of the body (in contrast
to ferromagnets) and the mean magnetic moment
of any sublattice of the crystal (in contrast to antiferromagnets) are also equal to zero. Typical of
paramagnetism is the linear relation between the
magnetic polarization M and the magnetic intensity H = B/μ0 : at low values of the ﬁeld intensity
M = χH , where χ is the magnetic susceptibility
(χ may be a tensor quantity in crystals). Another
typical feature of paramagnetism is the probability of magnetic saturation M → Ms when increasing B to values which exceed the so-called saturation ﬁeld Bs . The value and the temperature
dependence of χ , as well as the value of Bs , are
determined by the properties of the particles of
nonzero m (of electronic or nuclear nature). An
electronic magnetic moment is produced by electrons of unﬁlled shells of atoms and molecules, by
collective electrons of conductors, etc.:

m = gμB J

(1)

where J is the angular momentum (of a conduction electron, electronic shell, etc.) in units of
Planck constant ; g is the Landé g -factor ; μB is
the Bohr magneton. As a rule, m is different from
zero in a condensed medium in the case of inner
(d and f ) unﬁlled shells. Since the orbital moment of the shells in crystals is usually equal to
zero (“frozen” or “quenched” because of the spin–
orbit interaction), the electronic magnetic moment
of an atom in a crystal is determined for the most
part by the spin. Magnetic moments of nuclei are
close in value to the nuclear magneton, and considerably less than electronic magnetic moments.
Several types of paramagnetism are distinguished,
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and in describing them the interaction of magnetic
moments with one another is usually ignored.
If the orientation of the magnetic moments of
the particles in the magnetic ﬁeld is unrelated to
their motion, then the phenomenon is referred to as
orientation paramagnetism or Langevin paramagnetism (see Langevin function). In this case, paramagnetism is determined by independent orientation of magnetic moments in the external ﬁeld B,
and is described on the basis of the Gibbs distribution for the projections of the magnetic moments
mz on the direction of the ﬁeld B (on the z direction): mz = gμjz . With allowance made for quantization, the jz projection assumes 2j + 1 values,
and the magnetic moment of N atoms is determined by the Brillouin function:


mmax B
,
(2)
M = Nmmax Bj
kB T
where mmax is the maximum value of the projection of magnetic moment of the particle (for electronic magnetic moment mmax = gμB J ). Hence
it follows that at mmax B  k B T there exists a linear relation between M and B, and the magnetic
susceptibility is governed by the Curie law:
χ=

c
,
T

c=

N (j + 1)m2max
.
3
j kB

(3)

It is a common practice to deal with the susceptibility of a unit volume, or the molar susceptibility;
in these cases N is the number of magnetic moments per unit volume or per mole of a material,
respectively.
The magnetic saturation (M → Ms = Nmmax )
is observed at B > Bs , where Bs = k B T /mmax .
Eqs. (2) and (3) adequately describe the paramagnetism of classical paramagnets, namely, liquids
and gases, the molecules of which possess magnetic moments, as well as the paramagnetism of
localized magnetic moments in solids on the condition that the interactions between these localized
moments may be neglected. Interactions between
the magnetic moments is responsible for deviations from the Curie law (see Curie–Weiss law),
and may lead to magnetic ordering at low temperatures.
Pauli paramagnetism is common for a degenerate Fermi gas or Fermi liquid, e.g., electrons in
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metals, liquid 3 He, etc. The onset of magnetic polarization (i.e. generation of unequal quantities of
fermions with different values of spin projection)
in such systems results in an increase of the mean
kinetic energy of the gas by virtue of the Pauli
exclusion principle. In the case of Pauli paramagnetism the magnetic susceptibility χp does not depend on the temperature, and for the electron gas
is given by an equation
χp = μ2B D(EF ),
where D(EF ) is the density of states at the Fermi
surface. In the case of a spherical Fermi surface,
χp = 3nμB 2 /(2EF ), where EF is the Fermi energy, n is the electron density. When these equations are compared with Eq. (3), it is apparent that
gas degeneracy results in a decrease of susceptibility (by the factor k B T /EF ). Magnetic saturation may arise only in very strong ﬁelds (Bs ∝
EF /μB ). Paramagnetism of the current carriers in
nondegenerate semiconductors is characterized by
an exponential temperature dependence, which is
due to the temperature dependence of the density of carriers. Van Vleck paramagnetism or polarization paramagnetism is related to quantummechanical corrections, which are due to the admixture of excited states with nonzero magnetic
moments into the ground (nonmagnetic) state of
the atom. This kind of paramagnetism has only a
weak dependence on temperature. The study of the
paramagnetism of solids and its high-frequency
manifestations (electron paramagnetic resonance
or nuclear magnetic resonance) is an important
method of investigation of the properties of solids.
The phenomenon of paramagnetism is also used
for reaching extremely low temperatures (see Adiabatic demagnetization cooling).

PARAMAGNETISM, STRONG BAND

See Strong band paramagnetism.

PARAMAGNETISM, VAN VLECK

See Van Vleck paramagnetism.

PARAMETRIC EXCITATION OF SPIN WAVES
Excitation of spin waves in magnetic materials

(ferro-, ferri- and antiferromagnets), which are exposed to the action of an electromagnetic pumping
wave; parametric excitation is observed only when
the amplitude h of the magnetic ﬁeld in the wave
exceeds a certain threshold value hth . Spin waves
arise in the sample at h > hth . The frequencies ω1
and ω2 and wave vectors k 1 and k 2 of these spin
waves are related through parametric resonance to
the frequency ω and wave vector k of the pumping
signal as follows:
ω1 + ω2 = nω,

k 1 + k 2 = nk,

(1)

where n is the order of the parametric process.
The amplitude of the oscillating magnetization of
the initial spin wave exceeds the thermal level by
six or more orders of magnitude, reaching several
tenths of a percent of the saturation magnetization M0 of the material under consideration. Individual phases of the excited spin waves are random variables, and it is only the sum of phases
that is single-valued with respect to the pumping
wave phase. The experimentally obtained values
are ω1,2 ∼ 1010 –1011 s−1 , n = 1 or 2; the length
of the pumping wave often noticeably exceeds the
dimensions of the sample, i.e. the pumping is uniform, and hence k = 0, k 1 = −k 2 ; the value of
the wave vector of the excited waves k 1,2 depends on the pumping frequency and on the intensity of the magnetic biasing ﬁeld H in which
the sample is located, and may range within 103 –
106 cm−1 .
The ﬁrst-order parametric excitation of spin
waves (n = 1) results in the excitation of waves
of a frequency that is equal to half the pumping frequency: ω1 = ω2 = ω/2. Depending on
the orientation of h with respect to H , transverse
pumping (h ⊥ H ) (H. Suhl, 1957) and longitudinal pumping (h  H ) (E. Schlömann, 1960) are
distinguished. In the former case the electromagnetic ﬁeld ﬁrst excites uniform oscillations of magnetization, which induce the paramagnetic excitation of spin waves; in the latter case, the immediate cause of the parametric relation between the
waves is the longitudinal pumping magnetic ﬁeld.
The threshold value of longitudinal pumping in an
isotropic ferromagnet is given by the expression
hth =

Hk ω
ωM sin2 θk

,

(2)

PARAPROCESS

where Hk = γk /γ , γk is the spin wave damping
decrement; ωM = 4πγ M0 , γ is the gyromagnetic
ratio; θk is the angle between the wave vector of
the spin waves and H0 . The threshold value of the
ﬁeld in perfect monocrystals of yttrium iron garnet
(see Iron garnets) amounts to several microtesla at
room temperature. Since the uniform precession
of magnetic polarization contributes to the process
of excitation of spin waves, the threshold of the
ﬁrst-order transverse pumping depends heavily on
the degree of closeness of the pumping frequency
ω to the ferromagnetic resonance frequency ω0 .
If ω = ω0 , then the threshold is particularly low
and amounts to ∼10−8 T in yttrium–iron garnet
monocrystals. Away from the ferromagnetic resonance frequency, its value is close to the longitudinal pumping threshold value. Second-order parametric excitation of spin waves (ω1 = ω2 = ω)
is observed only in the proximity of the ferromagnetic resonance frequency ω = ω0 provided
there are no spin waves of frequency ωk = ω/2
in the spectrum, which excludes the possibility
of ﬁrst-order parametric spin-wave processes. Its
threshold amounts to several nanotesla in these
garnet monocrystals. Experimental measurement
of the longitudinal pumping threshold hth is the
most convenient way of determining the damping decrement of spin waves of wave vectors of
the order of 104 –106 cm−1 by the application of
Eq. (2). Parametric excitation of spin waves has
found practical application in the production of
ferrite power limiters: the damping provided by
these devices increases abruptly at h > hth because of the onset of extra losses of signal energy
due to the parametric excitation of waves. The
maximum operating powers of devices like ﬁlters,
phase shifters, phase-differential circulators, etc.,
are determined by the occurrence of the parametric
excitation of spin waves: the damping provided by
these devices increases for h > hth as in the case
of the limiters.
PARAMETRIC LIGHT GENERATION, parametric
luminescence

A phenomenon that involves the decay of incident photons (of frequency ω3 ) in a nonlinear
crystal into pairs of photons of lower frequencies ω1 and ω2 , which are reemitted by the crystal. The production of a pair of photons in a single
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scattering event is related to generation of parametric quasi-particles, which are known as biphotons. The sum of the frequencies of the scattered
waves is equal to the incident light frequency:
ω1 + ω2 = ω3 . Conservation of momentum of
three photons k 1 + k 2 = k 3 allows for the effective accumulation (parametric gain) of biphotons
along coherent directions which are determined
by the dispersion and anisotropic properties of
the nonlinear crystal. As a result, the scattered
waves assume a speciﬁc frequency–angular scattering pattern. This circumstance sets the parametric light scattering apart from ordinary luminescence. Another distinction between the two
phenomena is that the process of parametric light
scattering ceases within several periods of light
oscillations after the passage of the principal
wave ω3 . The correlation between photons, which
constitute a single biphoton, allows one to obtain
information on the photon ω1 by detecting photon ω2 . Parametric light scattering is used in the
nonlinear spectroscopy of crystals, and may provide a basis for absolute measurements of light intensity. In the case of a high intensity of primary
radiation ω3 , parametric light scattering goes over
into parametric superluminescence. The latter is
characterized by an exponential increase in the intensity of waves ω1 and ω2 with an increase in the
nonlinear crystal axial length, and the power of the
wave ω3 .
PARAMETRIC OSCILLATOR
See Optical parametric oscillator.
PARAPROCESS, true magnetization

Increase of the absolute value of the magnetization M s of ferromagnets and ferrimagnets under the action of an external magnetic ﬁeld B,
which takes place on completion of the engineering magnetization processes (see Saturation
magnetization curve), i.e. when the magnetic substance has passed into the single-domain state.
The paraprocess is related to the orientation of
elementary carriers of magnetism (spin and orbital magnetic moments of atoms or ions) in the
ﬁeld B. It is the ﬁnal stage of magnetization, during the course of which M s tends toward its absolute saturation value M 0 (i.e. the magnetization
of a ferromagnet at absolute zero, and in the absence of spin zero-point vibrations) with increased
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B (if B > Bs ). In the case of magnets with a single magnetic sublattice (ferromagnets), the peak of
paramagnetism is in the neighborhood of the Curie
point. The changes of physical properties, which
take place in ferro- and ferrimagnets during the
course of the paraprocess, exhibit a number of special features (see Magnetostriction, Magnetothermal phenomena).
PARENT PHASE

A hypothetical small-volume (microcrystalline)
phase of a symmetrical structure from which, with

the help of minimal (considerably less than interatomic distances) displacements of atoms (ions), a
crystal of a particular structure may be generated.
Macroscopic monocrystals are often grown from
seed crystals of the parent phase. A parent phase
is convenient for describing the twinning structure
of some crystals, for describing a domain structure which forms from a parent phase, for describing a granular structure, for explaining the speciﬁc smallness of some constants of the crystal
(e.g., those which are zero in the parent phase
due to symmetry requirements), for constructing
the theory of some ﬁrst-order transitions between
phases involving symmetry groups which lack a
group–subgroup relationship (if the structures of
both phases may be derived from the parent phase
structure using an order parameter transformed according to an irreducible representation of the parent phase symmetry group), etc. Sometimes the
term “parent phase” is used with respect to the
most symmetrical phase, realized under the experimental conditions, if it is associated with a phase
transition involving a reduction of the phase symmetry.
PARISER–PARR–POPLE METHOD, zero
differential overlap method (R. Pariser, R.G. Parr,
J.A. Pople, 1953)

PARTIAL DISLOCATION
A dislocation with a fractional (non-coincident
with a lattice parameter) value of Burgers vector. The line of this dislocation delimits a stacking
fault. As a partial dislocation moves across a crystal lattice the lattice does not transform into itself
as occurs at a moving perfect dislocation. As a re-

sult of this partial dislocation motion, a stacking
fault appears which is able to break on the other
partial dislocation. In so doing, the Burgers vectors b1 and b2 of these two partial dislocations
sum to the vector b of a perfect dislocation (see
Fig.). A system of partial dislocations joined by
the area of a stacking fault is a called a stretched
dislocation (extended dislocation).
For example, in face-centered cubic (FCC)
crystals a perfect dislocation with Burgers vector
b = a/2 [1̄01] may split up into two partial dislocations with Burgers vectors b1 = a/6 [2̄11],
b2 = a/6 [1̄1̄2]. Between these partial dislocations there is a subtraction-type stacking fault, and
the equilibrium distance r between the partial dislocation rectilinear areas (see Fig.) amounts to


2ν cos 2β
μb2 (2 − ν)
1−
,
r=
8πγ (1 − ν)
2−ν
where μ is the shear modulus, ν is the Poisson ratio, β is the angle of the mixed perfect dislocation,
γ is the energy of the stacking fault. For an edge
dislocation r is greater than for a screw dislocation.
Top partial dislocations appear at the dislocation splitting accompanied by the transition of the
partial dislocation from one slip plane to another,
or its interaction with the dislocation located in the
other slip plane. The conﬁgurations and properties
of extended dislocations in other crystalline structures coincide in many respects with that of the
FCC lattice type. In hexagonal close-packed crystals, however, unusual varieties of dislocations are
observed. In bulk-centered crystals several types

A popular semiempirical procedure of quantum chemistry, which is based on ignoring those
matrix elements of the two-particle interaction
through localized wave functions, which involve
the two-center distributions of the exchange electron density.

Partial dislocation.

PARTITION FUNCTION

of partial dislocations with high-energy stacking
faults are possible, while in diamond-type crystals nonequivalent sets of partial dislocations exist, which may be described as having a structure
of the face-centered crystal type with a basis composed of two atoms at each site of the lattice. Speciﬁc partial dislocations of a superdislocation type
are observed in ordered crystals.
Partial dislocations are essential for the explanation of the twinning of crystals, phase transformations, hardening due to the dislocation barriers
that occur at intersecting dislocations, creeping,
and cross slip processes.
PARTICLE BENDING in a curved crystal
Planar channeling involves a forward moving

positively charged particle executing stable oscillations between two crystallographic planes, experiencing alternating “total reﬂections” from each
of them. It is possible to turn the direction of
a charged particle beam by ﬂexing the crystal
planes. The radius of curvature R of a curved crystal may be evaluated from the classical equation of
motion:
∂U
mv 2
=−
,
R
∂r
where m and v are, respectively, the mass and velocity of the channeled particle, and U is the averaged potential of the plane. In deciding on a
particular radius of curvature, it is necessary to
take into account that the length of the curved
channel l = R θ (where θ is angle of beam
bending) must be much less than the dechanneling
distance l dec (for relativistic particles the dechannelization distance increases proportional to the
energy). However, particle beam bending for axial channeling offers several advantages over beam
bending with planar channeling: (1) the acceptance angle of axial channeling exceeds that of
planar channeling; (2) the number of particles involved in the axial channeling mode is greater
than the number accepted by the planar channeling mode; (3) the dechanneling distance for axial
channeling is greater by approximately an order
of magnitude than that for planar dechanneling. It
is difﬁcult to bend low and average-energy particle beams because of the strong particle dechanneling propensity. Surface channeling can also be
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used for the purpose of particle turning. Unlike ordinary channeling, surface-channeled ions of low
and average energy lose little energy by reﬂection from the surface producing the beam bending.
Computer simulation conﬁrmed the high efﬁciency
of particle beam bending via surface channeling.
PARTICLE EMISSION

Emission of electrons, ions, or neutral particles
into a vacuum or gaseous medium by solids or liquids. In most cases the term particle emission is
used in names of various types of electron emission. As a rule, the kind of action is also added:
eld electron emission (strong electric ﬁeld), explosive electron emission (rapid, very strong electric ﬁeld), secondary electron emission (electron
bombardment), ion–electron emission (ion bombardment), thermionic emission (heating), photoelectron emission (illumination), X-ray photoelectron emission (X-ray irradiation), exoelectronic
emission (mechanical action), autophotoelectronic
emission (strong electric ﬁeld and illumination),
and so on. The emission of molecules from heated
solids is called sublimation, and from liquids it is
called evaporation. In adsorption a term “evaporation” is used when describing the particulate
emission of adsorbent material; the emission of
adsorbed particles is called desorption (thermal
desorption, electron-stimulated desorption, photodesorption, ﬁeld desorption, and so on). The
emission of ions by incandescent solids has an additional name surface ionization. The emission of
ions and neutral particles under bombardment of
the surface by fast ions and atoms accompanied by
surface erosion is called cathode sputtering (see
Sputtering); its particular case which is used in the
diagnostics of the surface chemical composition is
called ion-ion emission (Secondary ion emission).
PARTICLE, SMALL

See Small particles.
PARTITION FUNCTION, statistical sum

Quantity, which constitutes the reciprocal of
the normalization factor of the Gibbs canonical
distribution (see Gibbs distribution) in quantum
statistical physics, and is expressed as the sum of
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occupation possibilities over quantum states (Zustandsumme) Z:



En
,
exp −
Z=
kB T
n
where En is the energy of system in the nth quantum state, and T is the absolute temperature. The
summation is taken over all allowed n (including states of equal energy). The partition function allows the calculation of all thermodynamic
potentials. In particular, the Helmholtz free energy given by F = −kB T ln Z can be calculated
as a function of temperature, volume, and number of particles depending on the particle interaction potential. Given the system Hamiltonian H ,
Z = Tr exp[−H /(kB T )]. In the case of an ideal
gas



εi ni
.
Z=
exp − i
kB T
{ni }

The summation in this equation is taken subject
to the additional condition that i ni = N , where
N is the total number of particles. The summation in the argument of the exponential function is
made over all single-particle quantum states i of
energy εi ; {ni } is the ensemble of possible values
of ni , over which the summation is taken. In the
case of Bose–Einstein statistics, ni = 0, 1, 2, . . . ,
and in the case of Fermi–Dirac statistics, ni is either 0 or 1. In the formalism of classical statistical physics the partition function corresponds to
the statistical integral, the integral analogue of the
above discrete summations.
PASSIVATION
See Surface passivation.
PATENTING

The method of heat treatment of mediumcarbon low-alloy steel (carbon content 0.45–
0.85% C), which involves heating above the transformation temperature, with subsequent controlled
cooling. It is used in order to obtain work pieces of
high plasticity. This circumstance allows the use of
patenting prior to the production of cold-formed
wires, strips and other articles, which require
deep drawing at room temperature. The process
of patenting involves heating to 870–920 ◦ C. The

resulting austenite is rapidly overcooled to 450–
550 ◦ C; at this temperature the austenite undergoes decomposition, yielding thin-laminated sorbite. The steel with such a structure is substantially hardened under strain, reaching the ultimate
compression strength of 5000 MPa at total pressing of 99%.
PATH INTEGRAL, functional integral, Feynman
path integral (R. Feynman, 1948)

Presentation of the quantum-mechanical time
evolution operator and its matrix elements in the
form of an integral along a number of classical trajectories.
Suppose that Ut = eit H/ is the unitary operator for the time evolution of a quantum system
with a ﬁnite number of degrees of freedom (H
is the Hamiltonian), q is a point in conﬁguration
space, i.e. a set of coordinates, Ut (q1 , q2 ) is a matrix element of Ut in the coordinate representation.
The integral over the paths has the form
Ut (q1 , q2 )


eiS

=
{q(τ ): q(0)=q1 , q(t )=q2}



dq(τ ),

0τ t

where q(τ ) is the classical trajectory, 0  τ  t ,
the quantity S
t
S = S q(τ ) =


 2
q̇ (τ ) − V q(τ ) dτ

0

is the classical action for the ﬁxed path q(τ ),
V is the potential energy; integration is carried out
along all paths with a ﬁxed beginning and end.
To evaluate the integral the interval [0, t] is divided into sections: 0 < t1 < t2 < · · · < tn < t ,
the continuous path q(τ ) is replaced by a discrete
one with vertices at the points of subdivision, the
integration is performed sequentially for the variables q(t1 ), i = 1, 2, . . . , n, so the result is ﬁnite,
then the limit of n → ∞ is taken, corresponding
to a continuous succession of τ values. The integration is performed with respect to the functions
q = q(τ ), whence the origin of the term “functional integral”.
In the middle 1950s functional integrals were
introduced into the quantum theory of systems
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with an inﬁnite number of degrees of freedom, i.e.
into quantum ﬁeld theory,


dϕ(x),
Ut = eiS
where x is a point of four-dimensional space–time,
ϕ(x) is a classical ﬁeld, S = S[ϕ(x)] is the action.
The path integral method is used in the theory of
solids for the description of phase transitions, polarons, solitons, and superconductivity.
PAULI MATRICES (W. Pauli)

Two-by-two square matrices σx , σy , σz ,




0 1
0 −i
σx =
,
σy =
,
1 0
i 0


1 0
,
σz =
0 −1
which are operators for the spin magnetic moment
of particles of spin 1/2; the magnetic moment operator is S = (μB /2)σ , where μB is the Bohr
magneton. The Pauli matrices satisfy the commutation relations
[σj , σk ] ≡ σj σk − σk σj
= 2iεj kl σl ,

j, k, l = x, y, z,

where the Levi–Civita symbol εj kl = +1 for a
cyclic permutation of the indices (xyz, yzx, zxy),
εj kl = −1 for an anticyclic permutation of the
indices (xzy, yxz, zyx), and εj kl = 0 if any two
indices are the same (e.g., xxy). In addition the
Pauli matrices have the cyclic permutation property σj σk = iσl , and they anticommute:
σj σk + σk σj = 2δj k I,

j, k = x, y, z,

where δj k is the Kronecker symbol, and I is the
2 × 2 unit matrix. Each Pauli matrix has a determinant of −1, and the eigenvalues of the Pauli matrices are equal to ±1. The Pauli matrices have
the unusual property of being both unitary and
Hermitian. These matrices are generators of the
double-valued representations of the simple unitary group in two dimensions SU(2).
PAULING’S MAXIMUM OVERLAP PRINCIPLE
(L. Pauling)

A rule which allows one to predict energetically the most favorable conﬁgurations of atoms in
molecules or complexes, and to select the atomic
orbitals which make the maximum contribution to
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the bonding orbitals of the molecule. Maximum
orbital overlaps of two neighboring atoms provide
lowering of the energy of the electron of one atom
in the ﬁeld of the other atom; in the case of parallel
spins of two atoms the maximum orbital overlap
provides the highest value of the exchange integral
(involved in the equation for the negative energy of
the molecule).
PAULI PARAMAGNETISM
See Paramagnetism.
PEACH–KÖHLER EQUATION (M.O. Peach,
J.S. Köhler, 1950)

The equation deﬁning the force f that is applied to a dislocation of unit length by the ﬁeld of
 b , where i = 1,
internal stresses: fi = eilm τl σmk
k
2, 3. Here eikl is the unit antisymmetric tensor of
rank three; τ is the unit vector of the tangent to the
dislocation line, which is aligned with the sense
of rotation of the dislocation line, b is its Burgers
 is the strain devector, and the tensor quantity σmk
viator. The Peach–Köhler equation deﬁnes a force
that is always directed perpendicular to the dislocation line, and is independent of the hydrostatic
pressure in the crystal. The Peach–Köhler equation was reﬁned by J. Weertman (1965). The equation is most commonly used for determining the
value of the force that acts in the slip plane of the
dislocation, and is deﬁned as f = ni σik bk , where
n is the unit vector normal to the slip plane. In
the case of a planar dislocation loop, this force is
determined by a single component of the σik tensor (provided two coordinate axes are aligned with
the vectors n and b). For the case of an edge dislocation which is parallel to the z-axis, and has
the Burgers vector aligned with the x-axis, the
equation for the force f assumes the simpler form
f = bσxy .
PEARLITE

A laminar micro-constituent of steels and cast
irons; mechanical mixture of ferrite and cementite.
Under close to equilibrium conditions, pearlite is
formed by the eutectoid decomposition (see Eutectoid alloys, Alloy decomposition) of austenite
on slow cooling according to the reaction: austenite → ferrite + Fe3 C, where Fe3 C is cementite.
The decomposition proceeds at constant temperature T = 996 K. The leading phase at this pearlite
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generation is cementite, the nucleation centers of
which appear at the boundaries of austenite grains.
The austenite region in the neighborhood of the
ﬁrst cementite plates becomes depleted of carbon,
and as a result, the plate-like ferrite layer develops. As this takes place, the carbon content of
the neighboring austenite regions increases and a
new nucleation center of cementite appears. All
the carbon is concentrated in cementite, for ferrite contains practically no carbon at room temperature. Granular pearlite and lamellar pearlite
are distinguished. The ferrite and cementite of
lamellar pearlite are plate-shaped, the spacing being 0.5–1 μm. Pearlite consists of cementite up to
12%, the balance being ferrite. The ratio of thickness of ferrite laminas to that of cementite ones is
approximately 40/3. The structure of pearlite depends to a certain extent on the cooling rate (the
higher the cooling rate, the higher the dispersity of
structure). Fine-grained modiﬁcations of pearlite
are sorbite and troostite. The hardness of pearlite,
which is obtained under slow cooling, is 3·105 Pa.
Construction steels of pearlite structure exhibit adequately high values of strength and plasticity, and
readily lend themselves to machining.
PEARLSTONE

Eruptive volcanic rock of an acidic nature, variation of volcanic glasses; exhibits concentrically
conchoidal separation and spheroidal (pearlitic)
structure, which is formed due to compression under cooling: the rock is as a whole glassy, and
consists of pearl-like balls 1–15 mm in diameter, which are either embedded in the glass individually, or constitute the whole rock. The rock
is light gray in appearance, occasionally tinged
with blue or yellow, the luster resembles that of
wax, enamel, or silk. The rock is brittle. The density 1.3–1.6 g/cm3 varies with the porosity. It
contains up to 3–5% water of hydration. Crushed
pearlstone rock swells on rapid heating to 1000–
1200 ◦ C, increasing up to 10–20 times in volume. This modiﬁcation of pearlstone is a soundabsorbing, heat-insulating, and refractory material
which is used as ﬁller for concrete, plaster, and
paints.
PEIERLS INSTABILITY (after R.E. Peierls)

The phenomenon of the instability of the lattice of a one-dimensional metal with respect to the

generation of a lattice deformation (charge density
wave) with the wave vector Q = 2pF / (pF is the
Fermi momentum), which is caused by the interaction between the electrons and crystal lattice vibrations. Peierls instability is accompanied by the
creation of an energy gap of width Δ at the Fermi
surface, and the transformation of the system to
the insulating state (see Peierls transition).
PEIERLS–NABARRO MODEL (R.E. Peierls,
1940; F.R.N. Nabarro, 1947)

Approximate model which describes the action exerted upon a dislocation by forces arising
from the discreteness of the crystal lattice structure, and from the atomic nature of the dislocation core structure (Peierls–Nabarro forces). The
tangential stress τ , which describes the interaction
between atomic layers, lying on different sides of
the dislocation slip plane, is considered to be a
periodic function of the local displacement δ of
atoms from their positions in an ideal crystal lattice; Peierls drew on the simplest periodic relation τ = G sin[2π(δ/b)], where b is the magnitude of the Burgers vector, the coefﬁcient G is of
the order of magnitude of the crystal shear modulus. Nabarro applied this model to the evaluation
of the Peierls stress σP , which is required for the
motion in the slip plane, and derived the following
equation: σP = G exp(−2πω/b), where ω is the
dislocation width, whose magnitude is of the order of b. According to this model, the value of σP
lies within the range from 10−5 to 10−2 G. The
Peierls–Nabarro force, which acts upon the dislocation in its slip plane, is a periodic function of the
position of the dislocation center. In the context
of a continuum description of dislocations (see
Continuum theory of defects), the Peierls–Nabarro
force, which acts upon every element of the dislocation line in the slip plane, is introduced phenomenologically as a periodic function of the displacement of the dislocation line η in the direction of its
motion. This force may be compared to the periodic shift-dependence of the line density of dislocation potential energy (Peierls relief)

 
2π
1
,
U (η) = U0 + UP 1 − cos
2
bη
where U0 is the line density of the intrinsic energy
of the dislocation without regard for the discrete-
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ness of the structure (the energy of linear dislocation tension) and UP = b2 σP /π is Peierls energy.
The chief drawback of the Peierls–Nabarro
model is that it assumes a sinusoidal displacement
dependence, which is a crude approximation in the
case of real crystals.
PEIERLS RELIEF (R.E. Peierls, 1940)
The energy of a dislocation, which varies pe-

riodically during the course of its movement in
the slip plane. The minimum value of this energy determines the equilibrium position of the
dislocation line when no external and internal
forces are applied to the dislocation. The dependence of the dislocation energy on the displacement of the dislocation by an amount ξ =
αb along a direction, which is perpendicular to
its line, is given by a phenomenological equation W (α) = WP sin2 (παb/a), where the quantity WP , which determines the amplitude of W (α),
is commonly called the Peierls energy; b is the
interatomic distance in this direction; a = b or
a = b/2, depending on the conﬁguration in the
region of the dislocation core. The Peierls relief consists of valleys (grooves), which are separated by energy humps. The maximum value of
the stress σP (α) = (1/b)(∂W (α)/∂α) is called
the Peierls stress (σP = πWP /(ab)). The value of
σP is considered as a phenomenological parameter, which falls in the range between 10−5 and
10−2 G (where G is the shear modulus); low
values of σP are typical for close packed metals,
whereas higher values are characteristic of covalent crystals and of, e.g., Si and Ge. In the case
of metals with a body-centered cubic structure, σP
assumes values from the middle of the above interval; for screw dislocations σP is 6–20 times greater
than for edge dislocations. Reasonably accurate
values of σP and WP are obtained through computer simulations of the process of the motion of
dislocations in a crystal. Phenomenological curves
may exhibit a more complicated nature, having
two maxima within the periodicity length. If the
external stress σ is smaller than σP , then the dislocation lines are located in the valleys of the Peierls
relief, and their transport into the neighboring valley may take place either at the expense of internal
stresses, or under the action of the thermally activated generation and scatter of paired kinks on
dislocations.
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Metal–insulator phase transition, which takes
place in quasi-one-dimensional conductors with
congruent regions at the Fermi surface. Along with
the generation of an energy gap, the Peierls transition brings about a charge density wave in the
electronic subsystem, and superlattice deformations of the crystal structure with the wave vector
2pF / (pF is the Fermi momentum). The Peierls
transition takes place in a number of quasi-onedimensional crystals: NbSe3 , TaS3 , K0.3 MoO3 ,
in organic conductors TTF-TCNQ (see Organic
conductors and superconductors), etc. Theoretical and experimental investigations of quasi-onedimensional metallic systems have made it possible to determine the principal characteristics of the
Peierls transition:
• three-dimensional long-range order at the Peierls transition is established in quasi-one-dimensional systems under the condition of a
strong enough interaction between one-dimensional conducting chains, which constitute the
crystal. The critical region in this case may be
rather narrow (Ginzburg number Gi  1);
• at temperatures above TP (the Peierls transition
temperature), the phonon spectrum softens at
wave vectors q ≈ 2kF , so that ω(2kF ) → 0 at
T → TP (the giant Kohn anomaly). Below TP ,
the charge density wave and superlattice deformations arise (determined by diffraction analysis methods), the constants of which in the general case are incommensurate with the original
lattice constant;
• a gap Δ(T ) arises in the electronic energy spectrum below the transition point TP ; the width of
this gap increases with decreasing temperature.
The process of “freezing-out” the carriers at the
Peierls transition is clearly seen from the temperature dependences of the electric resistance and
magnetic susceptibility. In the case of a considerably high probability of electron jumps between
neighboring chains, the electron spectrum may assume an insulating character, not over the entire
Fermi surface, but only in the proximity of the
nested (congruent) regions of the Fermi surface.
In this case, the Peierls transition gives rise to a
metallic phase with a decreased density of electron states at the Fermi level (a similar transition,
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which involves a partially insulating behavior of
the electron spectrum, is observed in NbSe3 ).
The Peierls transition involves, along with rearrangement of the electron system, substantial
changes in the phonon spectrum. The collective
modes ω± (q) which arise below TP are related
to the amplitude and phase oscillations of the superlattice. The low-frequency Fröhlich collective
mode ω_(q), which is related to phase oscillations, is optically active and contributes appreciably to the system polarizability at low frequencies.
At q → 0, this mode corresponds to the motion
of the charge density wave and superlattice along
the chains. In a constant current, the contribution
of the Fröhlich mode may be rather substantial in
electric ﬁelds that exceed a certain threshold value
ET , which is determined by the pinning of charge
density waves due to structural defects, or effects
of commensurability with the original lattice (see
Fröhlich conductivity).
In a quasi-one-dimensional Peierls insulator
with a commensurate charge density wave, there
may exist excitations, along with ordinary electronic excitations over the Peierls gap, which are
related to solitons of the charge density wave amplitude and phase. An example of a system, in
which these solitonic excitations play an important role, is the polymeric material (see Polymers)
trans-polyacetylene (trans-(CH)x ).
PEKAR WAVES
The same as Additional light waves.
PELTIER EFFECT
See Thermoelectric phenomena.
PENDULAR OSCILLATIONS OF INTENSITY
This effect of dynamic radiation scattering of
X-rays, neutrons, or electrons in monocrystals

consists of periodical variation of intensities of direct and diffracted beams either when the crystal thickness increases or when the angle of incidence of the beam onto the crystal varies close
to the Bragg angle (see Bragg law). The reason is
interference of two waves with slightly different
phase velocities. In a weakly absorbing crystal,
the total intensity of the radiation is periodically
pumped from the direct beam to the diffracted one
and back, similarly to oscillations of two coupled

pendula. The effect of pendular oscillations of in-

tensity is used for exact determination of structure
factors (see Structure amplitude) of crystals and of
the Debye–Waller factor for real monocrystals containing defects.
PENDULUM

An ideal (mathematical) pendulum is a mass
point connected by a weightless rod (ﬁlament) to
a ﬁxed point of suspension O, and is in motion
due to the force of gravity. A physical pendulum is
a solid body suspended by a rod at a certain point.
The vertical plane motion of an ideal pendulum
is described by the equation ϕ̈ + (g/ l) sin ϕ = 0,
where ϕ is the angle of deviation of the rod from
the vertical, l is the length of the rod, and g is
the gravitational acceleration. For a sufﬁciently
small ϕ, when sin ϕ ≈ ϕ, the material point performs simple harmonic oscillations with period
T = 2π(l/g)1/2 . A similar motion is exhibited
by a physical pendulum according to the equation
I ϕ̈ + Mgl sin ϕ = 0 (I is moment of inertia with
respect to the suspension point, and l is the distance between the suspension point and the center of mass). The constancy of the oscillation period of a pendulum makes it convenient to use it as
a regulator in timepiece mechanisms. A torsional
pendulum is a wheel, whose center point is connected to a spiral spring that twists and untwists
as the wheel rotates back and forth. If angles of
twist are not too large, the moment of elastic forces
may be considered proportional to the angle of rotation. Thus, the motion of the torsion pendulum
is also of a simple harmonic nature with period
T = 2π(k/I )1/2 , where I is the moment of inertia
of the wheel, and k is the coefﬁcient of elasticity
of the spring.
PENETRATION DEFORMATION, bursting
A plastic deformation effected by a concen-

trated load that penetrates through the depth of
a crystal within its limited area. A strain of this
kind produces protuberances at the opposing surface, normal to, or oblique with respect to the crystal surface undergoing deformation. Such protrusions are called bursting ﬁgures. They feature regular geometric shapes that are deﬁned by the elements of slip in the deformed crystal, and by the
orientation of its faces. Bursting was ﬁrst observed

PENETRATION DEPTH OF MAGNETIC FIELD

by M. Bauer (1882) in galena (PbS) crystals. The
faster the crystal is loaded, and the lower its temperature, the clearer is the shape of the bursting
ﬁgures. Penetration deformation has been studied most completely in CsCl type crystals. Studies combining a set of comprehensive techniques,
such as optical polarization method, X-radiography,
surface decoration, and selective etching demonstrated that bursting involves such mechanisms as
common translation slip, prism slip, faulting, and
displacement of point defects. The actual mechanism depends on the crystal itself, and the conditions of deformation.
PENETRATION DEPTH OF ELECTRIC FIELD
into superconductor

The distance λE associated with branch imbalance relaxation, which deﬁnes the space scale
of nonequilibrium processes in superconductors
(see Nonequilibrium superconductivity), is called
the electric ﬁeld penetration depth. The simplest
case is the passage of current through a galvanic
contact between a normal metal and a superconductor. In the normal metal the current is carried
by electrons, and in the superconductor it is carried by Cooper pairs. The transformation of normal electrons to Cooper pairs takes place inside
the superconductor within the distance λE from
the interface with the normal metal. In this region
the electric ﬁeld E is non-zero, so λE can be regarded as the penetration depth of the longitudinal “dissipative” electric ﬁeld into the superconductor, in contrast with its counterpart the usual
nondissipative penetration depth λ of the transverse magnetic ﬁeld (see Meissner effect). At a
distance close to λE , in order of magnitude, a nonequilibrium superconducting state appears which
is characterized by an imbalance of the populations of the electron-like (P > P F ) and hole-like
(P < P F ) branches of the spectrum, where P F is
the Fermi momentum, and P is the excitation momentum. The imbalance relaxation is associated
with inelastic electron–phonon collisions characterized by the mean free path lε = v F τε . These
collisions have low effectiveness at low temperatures, leading to quite large values of λE , up
to 10 μm. The theory provides the value λE =
(DτE )1/2 , where τE = (4T /(π ))1/2 τε is the
time constant of the imbalance relaxation, and
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D = (1/3)v F li is the electron diffusion coef cient.
In the vicinity of T c , the value of λE varies as
λE (T ) = λE (0)/(1−T /T c )1/4 , and it determines
the speciﬁc dimensions of the region of inhomogeneity in the resistive state of ﬁlms.
PENETRATION DEPTH OF MAGNETIC FIELD
into superconductor

A speciﬁc temperature-dependent length λ(T )
that determines the spatial scale of the penetration
of an external magnetic ﬁeld B(r) into a superconductor. Under the assumption λ(T ) ξ(T ) (here
ξ(T ) is the coherence length), the density of the
supercurrent (see Ginzburg–Landau theory of superconductivity) in the bulk, with the exception of
a thin surface layer of thickness ξ , is given by
4e2
B = ∇ × A, (1)
|Ψ0 |2 A,
mc
where 2e is the charge of a Cooper pair. According to the Ginzburg–Landau–Abrikosov–Gorkov
(GLAG) theory the modulus |Ψ0 | of the spatially
uniform, coherent superelectron wave function of
the superconduction condensate Ψ0 (i.e. order parameter) is determined at T < T c by the equation:
k B ξ0 #
mN(0)Tc (Tc − T ),
(2)
|Ψ0 | ∼
= 3.06

where N(0) is the electron density of states at the
Fermi surface, and ξ0 is the coherence length at
T = 0. Substitution of Eq. (1) into the Maxwell
equation and taking into account Eq. (2) leads to
the following expression for the penetration depth:

mc2
λ(T ) =
2
16πe |Ψ0 (T )|2
Js = −

λL (0)
∼
,
=√
2(1 − T /Tc )

(3)

where λL (0) = c/ωp is the London penetration
depth, and ωp is the plasma frequency. The expression (3) is valid in pure type II superconductors when the
√ Ginzburg–Landau parameter κ =
/ξ0 > 1/ 2. In type I superconductors (κ <
λL√
1/ 2) the relationship between J s and A is nonlocal (A. Pippard, 1953), and in the extreme limit
λL  ξ0 it takes the form
Js ≈ −

e 2 ns
mc

λp
A,
ξ0

(4)
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where ns is the superconductor electron concentration, with the Pippard penetration depth given
by
 2/3

1/3
λL
= ξ0
 ξ0 . (5)
λP ≈ λ2L ξ0
ξ0
In “dirty” superconductors with a short electron
mean free path l < ξ0 , the coherence and the local

correspondence between J s and A are violated at
the distance l, so that
Js ≈ −

e 2 ns l
A.
mc ξ0

(6)

In this case the effective penetration depth becomes λeff ≈ λL (ξ0 / l)1/2 > λL , and for the condition l  λ2L /ξ0 it signiﬁcantly exceeds ξ0 , so
that in disordered alloys and amorphous superconductors κ = λeff /ξ0
1.

where ξp ∝ |p − pc |−νp is the correlation length of
percolation theory, νp is the critical index, and pc is
the critical fraction of the superconducting phase.
The nature of the temperature dependence of the
critical superconducting current Ic of the whole
composite varies in accordance with the relationship between ξ s (T ) and ξp . More particularly, for
ξ s < ξp , Ic ∝ (1 − T /Tc )4/3 and Ic is independent
of (p −pc ), whereas for ξ s > ξp , Ic is proportional
to (1 − T /Tc )3/2 and depends on (p − pc ) (Tc
is the critical temperature of the superconducting
transition). The decrease of the size of the granules
of a granular superconductor causes its transformation into an amorphous superconductor. In the
latter case, percolation effects give way to effects
related to the weak localization of current carriers
in superconductors.

PERCOLATION EFFECTS in superconductors

PERCOLATION THEORY, seepage theory (fr.
Lat. percolatio, ltration)

Particular properties of macroscopically uniform superconducting composite materials which
depend on the volume fraction p of the superconducting phase. Percolation effects manifest themselves in mixtures of superconducting materials
with nonsuperconducting ones, or in the case of
the existence of superconducting grids above the
percolation threshold (see Percolation theory), or
in the case of superconducting regions linked by
weak Josephson junctions (see Josephson junction), as can occur in granular superconductors.
In the latter case, percolation effects are related to
the random scatter of system parameter quantities
(in particular, of energies Jij (T ) of weak coupling
between granules i, j ). Taking into account percolation effects, electromagnetic properties are described on the basis of solutions of the Ginzburg–
Landau equations (see Ginzburg–Landau theory of
superconductivity) for grids of thin wires. The selection of grid structures is based on the inﬁnite
cluster model of perturbation theory. The fractal
dimensionality (see Fractal) of the inﬁnite cluster
results in the fact that the properties of the grid
of an impure superconductor are deﬁned by the
quantity ξ s (T ) = [ξs (T )]2/(2+θ) (where θ ≈ 0.8
for the two-dimensional grid and θ ≈ 1.7 for the
three-dimensional grid), instead of the ordinary
coherence length ξs (T ). Percolation effects are
important in the irregular mode, when ξ s < ξp ,

There are two main ways to deﬁne percolation
theory: (1) it is part of probability theory dedicated
to studying problems of the formation and statistical properties of inﬁnite bonded clusters on lattices; (2) it is transport theory (of mass, charge, energy) over a random set (cluster), either discrete or
continuous. In both cases percolation theory considers bonding of a very large (macroscopic) number of elements on the condition that the bond of
each element with a neighbor is of a random nature, but involves a randomness prescribed in quite
a speciﬁc manner (e.g., by a random number generator with speciﬁc properties).
Percolation theory describes well many systems in which a geometric phase transition takes
place, provided a certain parameter reaches its
critical value in such a system. An example is the
metal–insulator transition in mixtures of conducting and insulating regions, where the concentration of metal phase is lower than a certain critical
concentration, pc . Of a similar nature is the development of metallic conductivity in a semiconductor when its doping exceeds a critical level. Another example is given by rock fracturing when the
forces applied to a rock sample exceed a critical
value, and microcracks merge into a single major crack. Percolation theory is used to describe
ﬁltration in porous media, hopping conductivity
in doped semiconductors, Anderson localization

PERCOLATION THEORY

in disordered systems, wave propagation through
media with a spatially inhomogeneous refractive
index, elasticity of polymer gels, etc.
Many phenomena described by perturbation
theory fall into the class of critical phenomena.
They are characterized by a critical point at which
the properties of a system change sharply. In percolation theory a change of system properties
takes place when an inﬁnite cluster forms from occupied sites bonded together.
The basic statements of percolation theory are
usually formulated for lattice problems. Consider
a space lattice of nodes or sites, with bonds available for linking together all nearest neighbor sites.
In site-percolation theory each site is occupied
with a probability p, or empty with a probability
(1 − p), and all nearest neighbor occupied sites
are connected together by bonds. Bonds only exist
between nearest neighbor occupied sites. A cluster is a group of occupied sites such that each
such site is bonded to at least one other occupied
site in the cluster. For small values of p all clusters are small, each containing only a few occupied sites. An unlimited cluster of occupied sites is
called an inﬁnite cluster. The percolation threshold, pc , is a particular value of p such that the
probability for the existence of an inﬁnite cluster P∞ (satisﬁes the conditions P∞ (p < pc ) = 0,
P∞ (p > pc ) = 0. A geometric phase transition
takes place when p increases to the point pc , and
isolated clusters merge to form an inﬁnite cluster.
For p > pc the inﬁnite cluster grows in area (or
volume) until it ﬁlls the entire lattice at p = 1.
Around pc many physical properties of the system exhibit critical behavior. Examples are the inﬁnite cluster density, ρ∞ (p) ∝ (p − pc )β , its speciﬁc electric conductivity, σ∞ (p) ∝ (p − pc )t ,
its diffusion coef cient for a particle randomly
walking through the inﬁnite cluster, D∞ (p) ∝
(p − pc )θν (see Random walk). The inﬁnite cluster density ρ∞ (p) is an analogue of the order
parameter in second-order phase transitions. The
analogue of the susceptibility is the average number of points in a ﬁnite cluster, proportional to
|p − pc |−γ . The dynamic characteristics of an inﬁnite cluster (σ∞ , D∞ ) have no analogues in the
thermodynamic theory of phase transitions.
The dimensionless critical indices β, γ , t, ν, . . .
are universal, i.e. they do not depend on the choice
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of model, and are only deﬁned by the space dimensionality. That statement, tested by a very large
number of numerical experiments, serves as the
basis of the theory. The system behavior is controlled by the ratio of two spatial scales, the minimum length a (the lattice constant, the average
jump distance, the characteristic size, U (r) in continuum problems, see below), and the characteristic spatial dimension of the system – its correlation length Lc ∝ a(p − pc )−ν . System properties
ﬂuctuate quite strongly over distances shorter than
Lc . At scales far exceeding Lc the system appears
homogeneous. It may then be viewed as consisting of blocks of size Ldc (d is the dimensionality
of space into which the percolation system is “immersed”). One may speak about the volume Ldc as
the representative volume. This means that practically all the possible combinations of empty and
occupied sites are realized within the scale Lc , and
self-averaging of the speciﬁc characteristics of the
system, such as the inﬁnite cluster density ρ∞ ,
electrical conductivity, density of states, etc., takes
place there.
When the system approaches the percolation
threshold, the size of the region in which selfaveraging takes place increases. However, as functions of Lc the properties of the system do not
change. For |p − pc |  1 we have Lc
a, and
there exists a range of intermediate asymptotic
behaviour a  L  Lc . In the L range all the
characteristics of those percolation clusters with
sizes larger than L are similar to the characteristics of the inﬁnite cluster as a whole. This means
that when averaged over many blocks of the size
Ld their properties depend on Lc , and moreover,
follow the same laws that ρ∞ , σ∞ , . . . follow on
Lc . In that sense, no self-averaging takes place
within the Ldc volume and the speciﬁc characteristics display a universal dependence on the
size of the averaging range (the power law). The
power indices (β, t, ν, θ) are universal characteristics of the physical properties of the system for
|p − pc |  1 for a space of a given dimensionality. The reason for such a universality lies with the
statistical self-similarity (fractality) of geometric
objects at L scales. In that sense, percolation theory is a particular case of the theory of physical
properties of fractals.
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PERCUSSION CENTER

The universality principle may be violated in
those systems whose physical properties are determined by the local microgeometry at scales
smaller than a. Among such systems are those described by continuum percolation theory. Continuity problems arise when studying the motion of a
particle in the ﬁeld of a random potential U (r).
The transport is only possible within the spatial
range in which the particle energy E exceeds the
potential U (r). The lower limit at which transport
through the whole system is possible is the percolation level Uc in a continuous problem. The speciﬁc electric conductivity in such systems is usually deﬁned by the range around the saddle points
of the potential relief, U (r), so that U saddle ≈ Uc .
The characteristic size of such ranges is b  a.
A similar situation is encountered in different
classes of continuous problems of percolation theory (so-called Swiss-Cheese, Blue-Cheese), where
the resistance of the whole system is deﬁned by
the size of the constriction which appears in the
conducting matrix when it is saturated with nonconducting inclusions of size a. The characteristic
transverse constriction size depends on (p − pc )
and on the condition b  a.
PERCUSSION CENTER
See Center of percussion.
PERCUSSION WELDING in vacuo
Technique of pressure welding, which consists

in locally heating a thin near-surface layer of
the materials to be joined, and applying singleor multi-impulse compression stresses. Percussion
welding has its origins in processes of accelerated
migration of atoms that are responsible for interdiffusion through the joined surface, and in processes
of recrystallization at the cooling of the weld, and
favor the healing of defects in the junction area.
The technique is used for welding dissimilar metals, which form intermetallic compounds on being welded together using other methods, as well
as for homogeneous materials featuring high thermodynamic stability of corresponding oxides, and
high values of vapor pressure. When welding two
metals with a tendency toward chemical bond formation, e.g., iron and molybdenum, the heating
of the area of contact is performed using two
ring electron-beam heaters, with the metals to be

welded set apart. The major variables of percussion welding are the temperature and energy of the
percussion, which provide the required high-rate
strain of the near-contact regions of the metals being welded. The duration of the percussion welding process is of the order of a fraction of a second.
The total welding cycle time involves a period of
preheating to welding temperature, a period of annealing at the welding temperature to ensure uniform heating of components in the welding area,
and a time of deformation, which includes welding and cooling time.
PERCUS–YEVICK APPROXIMATION
(J.K. Percus, G.S. Yevick, 1958)

One of the most accurate approximations for
the determination of the radial distribution function
and structure factor (see Structure amplitude) of
simple Newtonian liquids, which exhibit central
pairwise interactions between atoms V (r). The radial distribution function g(r) is deﬁned from the
following relations:
n(2) (r12 ) = ρ 2 g(r12 ),
n(2) (r12 ) =


N(N − 1)
d3 r3 . . . d3 rN
ZN


1 
× exp −
V (rij ) ,
kB T
i=j

where ZN is the statistical sum, rij = |r i − r j |,
and ρ is the density. The radial distribution function deﬁnes the number of particles dN(r) which
are to be found within the distance r from a given
particle: dN(r) = ρg(r)4πr 2 dr. The energy and
equation of state of simple liquids can be expressed directly in terms of this distribution function as
∞
U
3
= + 2πρ dr r 2 g(r)βV (r),
NkB T
2
0

pv
2πρ
= 1−
NkB T
3

∞
dV
dr r 2 g(r)β
,
dr
0

where U is the energy of a system of N particles, p is the pressure, v is the volume, and
β = 1/kB T . The structure factor is closely related to the radial distribution function Sk =
1 + ρ a β re−ikr [g(r) − 1]. The structure factor

PERFECTLY RIGID BODY

Sk appears in the expression for the cross-section
for diffuse scattering of X-rays (neutrons) by liquids, which makes it possible to determine this
factor directly from experiment.
The direct correlation function is introduced
through the agency of the Ornstein–Zernike law
(L.S. Ornstein, F. Zernike, 1914) for the purpose
of analyzing the radial distribution function:

h(r12 ) = C(r12 ) + ρ d3 r3 C(r13 )h(r32 ),
where h(r) = g(r) − 1. The characteristic radius
of C(r) is smaller than that of h(r), and the
Fourier-transformed image of C(r) is related to
the structure factor by a simple equation Sk =
1/(1 − ρCk ). In the limit of low densities, the radial distribution function and its relation with C(r)
are determined by application of the Mayer diagram technique which leads to a cumulant expansion in powers of the Mayer function f (r) =
exp[−βV (r)]−1. The simplest diagrams obtained
through this technique correspond to the Percus–
Yevick approximation C(r) = f (r)y(r), where
y(r) = g(r) exp[βV (r)]; the Percus–Yevick equation is of the form:

y(r12 ) = 1 + ρ d3 r3 f (r13 )y(r13 )
× y(r23 ) exp −ρV (r23 ) − 1 .
A large body of calculations shows that the Percus–Yevick approximation describes the radial
distribution function very accurately over broad
ranges of parameters. This approximation is widely accepted, since there exists an analytical solution of the Percus–Yevick equation for the physically important case of a hard-sphere liquid (see
Hard-sphere model), namely:
C(r) = 0,

r > d,
 3
r
,
2 d

r
ηa 2
C(r) = −a 2 + 6η(a + b)2 −
d

a=

1 + 2η
,
(1 − η)2

b=−

3η
,
2(1 − η)2

where d is the hard sphere diameter, and η =
πρd 3 /6 is the degree of packing. In this case, the

965

thermodynamic quantities are functions of the parameter η only. Thus, the equation of state takes
the form
pν
1 + 2η + 3η2
= 1 + 4ηy(d) =
.
Nk B T
(1 − η)2
The Percus–Yevick approximation in the case of
hard spheres is employed to advantage as the basis system in the thermodynamics of simple liquids in the context of Gibbs–Bogolyubov thermodynamic perturbation theory. This approximation
is closely related to the so-called mean sphere approximation, which deals with systems with a potential called the “hard spheres plus an attractive
tail”: g(r) = 0 (r < d), C(r) = −βV (r) (r > d).
The mean sphere approximation is identical to the
Percus–Yevick approximation for r d, and permits the derivation of analytical solutions for a
wide class of potentials, including the Coulomb
type.
PERFECT CRYSTAL

A crystal of a perfect shape with crystallographically equivalent faces developed to an equal
degree (see Crystal faceting). Crystals close to perfect can grow suspended in a gently stirred solution. See also Ideal crystal.
PERFECT DIAMAGNETISM
See Absolute diamagnetism.
PERFECT DISLOCATION

A dislocation in which the Burgers vector is
one of the vectors of a crystal translation. According to the energetic Frank criterion (F.C. Frank) a
perfect dislocation with Burgers vector b1 splits
into perfect dislocations b2 and b3 , if b12 >
b22 + b32 ; therefore, energetic stability is exhibited
only by dislocations with one (or, sometimes, two)
possible shortest Burgers vectors.
PERFECTLY RIGID BODY

An idealized concept used in physics and engineering when the strain of a body can be neglected,
e.g., in the assumed absence of the bending of a
rod subjected to torques. Formally, the perfectly
rigid body model corresponds to the real body
limit with the values of its elastic moduli tending
to inﬁnity. The model of a perfectly rigid body is
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PERIODIC POTENTIAL

in conﬂict with the special theory of relativity because it allows signal transmission with an inﬁnite
speed.
PERIODIC POTENTIAL

The potential of a probe particle, which is a
periodic function of its coordinate r . The potential of an ideal crystal is periodic as seen by an
“excess” electron (or hole) moving throughout the
crystal. Its period is determined by the translation vector of the crystal lattice. Within the singleelectron approximation, the description of the motion of an itinerent electron of a crystal in the selfconsistent eld of other electrons also leads to the
concept of a periodic potential. The motion of one
of the itinerent electrons (the states of other electrons being unaltered) proceeds in the total periodic potential, and the potential of the hole (either free or bound by a defect), which is left by
this electron. At long distances from the hole, the
potential may be treated as approximately periodic (interaction with the hole is a perturbation,
which results in scattering). The ideal crystal potential is fully periodic with respect to the motion of the center of gravity of the electron–hole
pair (i.e. the exciton). The fundamental solutions
of the Schrödinger equation in the periodic potential (called the Hill equation in mathematics) are
Bloch functions (see Bloch theorem):
ψkλ = exp(ikr)ukλ (r),
where ukλ (r) exhibits translational spatial symmetry, and k is the quasi-momentum of the probe
particle. The energy ελ (p) of an electron corresponds to this eigenfunction, where λ is the index of the energy band. The energy is a periodic
function of the quasi-momentum with the period b
of the reciprocal lattice ελ (p) = ελ (p + b). This
property (periodicity) is a general property of any
quasi-particle in the crystal. The particular form
of ukλ (r) and the energy spectrum of the probe
particle are determined by the explicit form of the
periodic potential.
A simple model periodic potential is the onedimensional Kronig–Penney potential (R. Kronig,
W.G. Penney, 1931) (see Fig.), which admits an
exact solution. The form of this solution is relatively simple, if the barrier width b → 0 and

One-dimensional periodic potential energy of an electron in the Kronig–Penney model; the ordinate V0 is the
electron potential energy.

the parameter γ = 2m(V − E)1/2 /2 (m is electron mass, E is energy) tends to inﬁnity in such
a way that the quantity p = γ 2 ab/2 remains ﬁnite, (p sin βa)/βa + cos βa = cos ka, where β =
(2mE)1/2 /, a is the width of the valley between
the barriers, V0 is the barrier height. This relation
provides the k-dependence of the energy E. Its
graphical solution deﬁnes the system of allowed
and forbidden energy bands. Another model periodic potential is the sine potential. The Hill equation with a sine potential reduces to the Mathieu
equation (E.L. Mathieu, 1868) which has the standard form:

d2 ψ 
+ b − g 2 cos2 x ψ = 0.
dx 2
Its solutions have been studied in detail. A periodic potential for a period far exceeding the crystal lattice constant may be produced by artiﬁcial
means (see Superlattices).
PERITECTIC ALLOYS (fr. Gr. περιτ ηκω ,
melt around)
Alloys in which crystallization from a liquid

(the melt) proceeds through precipitation of the
solid phase α, followed by formation of the second solid phase β from the α-phase and the remaining liquid. In the case of three-component
peritectic alloys, one liquid phase and one solid
phase produce two solid phases, or a single solid
phase is produced from one liquid phase and two
solid phases. The alloys are referred to as peritectoid alloys, if the starting phase is not a liquid,

PERMITTIVITY

but rather a solid phase, which passes into another
solid phase on cooling (see also Phase diagram).
PERITECTIC REACTION

Phase transformation in which a liquid phase,
upon cooling, combines with a solid phase to form
a new solid phase. It occurs in compounds which
change their composition when they melt.
PERMALLOY (abbr. of permeable alloy)
Iron–nickel based alloy. See High-permeability
magnetic materials.
PERMANENT MAGNET
A hard magnetic material which serves as a
source of a constant magnetic eld. In the simplest

cases, a permanent magnet is a material (shaped as
a horseshoe, a bar, a washer, etc.) that has undergone an appropriate heat treatment and been magnetized up to saturation. In more complex cases,
a permanent magnet is a component of a system
designed to provide a constant or variable magnetic ﬁeld. Two parameters associated with the
material’s magnetization curve or hysteresis loop
are: its remanence B r or the magnetic ﬂux density when the applied ﬁeld H vanishes, and the
coercive ﬁeld H c , which reduces B to zero (see
Fig.). As a source of magnetic ﬁeld, a permanent
magnet operates under the impact of its own demagnetization eld, H d , and its residual magnetic
ﬂux density, B d , is always smaller than the material remanence, B r . The quantity B d determines the
ﬁeld in the air gap. It depends upon the permanent
magnet shape, on the conﬁguration of the overall
magnet system, on the values of H c and B r characteristic of the magnetic material, the shape of the

Hysteresis loop showing the remanence Br and coercive
ﬁeld Hc .
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demagnetization curve, viz., the portion of the hysteresis loop delimited by the B r and H c points.
An important characteristic of permanent magnet
materials is the maximum value of the product
of the coordinates on a demagnetization curve,
(BH )max , known as the maximum energy product. The external magnetic ﬁeld established by a
permanent magnet acquires its maximum energy
when the coordinates of its operating point (B r ,
H c ) correspond to (BH )max . Permanent magnets
have (BH )max values amounting to 320 T·kA/m.
Permanent magnets ﬁnd their application in
a diversity of ﬁelds. The earliest device utilizing a permanent magnet was a compass. Permanent magnets are employed in electric motors, in
electronics, automatics, and robotics, for magnetic
couplings, clutches and bearings, in clock-making,
in household equipment (e.g., in loudspeakers, for
refrigerator door sealing, etc.) and in many other
cases. The total industrial output of permanent
magnets runs into thousands of tons per year.
PERMEABILITY
See Magnetic permeability.
PERMENDUR (abbr. of permeable and durable)
Fe–Co alloy. See Soft magnetic materials.
PERMINVAR (abbr. of permeable and invariable)
A soft magnetic material based on Fe–Ni–Co

alloys (with Cr and Mo additions), which is distinguished by its weak ﬁeld dependence of the magnetic permeability μ over a wide range of magnetic intensities, and low magnetic losses due to
hysteresis. Cooling perminvar in a magnetic ﬁeld
results in induced magnetic anisotropy due to directional ordering of atoms. This results in a rightangle hysteresis loop along the ﬁeld, and a line
hysteresis loop in the transverse direction. If perminvar is cooled in the absence of an external ﬁeld,
then the hysteresis loop assumes a speciﬁc shape,
which is characterized by twisting near the origin
of the coordinates, and by a low value of remanence (“perminvar loop”).
PERMITTIVITY
See Dielectric constant.
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PEROVSKITES

PEROVSKITES (after the mineral perovskite with
the formula CaTiO3 )

Natural and artiﬁcial chemical compounds,
which belong to the class of mixed metal oxides, halides and sulﬁdes. The general formula of
perovskites is Am B n Xp (m + n = −3p), where
A and B are atoms of metals and Xp is F− ,
Cl− , Br− , O2− , S2− . Mixed oxides, with valences which satisfy the equality m + n = 6, may
exist in the form of perovskites of composition
A+ B 5+ O3 , A2+ B 4+ O3 and A3+ B 3+ O3 . Mixed
halides of the perovskite structure are represented
by the formulae A+ B 2+ X3 (X is F, Cl, Br) (see
Table 1).
The perovskite structure is arranged as follows:
atoms A (of larger radius) and X form extremely
close packing by assuming positions of coordination number 12 (face-centered cubic). Atoms B
(of smaller size) occupy the octahedral positions.
Octahedra BX6 are united by the sharing of vertices, thereby forming a three-dimensional octahedral frame (see Fig.), the large cavities of which
contain atoms A. The stability of the perovskite
structure is determined (in the case of oxides) by
the tolerance factor t ,
d(A–O)
t=√
,
2d(B–O)
where d are interatomic metal–oxygen distances.
The perovskite structure is realized, if 0.8  t 
1.0. The perfect arrangement of A and B atoms
with an undistorted “oxygen environment” exhibits cubic symmetry (P m3m). The distortion
from cubic symmetry is determined by the ratio of the sizes of cations A and B, by charges

carried by these cations, and by the temperature.
The decrease of symmetry with decreasing temperature at phase transitions occurs in following stages: cubic (m3m) → tetragonal (4mm) →
orthorhombic (mmm) → trigonal (3m). This sequence is realized completely only in BaTiO3 and
KNbO3 . Only a part of the transformation sequence is realized in the case of other compounds
(PbTiO3 , PbZrO3 , NaNbO3 ). The change in symmetry of the perovskite structure is accompanied
by a size change; the volume of the unit cell of
the newly-generated phase is either slightly different from the volume of initial phase unit cell,
or is a multiple of it. The perovskites of formulae LnBO3 (Ln = lanthanide or Y; B = Al, Cr,
V, Fe, Sc, Ga), CaRuO3 and SrRuO3 are characterized by an orthorhombic distortion due to
adaptation of the octahedral frame to cubic octahedra with small-sized Ln3+ , Y3+ , etc. The degree of orthorhombicity increases with increasing
lanthanide atomic number. The high-temperature
BaTiO3 may exhibit an hexagonal structure which
is close to the perovskite structure. Such a structure is observed in BaMnO3 , BaNiO3 , LiSbO3 .
The undistorted octahedral perovskite frame is
observed in ReO3 and WO3 . Filling the cavities of the frame of Ti-, Nb-, W-octahedra with
atoms of Li, Na, K, Ca, Sr, Ln results in the
structure of cubic bronzes, which may be considered as cation-deﬁcient perovskites of general formula Ax BO3 (A = atom of alkali, alkaline-earth
metal, lanthanide, Cu, Al; B = Ti, Nb, Ta, W).
There exist oxygen-deﬁcient perovskite phases
ABO3−x (SrTiO2.5 , SrVO2.5 , BaFeO2.5 ), with

Table 1. Perovskites
Atom

Oxides
A+ B 5+ O3

A2+ B 4+ O3

A3+ B 3+ O3

Halides

Sulﬁdes

A+ B 2+ X3

A2+ B 4+ X3

A

Na, K, Rb,
Cs, Tl

Ca, Sr, Ba, Cd,
Pb, Eu

Sc, Y, Ln∗ , Pu,
Bi

Li, Na, K, Rb, Cs,
NH4 , Tl, Ag, Hg

Ca, Sr, Ba, Eu

B

Nb, Ta, W,
Bi

Ti, V, Mn, Fe, Co,
Zr, Mo, Ru, Sn,
Ce, Pr, Hf, Nb,
Pb, Th, U, Pu

Al, Sc, Ti, V, Cr,
Mn, Fe, Co, Ni,
Ga, Y, Rh, Bi

Mg, Ca, Sr, Ba,
Zn, Cd, Hg, Cu,
Cr, Mn, Fe, Co, Ni

Ti, V, Sn, Zr,
Hf, Ta

∗ Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, Yb, Lu.

PERSISTENT CURRENT
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a homogeneity region which depends on x. Filling the B-positions with atoms of formal valence
below +3, e.g., Cu2+ , results in perovskite-like
structures, which do not contain oxygen atoms
in the layer of copper atoms (e.g., YBa2 Cu3 O6 ).
On addition of oxygen atoms to this layer, the
high-temperature superconductor YBa2 Cu3 O7 is
formed. Partial or complete separation of octahedral layers of the frame leads to related structures of the type K2 NiF4 , which include, among
other compounds, high-temperature superconductors of the general formula La2−x Srx CuO4 . Another type of closely related structures is presented
by Aurivillius phases. The perovskite blocks in
these phases are separated by double layers of
Bi2 O2 . The block height may range from 1 to 4
octahedra. The copper-containing perovskites of
similar structure are high-temperature superconductors (TlBa2 Can−1 Cun O2n+3 , Bi2 Sr2 Can−1
Cun O2n+4 ). The perovskites are characterized by
broad ranges of isomorphous substitutions in A
and B positions. The position B may be shared
by cations of different valence in a stoichiometric
6+
ratio (e.g., SrB2+
0.5 B0.5 O3 ).
Perovskites belong to the class of ferroelectrics
(BaTiO3 , KNbO3 , PbTiO3 , NaTaO3 , KTaO3 ),
antiferroelectrics (PbZrO3 , PbHfO3 , NaNbO3 ),
strong (SrRuO3 ) and weak (LaFeO3 ) ferromagnets, antiferromagnets (CaCrO3 , LaFeO3 ,
YFeO3 ). The conductivity ranges from the metallic (LaTiO3 , SrVO3 , LaNiO3 , bronzes) to the
semiconductor type (GdTiO3 , CaCrO3 ). The conductivity depends on the oxygen stoichiometry,
the composition of the solid solution, and the presence of impurity elements.
PERSISTENT CURRENT in superconductors

Crystal structure of perovskites which have the formula
CaTiO3 : (a) titanium atoms (B-atoms) in the octahedral coordination of oxygen atoms; (b) calcium atoms
(A-atoms) in the 12-fold cubic-octahedral coordination
of oxygen atoms; (c) polyhedral representation of perovskite structure. Titanium octahedra are located at the
vertexes of the primitive cubic cell, whereas the large
calcium atoms (shown dashed in (c)) are situated within
the cubic-octahedra of the octahedral skeleton.

Current density J induced in a superconducting ring (e.g., by a magnetic ﬁeld) that does not
decay with time, provided J < Jc , where Jc is the
critical current density for the material. H. Kamerlingh Onnes (1914) was the ﬁrst to observe the
phenomenon. A persistent current is a metastable
state, with its existence explained by the quantization of ux (see Macroscopic quantum phenomena). The energy barrier preventing the persistent
current from decaying with time results from the
necessity of destroying Cooper pairs in order to
suppress the current, and for J < Jc this is disadvantageous in terms of energy.
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PERTURBATION MATRIX METHOD

PERTURBATION MATRIX METHOD,
Koster–Statz method

Group-theoretical method for obtaining matrices that describe changes in the arrangement of
paramagnetic ion energy levels under the action
of an external disturbance V (constant electric or
magnetic ﬁeld). If the wave functions of an ion in
a crystal are chosen so that they form basis sets
of irreducible representations Γα and Γβ of a local symmetry group, and V is resolved into parts
that transform as components of an irreducible
representations Γγ , then the number N of independent matrix elements of V is determined by
the multiplicity of irreducible representations Γγ∗
involved in the direct product (Γα∗ × Γβ ) of Γα∗
and Γβ . The requirements of being Hermitian,
and of invariance under time inversion and under
the choice of wave function phases reduce N further. The parameters that remain undeﬁned are obtained from comparison of positions of calculated
electron paramagnetic resonance lines with observed ones. Since the perturbation matrix method
is cumbersome, the alternative method of a generalized spin Hamiltonian has found much wider
use (see Spin Hamiltonian).
PERTURBED ANGULAR CORRELATION
METHOD

One of the nuclear-spectroscopic methods of
investigating hyper ne interactions of atomic nuclei with their electronic surroundings in atoms,
ions, molecules and condensed phases.
Due to the conservation law of momentum
the particles radiated by the nucleus during
the process of radioactive decay (α-particles,
β-electrons, γ -quanta, etc.) are spatially correlated in a speciﬁc way. Their angular correlation
can be measured by the methods of nuclear spectroscopy. Due to the hyperﬁne interaction the expected angular correlation of the nuclear emissions can be violated for the condition ωHF τ  1,
where τ is the lifetime of the nucleus and ωHF
is the characteristic frequency of the hyperﬁne interaction. Perturbations arise from the precession
of the nuclear spin I and its associated magnetic
dipole moment μ around the direction of the magnetic ﬁeld B at the nucleus, and from the nuclear
electrical quadrupole moment Q interacting with
the electric ﬁeld gradient there. The electric eld

gradient and B are determined by the distribution
of the electron density and by its polarization in
the closest vicinity of the nucleus, and these are
important parameters of the electronic structure of
solids. An advantage of the perturbed angular correlation method is the fact that it can be applied
at extremely low concentrations (10−10 and less)
of the radioactive impurity atoms in the lattice under investigation, which precludes their interaction
with each other. This property has led to, in particular, the successful application of this method for
studying the structure and dynamics of point defects (including those from radiation damage) in
crystals at the microscopic level.
PETA. . .

Preﬁx for a physical unit name, which allows
obtaining a multiple unit, equal to 1015 initial
units. Symbol: P. Example: 1 PHz (petahertz) =
1015 Hz.
PETCH RELATION, Hall–Petch relation
(E.D. Hall, N.I. Petch, 1953)

The equation, which describes the inﬂuence of
the crystalline material grain size d on the yield
limit as σ3 = σ0 + Ky d −1/2 , where σ0 and Ky
are constants. With allowance made for the orientation factor, the value of σ0 coincides with the
yield point of monocrystals, and Ky is characteristic of the force to be applied in order to transfer
the sliding across the grain boundary. There exist a
number of approaches for obtaining the above relation theoretically. The approach that enjoys the
widest application consists in the following: the
grain size limits the length of the planar agglomeration of dislocations, the stress concentration at
the tip of which is proportional to d 1/2 . In the
event that the metal under consideration exhibits
a dislocation substructure, the value for the size of
the fragment or the disoriented dislocation cell is
substituted for the grain size value d in the above
equation (see Fragmentation).
PHASE, thermodynamic phase

The state of a substance, which is allowed by
general physical and physicochemical laws, and
has a particular composition and physical properties which differ from the properties of other possible states of the same substance. Phases realizable

PHASE

in practice are, as a rule, thermodynamically stable
(i.e. are at thermodynamic equilibrium), yet nonequilibrium metastable phases are also observed
in a number of cases. Examples of thermodynamic phases are: solid, liquid, and gaseous states
of matter, or paramagnetic (see Paramagnet) and
magnetically ordered states of a magnetic material, or states of the same substance characterized
by different crystal structures or different electrical properties (metal, insulator, superconductor).
In the majority of cases a thermodynamic phase
is spatially homogeneous, yet there exist phases in
which the order of homogeneity is modulated by a
wave, the wavelength of which is in general case
not a multiple of the principal structural constant
of the substance. The latter phases are referred to
as incommensurate phases, or incommensurable
ones (see Incommensurate structure). Examples of
incommensurate phases are those involving spin
density waves, charge density waves, waves modulating atomic displacements from initial periodic
positions, a number of modulated magnetic structures, etc.
Each of the possible phase states of a substance is an equilibrium and thermodynamically
stable state over a certain range of values of
various quantities (temperature, pressure, composition, electric and magnetic ﬁeld intensities,
etc.). When these state variables take on values from allowed intervals, the thermodynamic
potential of the phase becomes minimal relative
to other phases. Multidimensional (in accordance
with the number of descriptive state variables)
geometrical representations of the ranges of values that correspond to equilibrium states of possible phases of a substance form compositional
diagrams, or phase diagrams. In more common
use are cross-sections (plane sections) of these diagrams, which relate a certain pair of state variables: e.g., two-dimensional compositional diagrams relating temperature and pressure, or temperature and magnetic ﬁeld intensity. The regions
of thermodynamic equilibrium of a phase on such
a diagram may be closed, i.e. enclosed by a surface (line), the intersection of which (by varying
any of the state parameters) causes a phase transition, or it may be open or unbounded. In the latter case, the line of phase transition on the diagram ends with a critical point, at which the differences between phases disappear. Depending on
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the kind of phase transition occurring in the system, the coexistence of several phases at the curve
(or at the point) of phase transition may be allowed (e.g., rst-order phase transition) or forbidden (second-order phase transition). The number
of phases which may coexist in equilibrium is
given by Gibbs’ phase rule.
Usually, it is possible to cross the curve of
a ﬁrst-order transition is such a manner that the
phase transition does not have enough time to occur, and the phase remains in a metastable state
(metastable phase, see Metastable state) until its
state variables assume those corresponding to a
complete lack of stability (e.g., supercooled liquid). In the case of ﬁrst-order transitions, the formation of a new phase involves the appearance
of its nuclei (see Nucleation at phase transitions).
The presence of factors which permit maintaining
the metastable state results in hysteresis (e.g., during magnetization reversal). Under the conditions
of phase equilibrium, ﬁrst-order phase transitions
are accompanied by heterophase uctuations. The
characteristics of spatial phase boundaries in multiphase systems are determined for speciﬁed values of state variables, subject to the condition of
minimal thermodynamic potential with regard to
surface energy and the energy of interfaces.
In a number of cases (e.g., a ferromagnet,
or a ferroelectric with uncompensated surfacebound charges), the character of the order parameter is such that long-range ﬁelds arise (from
surface magnetic moments, or surface charges),
which increase the energy of the homogeneous
phase. In these cases, the requirement that the total energy of the sample and its ﬁelds be minimal may result in the generation of special ranges
of values of extensive state variables (like, e.g.,
magnetic ﬁeld strength or its direction relative to
crystal axes), within which the generation of inhomogeneous multiphase states is favored. The
latter states are bounded by equilibrium periodic
interfaces near ﬁrst-order transitions across the external ﬁeld (magnetic or electric). The regions of
a homogeneous phase are referred to as domains.
When a phase transition involves a “change in direction of the vector order parameter” in the neighborhood of zero external ﬁeld, then phases of different domains exhibit one and the same type of
ordering, but the directions of magnetization and
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spontaneous polarization are different (most commonly, opposite to each another) in adjacent domains. In the case of an order–order transition in a
ﬁnite external ﬁeld, the domains belong to phases
of different types of ordering. The ﬁelds created by
different domains neutralize one another with distance from the sample, and hence contribute less to
its energy. When superconductors are placed into
an external magnetic ﬁeld that exceeds the critical value of a corresponding state variable (e.g.,
magnetic ﬁeld), they show equilibrium multiphase
states, the role of phases in the latter being played
by the regions that are ordered (superconducting)
and disordered (normal). This phenomenon is due
to the requirement stating that the total energy of
the sample and of external magnetic ﬁeld, which
is distorted because of forcing the magnetic ﬂux
to leave the superconducting phase, is to be minimized. In case of type I superconductors, the
boundary between these phases has a positive energy, and an intermediate state of periodic domain
structure is realized. In the case of type II superconductors, the interface energy becomes negative, and so a mixed state is realized, in which the
normal phase is represented by cores of vortices
of penetrating magnetic ﬂux, which form a periodic vortex lattice structure. (The term “intermediate state” is commonly used in reference to the
above-mentioned multi-domain states near a ﬁrstorder transition in the presence of an external ﬁeld
in magnetics, ferroelectrics.)
The above-mentioned multiphase states are
thermodynamically stable and in equilibrium over
a certain range of values of extensive state variables. Depending on these variables (and, sometimes, on the sample shape), the number and structure of phase boundaries may change, as well as
the amounts of substance related to each of the
coexisting phases (e.g., to domains having different directions of magnetization relative to the
external ﬁeld in the case of a ferromagnet in a
ﬁeld too weak to bring about magnetic saturation).
On this basis, multiphase states of these types
may be treated as spatially homogeneous phases;
these states may be studied by constructing phase
diagrams, and it is physically correct to discuss
phase transitions between multiphase states and
other possible phases (both spatially uniform and
nonuniform) of a given substance.

Characteristic of a second-order transition is
the growth of critical uctuations as the transition region is approached. The phase transition is
thereby accompanied by critical deceleration of
the dynamics, and an inﬁnite increase of the correlation length of order parameter ﬂuctuations. As
the system reaches the transition point, the differences between phases vanish (order parameters of
different phases undergo continuous interconversions, the symmetry group of one phase being a
symmetry subgroup of the other), and the transition takes place coherently over the entire bulk.
When introducing the concept of a thermodynamic phase, it is implied that the properties of a
substance in each phase are deﬁned by a complete
set of thermodynamic state variables, and are independent of the amount of material. This restricts
the concept of thermodynamic phase from being
applied to aggregations of atoms (molecules) containing sufﬁciently small numbers of particles (estimated as 102 –105 ) that the surface energy becomes comparable to bulk energy.
PHASE ANALYSIS

Analysis of the chemical nature, composition,
structure, dispersity, and number of thermodynamic phases that comprise a multiphase material under study. A phase analysis is made either at
a preliminary separation of phases, without phase
separation in the case of equilibrium (or nonequilibrium) systems, or at the onset of a change of
state. The phase analysis is carried out using physical and chemical methods of analysis.
PHASE DIAGRAM, equilibrium diagram,
compositional phase diagram, phase-rule diagram

A diagram describing the equilibrium state of
a physico-chemical system as a function of intrinsic and extrinsic parameters. The notion of
phase diagram is based on the concepts of phases,
components and phase equilibrium; it was originally formulated by J. Gibbs. Homogeneous portions of a heterogeneous system, or the totality of several such portions separated from each
other by interfaces, each according to its own
chemical composition, structure and properties,
are called phases. The chemical composition of
every phase is expressed through the concentration of its components, which are individual materials capable of existing in pure form. The most

PHASE DIAGRAM
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Multiphase diagrams of various types: (a) single-component pressure versus volume plot, (b) and (d)–(i) two-component
(binary) temperature versus composition plots, and (c) three-component (ternary) compositional phase diagram. In these
plots L denotes liquid, α denotes solid of component A, β is solid of component B, α + β is a solid solution, Am Bn is
a particular compound of components A and B.

important parameters are the temperature T and
pressure P . The number of the internal parameters is determined by the number of components. The relation between the number of components c, phases ϕ and degrees of freedom or
variances f (the number of independent variables
or coordinates which determine the geometry of
the phase diagram) is given by Gibbs’ phase rule:
f = c + 2 − ϕ. The phase diagram of a condensed
system is generally formed from isobaric crosssections of temperature–composition–pressure diagrams at the standard pressure P = 101.3 kPa =
1 atm. A small deviation of P from 101.3 kPa
does not essentially inﬂuence the phase composition of condensed systems, since no gas phase
is present. If the pressure is ﬁxed, the phase rule

assumes the simpliﬁed form f = c + 1 − ϕ. According to the number of components c it is simple (unitary), binary, ternary, etc. Depending on
the degrees of freedom f there are the following
types of equilibrium: invariant points at f = 0,
monovariant lines at f = 1, divariant surfaces at
f = 2, etc. The phase diagram of a simple system
is plotted in standard coordinates P versus T on
Fig. (a). The lines of this diagram show the inﬂuence of external factors on the state of matter, and
also the structure of the solid state if the variation
of T or P leads to polymorphous transformations
between solids α and β (see Structural phase transition). Lines of a magnetic phase transition may
be shown on a phase diagram.
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In order to show the composition of polycomponent systems (c  2) uniform coordinates
are used, where the sum of the concentrations of
components is equal to a constant number. Thus,
e.g., the composition of the alloy of the binary
system formed by the two components α and β
(Fig. (b)) is determined by the position of a point p
along the horizontal length AB, aligned with the
abscissa axis of the diagram, whose length is selected equal to 1 or 100. The β-component concentration of the alloy is proportional to the value
of the horizontal length Ap, with the percent composition X = (Ap/AB) · 100%. The alloy composition in the ternary system consisting of the components α, β and γ is given by a point within
the equilateral triangle ABC (Fig. (c)). There the
property is used, that the sum of distances from
any point p (composition point) within the triangle
to its three sides is a constant value, equal to the
height of the triangle. The concentration of the αcomponent in the alloy at point p varies inversely
with the distance from the point p, to the side BC,
opposite to the vertex A. The composition of a
four-component system is designated by a point
within a regular tetrahedron, the vertices of which
are labeled by the components. The content of a
component is proportional to the distance from the
composition point to the face opposite to this vertex. In order to represent equilibrium in the system
of ﬁve components it is necessary to use a pentatope, or a regular ﬁgure with ﬁve vertices equally
separated from each other in four dimensional
space. A system of (n + 1) components is represented by a polytope formed by (n + 1) equally
separated vertices in an n-dimensional space.
The basis for a phase diagram classiﬁcation lies
either in (1) the character of phase formation in
the solid state, i.e. diagrams with unlimited solubility (Fig. (b)), with boundary solid solutions
(Fig. (d)), with intermediate compounds (Fig. (e)),
or (2) the type with invariant equilibrium: eutectic transformation or the formation of two phases
L ↔ α + β from a liquid; syntectic transformation or the formation of a solid phase from two
liquids L1 + L2 = Am Bn (Fig. (h)); peritectic
transformation, or the formation of a solid phase
from a liquid and another solid phase L + β ↔ α
(Fig. (f)); monotectic transformation or the formation of a solid phase plus a liquid from a liquid of another composition (Fig. (g)); metatectic

transformation or the formation of a liquid and another solid phase from a solid phase β ↔ L + α
(Fig. (i)). In the solid state we have the eutectoid
or the low-temperature decomposition of a solid
solution into two solid solution phases, δ ↔ β + γ
(Fig. (d)); a peritectoid whereby upon cooling two
solid phases form a single solid phase, β + γ ↔ α
(Fig. (d)); and a monotectoid transformation α  ↔
β + α may occur. These differ from eutectic, peritectic and monotectic types since there is no liquid
crystallization but rather solid state disassociation.
The curve 1–2–3 where the crystallization
starts (Fig. (d)) is called the liquidus curve, and
the curve 1–4–2–5–3 where it ends (beginning of
melting) (Fig. (d)) is called the solidus curve. In
three-component systems we have, respectively,
the liquidus surface and the solidus surface. The
temperature gap between these curves (surfaces)
of liquidus and solidus is called the crystallization
gap.
The phase diagram of a binary system with liquidus and solidus curves only is called a melting
diagram. In ternary systems the projection of the
solidus surface at the concentration triangle is also
called a melting diagram. In the case of systems
with one component at room temperature and atmospheric pressure in the liquid state, the term
“solubility diagram” is used, interchangeably with
the term “phase diagram”. The phase diagram of a
system with c  3 can be displayed in the form of
isothermal cross-sections, or as polythermal cutaway views at ﬁxed concentrations of several components.
Most phase diagrams are plotted experimentally using data from thermal, X-ray structural,
resistometric, local X-ray spectral, dilatometric,
magnetic, optical microscopy, electron microscopy and other methods of analysis. The complex
method of investigating phase balances by combining convential experimental studies with thermodynamic calculations is widely used. It is especially helpful for the study of polycomponent
systems. A phase diagram can be the basis for the
development of new materials prepared with predetermined properties since it identiﬁes equilibrium states of physico-chemical systems as
a function of internal and external parameters.

PHASER

PHASE DIAGRAM, QUASISee Quasi-phase diagram.
PHASE EQUILIBRIUM
A thermodynamic equilibrium of a system con-

sisting of two or more phases. A closed system in
thermodynamic equilibrium has all of its coexisting phases ϕ at the same temperature, pressure,
and chemical potential in all c of the system components. In addition, the size of each separate inclusion of each phase should be large enough to
treat its temperature, pressure and chemical potential as meaningful statistical variables. The number of degrees of freedom f and the number of
phases ϕ in equilibrium with each other in a multicomponent system are related by Gibbs’ phase
rule f = c − ϕ + 2. In actual solids exhibiting a
defect structure there can appear stresses in the
vicinity of appreciable disturbances of the orderly
structure of the crystal lattice, and the conditions
of phase equilibrium change in these regions. The
latter circumstance affects the kinetics of phase
transitions, and the structure of a newly formed
phase, thus making possible the thermomechanical treatment of alloys. A metastable phase equilibrium often develops in solids when a phase persists for a rather long time under conditions in
which the other phase is actually more stable (e.g.,
supercooling). Metastable phases form the basis
of many metallic materials widely used in technology (e.g., martensite in steel). The rate of temperature change alters the conditions of phase equilibrium, which makes plots of the kinetic equations of state or quasi-phase diagrams necessary
for many practical applications.
PHASE EQUILIBRIUM, THERMOELASTIC
See Thermoelastic phase equilibrium.
PHASE, HUME-ROTHERY
See Hume-Rothery phases.
PHASE INTERFACE

A transition layer which separates two phases
of the same or different chemical composition
which are in contact. It can be a boundary between
either solid and liquid, solid and gas, or different
solids, and so on. As a general rule, a phase interface often has quite a complicated structure. It
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is heterogeneous both in its structural composition
and in its electrophysical and optical properties.
Due to the interdiffusion of atoms and molecules
in the transition layer it is sharply heterogeneous
in its speciﬁc density, especially in the presence
of a gaseous atmosphere. Interface layers in solids
and liquids are usually electrically charged (see
Space charge region), and this charge determines
the electrical current that passes through the interface. The electrical conductivity of a solid contact
can be changed by applying a potential difference,
and this property is widely used in solid-state electronic devices.
PHASE MATCHING
See Second harmonic generation.
PHASE-MATCHING ANGLE
See Second harmonic generation.
PHASER (acronym for PHonon Ampli cation by
Stimulated Emission of Radiation)
Paramagnetic quantum ampli er of sound (os-

cillator). The chief component of a phaser is an active crystal with paramagnetic centers. The structure of the electronic energy spectrum of these
centers is required to satisfy the following conditions: on the one hand, the nature of relaxation processes must permit the attainment of
an inverted energy level population; and on the
other hand, the electron–phonon interaction between the levels must be strong enough to provide the needed ampliﬁcation of hypersound (see
Sound). The active crystal is made in the shape of
a sound-conducting rod. Electromagnetic pumping of this rod concentrates in it an electromagnetic ﬁeld of frequency equal to that of a particular transition, and hypersonic pumping is carried
out with an intense hypersonic ﬁeld of the same
frequency. When a phaser is used as a hypersound
ampliﬁer an acoustic wave transducer is located
on one end of the rod, which initiates a hypersonic wave in the crystal. While it propagates the
wave builds up, gaining energy from the pumping source. The frequency band of the hypersound
ampliﬁcation signal is determined by the width of
the acoustic paramagnetic resonance line at the
frequency of the transition between levels with
the inverted populations. A phaser may serve as
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the source of coherent hypersound, constituting a
coherent phonon generator (see Phonon generation). This is achieved by ﬁlling a high quality factor Q acoustic resonator (rod-shaped crystal with
parallel optically ﬂat faces and its axis aligned
along a high symmetry crystallographic direction)
with active paramagnetic centers. The ampliﬁcation increases with higher power pumping. Upon
reaching the threshold level, when losses are compensated by ampliﬁcation, the phaser generates
coherent phonons at the resonant frequencies of
the acoustic resonator. Single-mode phonon generation occurs only if the threshold is slightly
exceeded. For pumping far beyond the threshold level, multimode generation of phonons takes
place. Phaser ampliﬁcation and generation are
realized by application of paramagnetic centers
Cr3+ and Ni2+ in a crystal of Al2 O3 , as well
as Ni2+ and Fe2+ in MgO. The phenomena of
phaser generation and ampliﬁcation of coherent
phonons are applied in hypersonic acoustic paramagnetic resonance spectroscopy to study the dynamics of electron–nuclear spin systems in strong
hypersonic ﬁelds, and to study nonlinear processes
related to ultralong wave propagation of sound in
crystals containing active paramagnetic centers.
PHASE SLIP in superconductors

A jump (or change) in the time rate of growth
of the phase χ of the complex order parameter
in superconductors. It is one of the manifestations
of macroscopic quantum coherence of superconductors in their nonequilibrium state. The spatial
gradient ∇χ of that phase determines the superu id velocity and the Meissner effect, while its time
derivative ∂χ/∂t prescribes the chemical potential
of the Cooper pairs in the condensate. This chemical potential (1/2)∂χ/∂t adds to the electric
potential ϕ to form the electrochemical potential
Φ of the superconductor: Φ ≈ (/2)∂χ/∂t + ϕ.
The relationship between the phase difference χ
and the difference between the electric potentials,
∂(χ1 − χ2 )/∂t ≈ 2e(ϕ2 − ϕ1 ), follows from the
equilibrium condition ∇ 2 Φ = 0 outside the region
occupied by the ﬁeld. Due to the proximity effect
the phase change in a junction between two superconductors separated by a thin layer of dielectric
generates a nonstationary Josephson effect. The

phase difference in the resistive state of superconducting ﬁlms and whiskers occurs at the centers
and along the lines of such a slip.
Phase difference centers (PDCs) are microscopic quasi-normal regions in a superconducting
channel (a ﬁlm or a whisker), at which the phase
difference of the order parameter occurs in the resistive state. PDCs spontaneously develop as the
current grows and provide the electric resistance
of the channel. The order parameter in a PDC is
close to zero, and the electric ﬁeld is at its maximum, decreasing in the bulk superconducting regions over large lengths, lE . Such a decay is due
to relaxation of the electric imbalance of the electron and the hole branches of the spectrum (that
is, due to mixing). The above length prescribes the
size 2lE and the resistance 2l E ρn (ρn is the normal
resistivity) of the discrete resistive domain, associated with the PDC. A nonstationary Josephson
effect is observed in the vicinity of the PDC.
Phase difference lines (PDLs) constitute a generalization of the concept of PDC to resistive states
in wide superconducting ﬁlms. Such a generalization is based on the experimental observation of
speciﬁc features of current–voltage characteristics
of such ﬁlms that are similar to features found in
the narrow channels. For slightly supercritical currents the resistance of wide ﬁlms results from the
motion of Abrikosov vortices across the ﬁlm. At
a certain critical vortex velocity PDLs form along
the vortices, and a resistivity mechanism similar to
that of channel resistance switches on.
PHASE TRANSFORMATION
See Phase transitions.
PHASE TRANSITION HEAT
See Heat of phase transition.
PHASE TRANSITION HYSTERESIS
See Hysteresis in phase transitions.
PHASE TRANSITION INDUCED PLASTICITY
See Plasticity induced by phase transitions.
PHASE TRANSITION, PHENOMENOLOGICAL
THEORY
See Phenomenological theory of phase transitions.

PHASE TRANSITIONS AT A SURFACE

PHASE TRANSITIONS, phase transformations

The transitions of a substance from one thermodynamic phase to another, which are accompanied by an abrupt change of certain physical
characteristics of this substance, and a continuous
change of external parameters. Not all changes of
the phase state of substances involve such phase
transitions, e.g., the transition between gaseous
and plasma states proceeds in a gradual manner.
The value of temperature, pressure, or some
other physical quantity, at which the phase transition occurs, is referred to as the transition point.
Two kinds of phase transitions are distinguished.
A rst-order phase transition involves an abrupt
change of some thermodynamic characteristics of
the material, such as the density, or the concentration of components. The free energy remains constant as the temperature is changed through the
transition, but its derivative with respect to temperature is discontinuous. The quantity of heat absorbed or evolved by a unit mass during the course
of the transition is well-deﬁned, and referred to as
latent heat of phase transition. For a second-order
phase transition both the free energy and the temperature derivative of the free energy are continuous as the temperature passes through the transition point. There is no latent heat since heat is neither absorbed nor evolved, although there can be
a discontinuity in the speciﬁc heat. Other thermodynamic quantities such as the density, which are
discontinuous for the ﬁrst order case, now change
continuously across the transition.
The above classiﬁcation of phase transitions
into two groups is not totally precise since there
exist ﬁrst-order phase transitions that feature only
slight discontinuities in density and other physical quantities, and low values of the heat of transition, involving pronounced uctuations. A phase
transition is a collective phenomenon that occurs
at rigidly deﬁned values of temperature and other
quantities in a system which, in the limiting case,
contains an arbitrarily large number of particles.
See also Concentration-dependent phase transition, Diffuse phase transition, Ferroelectric phase
transition, First-order phase transition, Magnetic
phase transitions, Order–disorder phase transition, Orientational phase transition, Second-order
phase transition, Structural phase transition, Superconducting phase transition.

977

PHASE TRANSITIONS AND DEFECTS

See Defects in phase transitions.

PHASE TRANSITIONS AT A SURFACE

Phase transitions that take place either in a lm
adsorbed on a surface, or at a bare surface. During
the course of a surface reconstruction phase transition, the structure of an unoccupied surface is altered by a change in temperature, under the action
of adsorption, etc. The length constants of the resulting superlattice structures may be either commensurate or incommensurate with the lattice constants of the free surface (see Surface lattices). Adsorbed ﬁlms exhibit phase transitions between a
two-dimensional liquid, gas and crystal, structural
phase transitions, etc. These transitions take place
under changes of temperature, degree of surface
covering with adsorbate, chemical potential of the
gas in equilibrium with the adsorbate, etc. There
exist phase transitions involving a change of orientation of the lattice of adsorbed atoms with respect to the surface: the so-called oriented epitaxy.
It has been found that during the course of many
phase transitions the lattice constants of the adsorbed atoms become incommensurate with those
of the substrate. The transformation of an atomically smooth free surface to an atomically rough
one occurs during the course of a loosening-type
phase transition. This transition manifests itself in
the disappearance of planar faces from the crystal
surface, i.e. by a change of the crystal equilibrium
shape.
At adsorption there can occur a wetting-type
phase transition, during the course of which there
is a change in the thickness an adsorbed ﬁlm. This
thickness may be changed by a single monolayer
via a layering-type phase transition, or from a ﬁnite amount to an inﬁnite one at a phase transition involving total and critical wetting. As a rule,
phase transitions bring about changes in diffusion,
catalytic, electronic, and other surface properties.
The types of critical behavior at phase transitions
are classiﬁed according to the universality class
of two-dimensional phase transitions (see Twodimensional lattice models).
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PHASE TRANSITIONS IN AN EXTERNAL FIELD

Changes of the characteristics of materials
(magnetization, polarization, volume, compressibility, symmetry, etc.) brought about by an action of
a ﬁeld (electric or magnetic ﬁeld, elastic stress,
gravitation, etc.) When compared with the zero
ﬁeld case, phase transitions in an external ﬁeld exhibit a number of speciﬁc features. An external
ﬁeld may cause a phase transition to die out, may
shift the transition temperature Tc , or bring about
the generation of new states. Magnetic ordering
in a ferromagnet can take place as a second-order
phase transition. At the application of an external
magnetic eld B this phase transition can die out,
abrupt changes of characteristic thermodynamic
quantities can become smeared since at B = 0 the
magnetization is nonzero, and the symmetry of the
magnetic subsystem is the same at various temperatures. However, in ferromagnets exhibiting strong
magnetostriction (see Magnetostriction), magnetic
ordering often occurs as a rst-order phase transition. This phase transition does not die out at
B = 0, but rather it is characterized by a number of speciﬁc features: hysteresis with respect
to temperature and pressure is unusually high (up
to 200 K and 700 MPa respectively; the transition temperature depends strongly on the applied
ﬁeld: ∼10 K/T); the stability region of the ferromagnetic phase (see Phase) may change considerably in strong ﬁelds; the action of a magnetic ﬁeld within the limits of the intermediate region separating the initial and ﬁnal states allows
the onset of an irreversible ferromagnetic phase;
the inducing ﬁelds are temperature- and pressuredependent, and may be controlled by changing
the sample composition. The phenomenon of irreversibly inducing metastable phases is related
to the effect of striction blocking of nuclei of the
nonuniform state (see Nucleation at phase transitions). There is a possibility of complete blocking of nuclei, when the generation of these nuclei becomes thermodynamically forbidden over
the whole stability region of the initial phase.
Magnetic ordering in antiferromagnets is, as a
rule, a second-order phase transition, which may
occur also at B = 0. The Néel point turns out to
be a function of the magnetic ﬁeld intensity. Various magnetic phase transitions related to a change
of orientation of the magnetization of sublattices

in an external magnetic ﬁeld are observed in magnetic materials that have several sublattices (antiferromagnets, ferrites). The strong ﬁelds give rise
to phase transitions of the type of a spin-ﬂip transition (involving the collapse of sublattices, see
Antiferromagnetism) and magnetic ordering breakdown.
In the case of ferroelectrics, an applied electric
ﬁeld brings about the collapse of a ﬁrst-order transition and a shift of the boundaries of a secondorder transition. Since the transitions between ferroelectric and antiferroelectric phases are ﬁrstorder, one may notice certain parallels between the
processes that induce a ferromagnetic phase by a
magnetic ﬁeld, and those that induce a latent ferroelectric phase by an electric ﬁeld.
PHASE TRANSITIONS IN A RADIATION FIELD

The change of phase composition of a substance under irradiation by charged or neutral particles, or high-energy photons. Irradiation of metals and alloys with neutrons, electrons, ions, or
gamma rays causes the internal energy of system to increase by an amount of the order of
108 kJ/mol due to the generation of radiation
defects and electronic excitations. This extra energy may bring about phase transitions at temperatures lower than those speciﬁed by an equilibrium phase diagram. Besides that, the radiation ﬁeld may give rise to a phase transformation
that does not proceed under equilibrium conditions. The radiation-induced segregation of impurity atoms produces a local increase of their concentration at the sites of point defects to the extent
that the generation of a new thermodynamic phase
becomes possible. At the same time, segregation
stimulates additional dissolution of the impurity
atoms by decreasing their content in the bulk of the
crystal. Ion bombardment of a crystal (implantation) brings about the generation of solid solutions
over a range of concentrations that far exceeds
the limits allowed by the compositional diagram
for the temperatures at which the irradiation takes
place. Irradiation of crystals can also cause ordering or disordering of the alloy crystal lattice (depending on experimental conditions), decomposition of oversaturated solid solutions, amorphization of crystal structures, change of stability of the
amorphous state of completely disordered structures.

PHENOMENOLOGICAL THEORY OF PHASE TRANSITIONS

PHASE TRANSITIONS UNDER PRESSURE

Phase transitions under pressure may be either ﬁrst order or second order. The application
of pressure shifts the phase transition temperature. In the case of a rst-order phase transition,
the change of Tc under the action of pressure is
related to the latent heat of phase transition L by
a simple equation: L = Tc (dTc /dP )−1 (V2 − V1 ),
where dTc /dP is the value of the derivative of
temperature with respect to pressure at the phase
equilibrium curve, and the difference V2 − V1 is
the change of volume of the material at the transition.
The inﬂuence of pressure on the phase transition of ferromagnets and antiferromagnets can
be appreciable, and in the case of ferroelectrics,
the values of dTc /dP are of the same order of
magnitude. The type of phase transition may also
be changed under the action of pressure. Thus,
the process of magnetic ordering in the alloy
Mn0.91 Ti0.09 As is second order at pressures below 600 MPa, and ﬁrst order at higher pressures.
The critical pressure, at which the type of phase
transition is changed, is 150 MPa for the alloy
MnSb0.12 As0.88 . It follows from thermodynamic
considerations that the action of a magnetic ﬁeld B
is equivalent in the case of the ﬁrst-order transition to the shift of the boundaries at the phase diagram relating temperature and pressure (see Phase
diagram), the isotherms being given by the expression P ∼ B(M2 − M1 )/(V2 − V1 ). Depending on the sign of the volume change at the transformation, the boundary is shifted into the region
of either positive or negative pressures. Boundary
shifts of more than 1 GPa have been observed experimentally. Within the limits of the intermediate region of the pressure–temperature diagram,
the ﬁeld causes the irreversible onset of the ferromagnetic phase. Materials which exhibit a spontaneous ferromagnetic phase generation boundary
in a region of negative pressures, and ferromagnetic phase decomposition boundary in a region
of positive pressures, should be assigned to a separate group. In this case, even a short-time application of a magnetic ﬁeld brings about the irreversible generation of a magnetic phase, which
cannot be induced in any other manner. For many
antiferroelectrics, the ferroelectric phase turns out
to be concealed within the region of negative pres-
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sures, yet it may be generated under atmospheric
pressure by the action of electric ﬁeld pulses.
PHASE VELOCITY

The velocity of the motion of the phase of a
harmonic wave that propagates without changing
its shape. The value of the phase velocity is equal
to the ratio of the angular frequency ω to the magnitude of the wave vector k = 2π/λ, i.e. vp = ω/k.
For crystals, in the general case, the phase velocity
is an anisotropic quantity for quasi-particles.
PHASON
A quasi-particle corresponding to the wave of
vibrations of the order parameter phase in an incommensurate structure. The notion was introduced by A.W. Overhauser (1971). Fluctuations

cause the amplitude and phase of the stationary
periodic distribution of the order parameter corresponding to the incommensurate structure to vary,
and these variations may be distributed in a wavelike manner within the crystal. The density of the
thermodynamic potential of the system depends
quadratically on the phase derivatives, but not on
the phase itself. Therefore, in an ideal crystal the
phason spectrum does not have a gap, and its energy depends linearly on the variation of the wave
vector with respect to the stationary incommensurate structure.
A particular case of a phason is a u ctuon
which is formed upon self-localization of an electron near the ﬂuctuation region of the second
phase. Reduction of the electron energy upon localization makes a phason stable under conditions
when it would be unstable in the absence of the
electron. Phasons may appear in some temperature ranges near rst-order phase transition points
in nonmetallic systems, and may be 1 nm in size.
PHENOMENOLOGICAL THEORY OF PHASE
TRANSITIONS, thermodynamic theory of phase
transitions
Theory of second-order phase transitions, and

of phase transitions close to ﬁrst order, based on
examining the symmetry of the initial and ﬁnal
phases, and on the assumption that the free energy and other thermodynamic potentials of the
system in the vicinity of the transition point may
be expressed as analytical functions of the order
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parameter and of other thermodynamic variables.

The phenomenological theory of phase transitions
describes well many features of magnetic phase
transitions, ferroelectric phase transitions, structural phase transitions and superconducting phase
transitions, but it is not adequate for describing the
critical region near the transition point. The Landau theory of second-order phase transitions is an
example of a phenomenological theory.
PHONON AVALANCHE

Phenomenon of a sharp (avalanche) increase
of the number of phonons upon their interaction
with a strongly nonequilibrium (population inverted) physical system. The avalanche process
takes place when the probability of phonon generation is proportional to the number of phonons,
and radiation exceeds absorption. Such a proportionality is a common feature of induced radiation (in our case – of phonons). In fact a phonon
avalanche is a realization of the idea of a laser
based on phonons (phonon maser).
The conditions for phonon avalanche development may be created when a physical system with
a ﬁnite number of energy levels (a state easily altered by external effects) is brought into contact
with a system of phonons. To achieve effective
contact it is desirable to have the energy gaps of
the system coincide with the phonon frequencies.
The higher the extent of the population inversion
of the energy levels and the lower the number of
phonons, the more favorable the conditions are for
the development of a phonon avalanche. For example, a crystal with paramagnetic impurities located in an external magnetic ﬁeld has an equilibrium distribution of Zeeman energy levels (see
Zeeman effect). A rapid reversal of the ﬁeld direction creates an inverted level population (opposite
to the equilibrium one). Contact with phonons exists due to the spin–phonon coupling. Low temperature, high magnetic atom concentration and fast
switching of the ﬁeld are the necessary conditions
for the appearance of the avalanche process in the
phonon system.
PHONON BOTTLENECK

Situation which takes place during processes of
relaxation of an excitation in a solid via phonons,
and involving a small group of phonons with a

narrow spread in frequency. The rate of the relaxation is limited by the fact that these so-called hot
phonons are unable to readily transfer the excessive energy, obtained from the excitations, to the
remaining vibrations of the phonon spectrum. As
a result there appears an excessive number of hot
phonons compared to the thermal phonons in the
normal distribution of the phonon density of states
at the temperature of the experiment (there is local overheating of the hot phonons, hence their
name), and the process of relaxation is retarded.
The spin system and the hot phonons are thus
raised to temperatures much higher than that of
the thermal phonons (lattice vibrations) which are
in direct contact with the thermal reservoir or heat
bath (e.g., liquid helium).
An example of phonon relaxation occurs when
a high-power pulse of radio or microwave frequency ω raises nuclear or electron spins to an
excited energy state in a magnetic resonance experiment, and the spins then pass their excess energy on to the lattice vibrations via the intermmediary of phonons. At cryogenic temperatures
(e.g., 4 K) the direct process of spin–lattice relaxation involves the excited spins transferring their
energy to the hot phonons which are at resonance
(that is at the same frequency ω) with the spins,
and then this energy is transferred it to other (nonresonant) phonons which eventually pass it on
to the surrounding heat sink which has a high
speci c heat (e.g., a liquid helium bath). If the
phonons “on speaking terms with” or at resonance with the spins cannot disperse their energy
to other phonons rapidly enough then the relaxation path becomes blocked, in other words there
is a phonon bottleneck. This can occur because
the time constant τs-hp for transferring the spin
energy to the hot phonons is much shorter than
the time constants τhp-tp for the hot phonons to
transfer their energy to the other nonresonant thermal phonons, and is also much shorter than the
time constant τhp-hr for the hot phonons to transfer
their energy directly to the heat reservoir. In other
words: τs-hp < τhp-tp and τs-hp < τhp-hr . There
is a severe bottleneck when τs-hp  τhp-tp and
τs-hp  τhp-hr . Eventually the combined system
(excited spins + resonance phonons) relaxes to
the reservoir temperature with a longer time constant of the order of τhp-tp or τhp-hr , whichever

PHONONLESS SPECTRAL LINE

is shorter. For a mild bottleneck the overall spin–
lattice relaxation time T1 is a combination of the
three times τs-hp , τhp-tp and τhp-hr , and for a severe
bottleneck it depends mainly on τhp-tp and τhp-hr .
If one of these two time constants is much shorter
than the other then T1 will be approximately equal
to the shorter of the two.
PHONON ECHO
See Electroacoustic echo.
PHONON GENERATION

An excitation in a medium of nonequilibrium
phonons acted upon by an external inﬂuence. Dur-

ing the generation process both coherent phonons
(acoustic waves) and incoherent phonons (noise)
appear. The main mode of phonon generation is
their excitation with the help of either a constant,
a radio-frequency, or an optical electric ﬁeld. High
power monochromatic sound sources are called
acoustical generators. In addition to phonons that
propagate in the bulk of the material, surface
acoustic waves can also be generated.
For the generation and the ampliﬁcation of
broad-band acoustic noise, an acousto-electronic
effect is used. This is the excitation of sound waves
in piezosemiconductors by electrons whose drift
velocity under an applied electric ﬁeld exceeds the
sound phase velocity.
Many methods of generation are based on the
light- (laser-)induced excitation of sound. In thermal methods, the sound is emitted by portions of
the medium subject to an intensity-modulated or
surface scanning laser beam. High power coherent hypersound appears during Brillouin scattering induced by the action of a high power laser
pulse, with a single spectral component of thermal
acoustic noise arising simultaneously.
At low (liquid helium) temperatures, a phaser
(phonon analogue of a laser) can be used for coherent phonon generation. Its working principle is
the stimulated radiation of phonons by a two-level
system of spins with an inverse population established under the conditions of acoustic paramagnetic resonance.
The recording of phonons is based on the same
principles as their generation. Hence, at low temperatures, bolometers, avalanche diodes, and detectors using acoustic paramagnetic resonance are
employed. Optical methods are represented by the

981

diffraction of light on sound (see Acousto-optic
diffraction). For reception of the acoustic waves
acoustic wave transducers are used.
PHONON–HELICON RESONANCE

See Helicon–phonon resonance.
PHONONLESS SPECTRAL LINE

A narrow line in optical spectra of imperfect
crystals due to electron transitions between defect
levels, which are not accompanied by the creation
or destruction of quanta of crystal lattice vibrations (i.e. phonons).
The existence of a phononless spectral line
was predicted by M.A. Krivoglaz and S.I. Pekar
(1953). Depending on the strength of the interaction between the electronic transition and the
phonons, the phononless line appears in the spectrum as either a rather isolated peak with weak
phonon wings on its sides (weak interaction) or as
a relatively low-intensity peak on the background
of a wide electron-vibrational band (appreciable
interaction). The width of the phononless line is
considerably less than a characteristic phonon frequency. At very low temperatures for RF transitions, the width approaches the natural line width
determined by the probability of radiative decay
of an excited state per unit of time. With increasing temperature, the phononless line intensity decreases, its width increases, and the position of
its peak shifts. The nature of these changes is determined by the mechanism of the interaction of
the electron transition with phonons, and by the
type of phonon spectrum. Therefore, studies of
the phononless line provide important information
not only on the electron structure of defects (energy spectrum, symmetry, and so on) but also on
the electron–phonon interaction. For doped disordered systems, phononless lines are investigated
with the help of selective laser spectroscopy methods to eliminate the inhomogeneous broadening.
The phenomenon of phononless lines has wide applications, in particular it underlies the operation
of solid-state lasers based on transition and rareearth element impurities, as well as the Mössbauer
effect.
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PHONON MAGNETIC RESONANCE

Change of the kinetic parameters of a semiconductor in a magnetic eld due to resonance inelastic scattering of current carriers by phonons. In
a resonance magnetic ﬁeld, the energy difference
between adjacent peaks of the density of states
due to Landau quantization (see Quantizing magnetic e ld) become equal to the a limiting energy,
ω0 , of one or several phonons. If current carrier
transitions occur between states with different spin
alignment the phenomenon is termed spin phonon
magnetic resonance. As distinct from the case
of magnetooptical effects, contributers to phonon
magnetic resonance are current carrier transitions
with both small and large changes in the Landau
level number, and in the wave vector projection
on the direction of the magnetic ﬁeld. The condition of magnetic phonon resonance for a nondegenerate parabolic band is Nωc = ω0 , where
the cyclotron resonance frequency ωc = eB/m∗ ,
N = 1, 2, 3, . . . , and e and m∗ are the current carrier charge and effective mass, respectively. Given
ω0 , one can determine m∗ from the period of the
resonance peaks plotted versus 1/B. Due to the
polaron effect, the mass m∗ is overestimated in
magnetic phonon resonance by a value, according
to different data, between α/2 and α/6, where α is
the current carrier–phonon coupling parameter.
Corresponding to phonon magnetic resonance
in the ohmic regime are maxima of transverse
magnetoresistance (see Galvanomagnetic effects).
The type of longitudinal magnetoresistance extremum depends upon the relative contributions
of elastic and inelastic processes to the scattering.
Weak singularities known as pseudoresonances
can also occur here for the condition Nωc /2 = ω0 .
Under the conditions of current carrier heating
several factors can contribute to the type of the extremum.
PHONON MECHANISM OF
SUPERCONDUCTIVITY

A mechanism for the formation of Cooper
pairs of electrons in metals due to an electron–
electron attraction which occurs near the Fermi
surface in the range of energies of approximate
width ωD (ωD is the Debye frequency) as a result
of exchange with virtual phonons. This phonon
mechanism of superconductivity was initially suggested by H. Fröhlich and J. Bardeen (1950), and

it is characterized by the dimensionless interaction
constant:
∞
λ=2

dω 2
α (ω)F (ω),
ω

(1)

0

where α 2 (ω) is the square of the electron–phonon
interaction matrix element averaged over the Fermi
surface, and F (ω) is the phonon density of states.
The value of λ together with the Coulomb repulsion of electrons determines the critical temperature of superconductors. The isotope effect is a
characteristic feature of the phonon mechanism of
superconductivity.
This phonon mechanism in polar (ionic) degenerate semiconductors was taken into account
by V.L. Gurevich, A.I. Larkin, and Yu.A. Firsov
(1962) on the basis of a retarded interelectronic
interaction
2 − ω2
4πe2 ωTO
,
W (q, ω) = 2
2 − ω2
q ε∞ ωLO

(2)

where ωLO and ωTO are the frequencies of transverse and longitudinal optical phonons, linked by
the Lyddane–Sachs–Teller relation ωLO /ωTO =
(ε0 /ε∞ )1/2 , where ε0 and ε∞ are the static and
high-frequency dielectric constants of the crystal. Eq. (2) follows from the Fröhlich Hamiltonian
with an electron–phonon interaction constant of
the form



1
2e
hω
1
π LO
−
gF (q) =
q
V
ε∞ ε0
obtained from second order perturbation theory
based on the Coulomb repulsion term 4πe2 /
(q 2 ε∞ ). In spite of the prevailing repulsion at the
Fermi surface, W (q, 0) > 0 under speciﬁc conε∞ (see Ferroditions; in particular for ε0
electrics) and a sufﬁciently high concentration of
free carriers the transition is possible to the superconducting state at low temperatures (T  1 K).
M.L. Cohen (1964) considered the phonon mechanism in degenerate many-valley semiconductors,
taking into account intervalley transitions. Before
the discovery of high-temperature superconductivity the phonon mechanism was widely considered
to be the only acceptable mechanism for explaining the superconductivity of metals, their alloys
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and compounds, degenerate semiconductors and
semimetals, and low-dimensional organic conductors and superconductors. The role of the phonon
mechanism in the superconducting metal-oxide
cuprate compounds (see High-temperature superconductors) has been discussed in the light of their
unusually weak isotope effect.
PHONON OPTICAL SPECTRA

Optical spectra of solids arising from the interaction of electromagnetic radiation with phonon
excitations. Such an interaction reveals itself in
the spectral dependence of the light absorption, ree ction of light, light radiation and light scattering processes in the solid. Features of IR spectra of ionic crystals in the range of frequencies
corresponding to the intrinsic transverse νTO and
longitudinal νLO optical phonons are often referred to as phonon optical spectra. The variation of the dipole moment associated with transverse vibrations determines the possibility of a
resonance interaction with electromagnetic radiation. According to the quantum theory this interaction leads to the disappearance of the photon which entered the crystal, and the generation
of a transverse optical phonon of frequency νTO
with a very small momentum (like the photon)
kphon = kphot ≈ 0. This interaction produces an
intense absorption band at the frequency νTO , and
in reﬂection there appears a band at frequencies
in the range νTO < ν < νLO (residual ray band).
If the unit cell of the crystal contains more than
two ions there may appear several resonances. In
crystals with any type of chemical bonding twophonon interaction processes with light can occur,
whereby one photon disappears and two phonons
are simultaneously created, or one phonon is generated and the other one is annihilated. The intensity of such processes is several orders of magnitude below that of single-phonon resonances, and
three-phonon processes of absorption are even less
probable. For two-phonon processes the conservation of momentum law allows the participation
of phonons with any value of momentum, therefore, the adsorption spectrum extends from ν = 0
to double the maximum frequency of the crystal
lattice phonons. Maxima in the spectrum are associated with the participation of phonons corresponding to high-symmetry points of the Brillouin
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zone (see Van Hove singularities). Due to the interrelationship between the absorption and radiation
probabilities of materials, processes of photon–
phonon interactions contribute to the spectral dependence of crystal radiation in the IR region.
In the phonon optical spectra arising from Raman scattering of light there are also resonances associated with the creation and annihilation of longwavelength (k ≈ 0) optical phonons, and the structure arising from many-phonon processes. Due to
the difference between the selection rules of IR
absorption and Raman scattering transitions, they
generally complement each other. Phonons may
also be involved as the third participant in the interaction of photons with an electron system in intrinsic light absorption edge spectra, and in luminescence spectra. See also Polariton.
PHONON–PHONON INTERACTION

Interaction of vibrational excitations (phonons)
in condensed matter, caused by anharmonic vibrations. The phonon–phonon interaction in crystals,
as a rule, is weak, and the frequencies obtained in
the harmonic approximation are weakly renormalized by such an interaction. But due to this interaction there appears a dependence of the phonon frequencies, sound velocity, and elastic moduli on the
temperature, together with a series of singularities
in the behavior of the Debye–Waller factor, etc.
The phonon–phonon interaction plays a fundamentally important role in the relaxation processes
which lead to the spatial and temporal attenuation of phonons excited by an external action, thus
in many cases inﬂuencing the value of their lifetimes. As a result, this interaction determines: attenuation of elastic waves (sound), lattice thermal
conductivity, and the broadening of spectral lines
associated with the scattering and adsorption of
various types of radiation when these processes
are accompanied by the generation or adsorption
of phonons. By taking account of the phonon–
phonon interaction it is usually possible to restrict consideration to several of the lowest order
terms in the anharmonic potential (the ﬁrst of such
terms determines processes with the participation
of three phonons, etc.). A phonon–phonon interaction in an ideal crystal conserves the phonon
wave vectors within an arbitrary reciprocal lattice
vector b. For b = 0 the processes are called normal processes, and for b = 0 they are referred to
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as Umklapp processes. The latter can provide the
main limiting factor of the thermal conductivity coef cient of an ideal lattice.
In relaxation phenomena accompanied by scattering processes, or by processes of generation and
annihilation of actual phonons, the energy conservation law is always satisﬁed. The laws of energy and momentum conservation lead to speciﬁc
restrictions on allowed processes. Three-phonon
processes (which determine the attenuation of
acoustic branches) in which all three modes of vibration belong to the same branch of the spectrum,
appear to be forbidden to a ﬁrst approximation,
but they become possible if the broadening of the
highest frequency phonons exceeds the sublinear
deviation of the dispersion law (in this case they
are sometimes called Simons processes). Another
restriction lies in the fact that at a breakup one
phonon should belong to a lower energy branch
than the source one, and at a scattering event one
phonon is generated in a higher energy branch than
that of the disappearing ones.
The probability of relaxation W of phonons
caused by the phonon–phonon interaction depends
on the phonon frequency ω, and on the temperature T . For long-wave acoustic vibrations W ∼
ωT at high temperatures and W ∼ ωn T 5−n at
low temperatures (below the Debye temperature),
where the coefﬁcient n (1  n  5) depends on
various factors. For the lowest-frequency vibrations (ω less than the inverse lifetime of the
phonons taking part in scattering) W ∼ ω2 , and
it decreases when the temperature is lowered.
For long-wavelength optical vibrations the scattering processes of a single acoustic phonon are
forbidden; the decomposition into two (if allowed by energy conservation) or several acoustic
phonons is possible, as is also a four-phonon
scattering process with the participation of two
acoustic modes. Similar processes also determine
the broadening of the lines of local vibrations in a
crystal.
In crystals with impurities or other defects the
quasi-momentum of the phonon–phonon interaction may not be conserved, which leads to other
dependences of the relaxation process probabilities.

PHONONS (fr. Gr. ϕωνη , sound)
The quanta of crystal lattice vibrations which
appear as a result of quantization of the normal vibrations. Phonons are quasi-particles which play

the role of elementary excitations of a vibrating
crystal. As a quasi-particle each phonon possesses
the energy ε = ω, the momentum p = k, and
the velocity v = ∂ε/∂p = ∂ω/∂k, where k is the
quasi-wave vector, ω is the frequency of the corresponding normal vibration, and the frequency
ω(k) is a periodic function of k with the reciprocal
lattice period. Phonons are Bose particles (bosons)
(see Bose–Einstein statistics).
In the harmonic approximation the energy of
the crystal excited state is represented as a sum of
independent oscillator energies

ωα (k)Nα (k),
(1)
E = E0 +
kα

where E0 is the energy of zero-point vibrations,
and the integer Nα (k) = 0, 1, 2, . . . denotes the
number of phonons. The index α differentiates the
branches of acoustic phonons (see Acoustic vibrations) and of optical phonons (see Optical vibrations). Thus the weakly excited state of a crystal
is equivalent to an ideal gas of phonons, and the
ground state of the crystal is a phonon vacuum
(Nα (k) = 0). Upon thermodynamic averaging the
energy of Eq. (1) provides the lattice part of the
 = E,
internal energy of the crystal, namely E
whereas in the state of thermal equilibrium the
average number of phonons is determined by the
Bose–Einstein distribution
 

−1
ωα (k)
. (2)
−1
Nα (k) = exp
kB T
Taking into account the anharmonic vibrations of
the lattice leads to the phonon–phonon interaction.
See also Ballistic phonons, Biphonon, Intervalley phonons, Magnetic phonons, Virtual phonons.
PHONON SCATTERING

Processes during which quantized lattice vibration particles of a condensed medium (phonons)
undergo a change in the direction and perhaps also
in the frequency of the wave vector due to their interaction with each other (see Phonon–phonon interaction), with lattice defects, with electrons, with
spin excitations (magnons) in magnetic materials,
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etc. Phonon scattering is the determining mechanism of phonon relaxation resulting in their spatial
and temporal damping, in broadening of the corresponding spectral lines, etc.
During phonon scattering from defects, only
the direction of the phonon wave vector changes,
while its frequency, ω remains unchanged (elastic
scattering). Moreover, mode conversion is possible in which the incoming and outgoing phonons
belong to different branches. The probability of
scattering W of acoustic phonons (see Acoustic
vibrations) from point defects, such as interstitial
or substitutional atoms, is proportional to ω4 and
is temperature-independent. When the phonon frequency approaches the characteristic frequency of
the defect itself (in particular, when the wavelength is close to the size of the defect), there
takes place a resonance enhancement of W . A noticeable role in scattering from defects is played
by dislocations, grain boundaries, the crystal surface, etc. The probability of scattering from dislocations is proportional to ω in the long-wave
limit. More complex dependences are obtained for
phonon scattering from dislocation clusters. Collisions with grain boundaries and the crystal surface may be signiﬁcant in pure enough crystals at
low temperatures. The corresponding probability
is W ∝ L−1 where L is the characteristic size of
the grain, or of the crystal as a whole. Phonon scattering from electrons via the electron–phonon interaction is accompanied by the absorption of the
phonon. In ideal crystals, when the conservation
law of quasi-momentum holds, such a process is
observed only if the phonon wave vector does not
exceed twice the wave vector of the electron (the
corresponding wave vector of an electron is on
the Fermi surface in a metal). For long-wavelength
acoustic phonons we have W ∝ ω, provided the
phonon wavelength is shorter than the electron
mean free path, and W ∝ ω2 otherwise. As for
imperfect crystals, the wave vector is not necessarily conserved during the scattering of phonons off
electrons, which explains certain features of the
probability of this type of scattering.
PHONON SPECTRUM

The set of natural vibrational frequencies of a
crystal. In ideal crystals phonon spectra are described by the dependence of phonon frequencies
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ωk on the wave vector k for different acoustic
and optical branches arising from the vibrations
of atoms or molecules interacting with one another in a crystal lattice. The electrons and nuclei
which form the atoms and molecules in the crystal are two strongly interacting subsystems, whose
motions are coupled with each other. However,
due to the large difference between their masses,
their motions may to some extent be treated separately on the basis of the adiabatic approximation.
For each random conﬁguration of nuclei (with coordinates symbolically designated by the multidimensional variable R) it is possible to introduce
the electronic wave function ϕ(r, R), which parametrically depends on the variable R (coordinates
of electrons are designated by r). Therefore, the
energy of the electrons will depend on the nuclear
coordinates R, as if they were constant, i.e. the
electron states adiabatically follow the displacements (motions) of the nuclei. Further, it is also
possible to write down the classical or quantummechanical equations, which describe the motions
of the nuclei. In these equations the electron energy E(R) plays the role of the potential energy
of the nuclear subsystem. It is called an adiabatic
potential, and it differs for different states of the
electronic subsystem. The expansion of E(R) in
terms of the extent of the displacement of the nuclear coordinates from their equilibrium positions
u = R − R 0 is taken into account up to fourth order. In the most important case, the so-called harmonic approximation which is quadratic in u, the
quantum vibrational equations lead to the expression for the crystal energy

ωμ (k)Nμ (k) + E0 ,
E=
μ,k

where k is the wave vector of the vibrations,
and μ designates the branches of the frequency
dependence on the wave vector k. The individual terms of this sum are the energies a system
of non-interacting linear oscillators. In addition,
this expression for E may be interpreted as the
sum of energies of separate quasi-particles, that
is phonons (ωphon ) with momenta k. The dependence of ω on k is the dispersion law of these
quasi-particles, and the factor Nμ (k) is the number of phonons of the given type. Phonons obey
Bose–Einstein statistics, so their numbers Nμ (k)
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are not restricted, and number of branches μ
equals the number of degrees of freedom of the
nuclear subsystem per unit cell, i.e. 3p, where p is
the number of atoms within the cell. The totality
of the 3p functions ωμ (k) encompasses all of the
phonon spectra of the atomic system. The inclusion of terms with third and fourth powers of u in
the expansion of the adiabatic potential should be
interpreted as taking into account interactions between different phonons. These terms contribute
much less to the energy than the harmonic ones.
From the perspective of perturbation theory the
phonon–phonon interaction describes processes of
interdiffusion of phonons, the decomposition of a
phonon into two or three others, and the opposite
process of merging two or three phonons into a
single one while conserving both the total momentum and the energy.
Besides using perturbation theory, which starts
to become inadequate with an appreciable growth
of the number of phonons, the average values
Nμ (k) can be determined from the crystal temperature T with the aid of the Planck formula. The
theory of phonon spectra can be developed via the
self-consistent eld method, whereby the interaction between phonons is taken into account in a
self-consistent manner.
A theoretical description of phonon spectra
starts with the establishment of the form of the adiabatic potential E(R) = U (. . . u . . .), where u embraces the totality of nuclear coordinates. In the
harmonic approximation the quadratic expansion
has the form
U (. . . u . . .) =


1  ll 
vsαs  β ulsα uls  β ,
2


αsβs

where l, l  are the numbers of cells, s, s  are the
numbers of atoms within the cells, and α, β are
the coordinate indices of x, y, z. The constant rall 
tios vαsβs
have some symmetry properties. Translational symmetry is the most important of them:
the dependence only on the difference of indices
l − l  (i.e. of the coordinates of atoms s, l and
s  , l  ). This permits one to decompose the vibration equations of inﬁnite order into a system of
order 3p with the aid of the substitution uls,α =
uks,α exp(−iωt + ikrsl ). Each of these expressions

has the form
ms us,α ω2 =



Asαs β us  ,β ,

sβ

where
Asαs  β (k) =


l

 l
ll 
l 
vsαs
 β exp −ik rs − rs  .

The matrix Asαs β (k) of dimensionality
3p × 3p is called the dynamic matrix. Solving
the problem for the eigenvalues of the determinant det(Asαs β (k) − ms δαβ δss  ω2 ) = 0 gives the
frequencies of the phonon spectrum ω = ωμ (k)
which has 3p branches designated by the index μ.
Among these branches there are three acoustic
ones which start from zero frequency at k → 0.
For those acoustic branches in zero order with respect to k, all of the amplitudes usμ (k = 0) are the
same for all the atoms, and the expansion of u2 according to k starts from the k 2 term. The remaining 3p − 3 branches are called optical branches
(see Phonon optical spectra); they have ﬁnite (nonzero) frequencies at k → 0 which are called limit
frequencies. For them s ms uμs = 0 at k → 0,
i.e. the center of mass of each cell is not displaced.
Equations for the frequencies ω and the amplitudes usα are usually solved numerically. For positions of the wave vector k that are symmetrical
with respect to the crystal axes, ﬁnding a solution may be considerably simpliﬁed with the aid
of group theory.
ll 
The starting coefﬁcients vsαs
 β are ordinarily
selected on the basis of speciﬁc models, e.g.,
(1) the model of pairwise interaction of atoms,
when the sum of the energies of all the atomic
ll  (r l − r l  ) is decomposed
pairs u = ss  ll  ϕss
 s
s
according to the extent of their displacement,
(2) a shell model, whereby the centers of gravity
of (spherical) atomic shells are displaced relative to their corresponding atomic nuclei,
(3) polarized atom models, wherein besides the
displacements uls , the dipole and quadruple
moments of shells psl , Qls are introduced, and
(4) models of rigid atoms (ions) (e.g., see Kellerman model).
See also Shell model.

PHOTOCAPILLARY EFFECT

PHONON WIND

Macroscopically ordered motion of nonthermal phonons which occurs under the action of
an external electric ﬁeld (or of crossed electric
and magnetic ﬁelds) and electron–phonon interactions. The essence of this phenomenon lies in the
fact that the external electric ﬁeld provides an ordered forward velocity of macroscopic motion to
the electrons, and the phonons acquire the same
velocity due to electron–phonon collisions. The
term is used in the theory of transport phenomena
in metals and semiconductors.
PHONON WINGS

Bands in the optical spectra of non-ideal crystals, adjacent to the phononless spectral line (ideal
crystal line), caused by transitions between the energy levels of a defect with the simultaneous creation or annihilation of a crystal quantum vibration
(phonon). At temperatures considerably above the
Debye temperature the phonon wings are symmetrical, at low temperatures the intensity of the
high-frequency (anti-Stokes) wing is much less
than that of the low-frequency (Stokes) wing. The
shape of the phonon wings depends signiﬁcantly
on the strength of the coupling of the defect level
transition with the phonons. For weak coupling
the phonon wings result mainly from processes
whereby only one phonon is generated or annihilated. In this case the phonon wing width is of
the order of the Debye frequency, and the phonon
wings reﬂect the singularities of the density of
states of the ideal crystal phonon spectrum.
PHONORITON
Composite quasi-particle which appears at the

anti-Stokes scattering of an intense coherent polariton (quantum of coupled phonon–photon transverse wave ﬁeld) pumping wave, with its
frequency in the transparency region near an exciton resonance. The dispersion law of a phonoriton reﬂects the restructuring of a polariton (see
Polariton), and of phonon spectra which include
the combining and splitting of levels near the antiStokes resonance, in a manner analogous to the
formation of polariton dispersion curves. The extent of the phonoriton splitting is determined by
the intensity of the pumping wave. Depending
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on which phonons (optical or acoustic) are involved in the anti-Stokes scattering of the pumping wave, optical and acoustic phonoritons are
distinguished. The restructuring of spectra via optical phonoritons is likely a result of the Fröhlich exciton–phonon interaction. The observation
threshold of optical phonoriton excitations (e.g.,
in CdS) for an anti-Stokes resonance near the exciton level n = 2 corresponds to the pumping intensity I ≈ 106 W/cm2 . Phonoriton restructuring
of spectra may be useful in optoelectronics as it
induces a strong variation of the semiconductor
dielectric constant near anti-Stokes resonance and
exciton transition frequencies.
PHOSPHORESCENCE
Luminescence with long-term afterglow (unlike uorescence). It is characteristic of the majority of crystallophors (see Luminophors). The

duration of the afterglow of phosphorescence is
determined by the lifetime of the intermediate
processes, which occur between the act of energy
adsorption by the system, and the moment when
it reaches the ﬁnal state from which the radiative
quantum transition takes place (see Thermally stimulated luminescence).
PHOTOCAPACITANCE, SURFACE
See Surface photocapacitance.
PHOTOCAPILLARY EFFECT
Acceleration of the spreading of a liquid over
a solid surface, caused by exposure to light. The

photocapillary effect has been found to take place
in germanium of both n- and p-types, silicon, antimony and titanium. This effect was observed at
the surfaces of these materials for various lowvolatile liquids, which do not chemically interact with the substrate (high molecular weight alcohols, ethers, etc.). The photocapillary effect is
more pronounced for the spreading different liquids over the same substrate, than it is for the case
of using different substrates for the same liquid.
The heating effect of the light exposure is insignificant compared with the photocapillary effect. The
rate of spreading at exposure to light monotonically increases with increased illumination until
saturation is reached (e.g., at E ≈ 2.5·104 lux for
Ge). The photocapillary effect is caused by a decrease of the surface band bending at illumination
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PHOTOCATHODE

(see Surface phenomena in semiconductors), by
an increase of the surface energy of the substrate,
and of the spreading coefﬁcient. The magnitude
of this effect is inﬂuenced by processes related to
adsorption and diffusion, which take place at the
surface during the course of spreading. The photocapillary effect is not observed at the surfaces of
copper, lead, or tin.
PHOTOCATHODE

Cathode of a vacuum photoelectron device
(vacuum tube), at which a ﬂux of photons is converted into a ﬂux of electrons (see Photoelectron
spectroscopy). The main characteristics of a photocathode are its quantum yield (ratio of emitted
electrons to incident photons), and the relationship between quantum yield and photon energy.
Of practical importance are solid effective photocathodes, which provide quantum yields above
10−3 . Such photocathodes are usually thin-ﬁlm
p-type semiconductors of low electron af nity,
which are produced in vacuo on a transparent
substrate, e.g., Ag–O–Cs, intermetallides Cs3 Sb,
dialkaline compounds K2 CsSb, and polyalkaline
compounds (Na2 KSb–Cs), which are sensitive to
visible, short wavelength infrared, and ultraviolet
radiation. The quantum yield of these compounds
reaches 0.2–0.3 at λmax . Photocathodes play leading roles in devices such as photoelectric cells,
photoelectron multipliers, electron tubes, etc.
Advances in semiconductor physics permit the
creation of ﬁeld-emission photocathodes (see autophotoelectronic emission), and photocathodes
based on monocrystals of the AIII BV type with
negative electron afﬁnities and high quantum
yields up to λ0 ≈ 1.2 μm. Photocathodes with “intervalley transfer” have been developed on the basis of multicomponent variband semiconductors of
the AIII BV type. Light absorption in these photocathodes takes place within the narrow-band region of the cathode, then the thermalized electrons
are transported to the broad-band region of the
cathode. In this region they are heated by the internal electric ﬁeld and move from the Γ -valley to Xand L-valleys of higher-lying energy bands; then
these electrons pass into the vacuum through the
thin metallic electrode which has a reduced work
function. The application of rather complicated
techniques provides photocathodes with photosensitivity at wavelengths extending to 2.1 μm.

PHOTOCHEMICAL REACTIONS in solids

Chemical and quasi-chemical reactions,
brought about by the absorption of light. Photochemical reactions take place in various media:
in organic materials (photosynthesis is a unique
type of photochemical reaction); in ionic insulators (e.g., in alkali-halide and silver halide crystals). The reactions, which involve transformations
of molecules under exposure to light, are often
called photolysis (e.g., photoionization, photodissociation, photooxidation, etc.). Photochemical reactions are caused by excitation of the electronic
subsystem of the solid due to the absorption of
photons. There is a certain probability that this
excitation may lead to a rearrangement of interatomic bonds and the generation of metastable
conﬁgurations. This process may be local, i.e. it
takes place in the vicinity of the atom which has
absorbed the photon. In this case there is a high
probability of a reverse reaction because the products produced during the course of the primary
photochemical event (so-called genetic pairs, or
geminal pairs) are only slightly separated in space.
The effect of increased probability of recombination of geminate pairs is called the cage effect in photochemical and radiochemical practice. The processes of photoexcitation-induced or
photoionization-induced diffusion of atoms into
solids are also known. Diffusion leads to the capture of one mobile atom by another atom, or by
a defect of the solid: in this case the products of
the photochemical reactions may not be localized
in space. If the energy of the absorbed photon is
not enough to overcome the potential barrier of the
reaction, then the process may be induced by the
absorption of additional photons during the transition to the excited state. In this case the probability of a photochemical reaction increases exponentially with an increase of the temperature of the
material exposed to light. The reactions, which are
brought about by elastic collisions of high-energy
particles with crystal atoms (these displacement
collisions can remove atoms from their crystal lattice sites) are sometimes overshadowed by photochemical reactions, which result from nuclear radiations. Such a situation is observed in the case
of alkali-halide crystals. Photons (of UV and soft
X-ray radiation) cause the generation of excitons

PHOTOCONDUCTIVITY

in these materials. Extinction of these excitations
leads to the generation of Frenkel defects. In organic materials, and in certain semiconductors,
photochemical reactions proceed under exposure
to visible light.
Photochemical reactions are used in photographic processes, holography, etc., to record and
store information. They may cause aging and
degradation of photoelectronic devices.
PHOTOCHROMIC EFFECT

Change of the spectral dependence of the light
transmittance of a material by exposure to light,
which is perceived by the eye as a change of
color. The photochromic effect may be related to
the photodissociation or photoinduced polymerization of molecules, the charge exchange of ions
(e.g., transition metal ions), or of structural defects (generation of color centers), photoinduced
action of individual particles (colloids), appearance of a new phase, etc. The photochromic effect
may be either reversible or irreversible. Reversibility (erasure) is often achieved through thermal
treatment (thermal decoloration), or through irradiation (photoinduced decoloration). Most extensively employed are photochromic glasses, which
owe their color to the presence of metallic colloidal particles, e.g., silver or copper. See also
Photopigments.
PHOTOCHROMIC GLASSES

Vitreous photopigments. Inorganic photochromic glasses are divided into oxide glasses
(SiO2 ·Na2 O·SiO2 , SrO·V2 O5 , etc.), chalcogen
glasses (As–S, As–Se, Sb–Se, etc.) and heterophase ones, which consist of a glass matrix with
ﬁnely dispersed light-sensitive impurities (e.g.,
oxide glass with 1 μm microparticles of silver
halide). There is a tremendous number of organic photochromic glasses among organic polymers. Most extensively developed systems of photochromic organic ﬁlms are based on solid methyl
methacrylate. Chalcogenides and organic photochromic glasses are used in optical storage disks.
See also Optical techniques of information recording, Optical recording media.
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PHOTOCONDUCTIVITY, photoresistive effect
Increase of the electical conductivity of a ma-

terial, when it is exposed to electromagnetic radiation in the visible, IR or UV region of the
spectrum. The phenomenon of photoconductivity
is observed in various semiconductors and insulators. The photocurrent is the increment of current which arises in a closed circuit with a voltage source during irradiation of the photoconductor. The value of the photocurrent may exceed the
dark current value by many orders of magnitude.
The nature of photoconduction is related to the
transfer of energy of the absorbed photons to the
electrons which are located in a completely full valence band, or at bound energy states of the solid.
Thus the electrons become able to move, and more
speciﬁcally to drift (see Current carrier drift) under
the action of the applied voltage. Depending on the
sign of the current carriers, which are produced
by the action of light (so-called photocarriers),
two types of photoconductivity are distinguished:
the unipolar (electron or hole) variety, and bipolar
(electrons plus holes) photoconductivity. The photoconductivity is called intrinsic photoconductivity if the photoexcitation promotes electrons from
the valence band to the conduction band. In the
case of impurity photoconductivity, electrons from
a local electronic level are excited.
The magnitude and time dependence of the
photoconductivity are determined by the intensity I and the spectral composition of the exciting
radiation, and also by processes of photocarrier relaxation. The energy of the exciting photons must
be high enough to promote electrons from the valence band or various bound electron states to the
conduction band (or to the state of free polarons);
each of these transitions is associated with a line
or band of wavelengths, which stimulate the photoconduction. The steady-state value of the concentration of photocarriers, which is established
under constant illumination, is n = ηαI τ , where
α is the absorption factor (the condition for uniform absorption is αd  1, where d is the sample
thickness); η is the quantum yield of the photoconductivity (portion of absorbed photons responsible for photoexcitation of mobile charge carriers), τ is the effective lifetime of the carriers in
the free state, which is determined by the relaxation mechanisms. The carriers of current, which
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PHOTOCONDUCTIVITY, ANOMALOUS

are produced by light (electrons, holes, polarons)
possess ﬁnite lifetimes, and are either captured
by various defects (traps of mobile particles), or
undergo recombination (see Recombination). The
inﬂuence of defects on the characteristics of the
photoconduction depends on the presence of recombination levels, and trapping by them. In particular, the existence of the trapping levels may
lead to electric or thermoelectric instabilities of
photocurrent. There exists hopping photoconductivity, which results from the photoinduced redistribution of electrons throughout the local electronic levels by hopping conductivity. Along with
photoconductivity, which is related to the change
of concentration of current carriers at exposure
to light (so-called concentration photoconductivity), there exists a photoinduced change of current carrier mobility, which is caused by warmingup. This phenomenon is responsible for mobility
photoconductivity, which is less effective than the
concentration type. See also Anomalous photoconductivity, Negative photoconductivity.
The phenomenon of photoconductivity provides the basis for the operation of various photoelectric devices (photoresistors, optical radiation detectors, photoelectron spectroscopy components, etc.).
PHOTOCONDUCTIVITY, ANOMALOUS
See Anomalous photoconductivity.
PHOTOCONDUCTIVITY OF AMORPHOUS
MATERIALS
Increase of electrical conductivity of an amorphous sample (see Amorphous state) at exposure

to light. The phenomenon is associated with the
process of photogeneration of electrons and holes
(in concentrations n± = Gτ± ), which add to
the already present majority equilibrium carriers
(present in concentration n0 ) responsible for the
dark current id (current in absence of irradiation). The factor G in the above equation is the
number of carriers produced in a unit volume
per unit time, τ± is the lifetime of the carriers,
which is determined by the processes of recombination with free carriers of the opposite sign,
and at recombination centers. The photocurrent
ip = e(μ+ n+ + μ− n− )E (E is electric ﬁeld,
μ± is mobility) depends on the kinetics of the

Temperature dependence of the photocurrent ip .

processes of photogeneration, recombination and
thermal activation of carriers from the discrete levels to the bands of continuous states. The temperature dependence of the photocurrent consists of
three regions, as shown in the ﬁgure:
(1) at high temperatures, T > Tmax , the generated carriers react with thermally produced
n± ) and
carriers of the opposite sign (n0
id > ip ∝ G;
(2) at intermediate temperatures with T < Tmax ,
the recombination of light-produced carriers
mainly involves their interaction √
with one another ( n± > n0 ) and id < ip ∝ G; and
(3) at low temperatures, T  Tmax , the photocurrent is proportional to G (ip ∝ G) and exhibits
a weaker temperature dependence.
The spectral dependence between ip and the
energy of the exciting radiation E correlates with
the energy dependence of the optical absorption of
amorphous materials α(E): the current begins to
rise at the intrinsic light absorption edge and then
remains approximately constant for higher values
of energy. Photoconductive amorphous materials
can be used to make inexpensive solar cells.

PHOTOCONTROLLED MICROWAVE SEMICONDUCTOR DEVICES

PHOTOCONDUCTIVITY SPECTROSCOPY

Various methods for determining the physical
nature and location of the energy levels of intrinsic and foreign defects in semiconductors, through
investigation of the photoconductivity spectra of
the sample. The frequency dependence of the photocurrent IP (ϕ) is obtained by varying the frequency over a narrow spectral excitation band.
Each type of photoactive defect has associated
with it excited energy levels (or a band) involved
in the transfer of an electron, initially bound by
the defect, to the conduction band (or the transfer
of a hole to the valence band). This process may
occur in two stages: ﬁrst the current carrier of the
defect (electron or hole) is transferred to the excitation level located near the band edge, and then
it is brought to the band by additional excitation
from thermal ﬂuctuations (so-called photothermal
ionization). For the purpose of identiﬁcation of the
spectrum the sample is doped with large amounts
of impurity atoms of a deﬁnite chemical composition, or with large numbers of intrinsic defects,
with the subsequent recording of the corresponding bands. The data on structural characteristics
of the sample may be obtained through studies of
the correlation between photoconductivity spectra
and electron paramagnetic resonance spectra, absorption and luminescence spectra, and by investigation of the effect exerted on photoconduction
spectra by various perturbations (electric and magnetic ﬁelds, elastic stresses, etc.). Not all sites in
a crystal lattice provide photoccurrents from impurity atoms situated there, or involve the transformation of an impurity atom to a photoconductively active state (e.g., silicon crystals irradiated
with high-speed electrons contain atoms of copper and gold in inactive states). The methods of
photoconductivity spectroscopy provide high sensitivity, which permits detection of photocurrents
from active centers down to concentrations of
1010 cm−3 .
PHOTOCONTROLLED MICROWAVE
SEMICONDUCTOR DEVICES

Specialized devices incorporated into a microwave transmission-line system which contain a
photosensitive semiconductor, and provide lightbeam control over electrical signal parameters.
These devices include photocontrolled switches,
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photocontrolled modulators, photocontrolled
transparency devices. The control is often exercized through photogeneration of nonequilibrium
current carriers in semiconductors such as silicon, gallium arsenide, germanium, cadmium suld e, etc. Photocontrolled switches are designed
for the generation of short pulses. There exist photocontrolled switches in the form of a strip line,
in which the role of an insulator is played by a
semiconducting material, and one of the metallic
strips has a discontinuity in the shape of a narrow slot. Closure of the photocontrolled switch is
performed by a laser pulse, whereby the semiconductor surface becomes metallically conducting at
the discontinuity region. The minimum duration
of the electric pulse (up to 10−12 s) is determined
by the lifetime of nonequilibrium carriers. Photocontrolled modulators are used for modulation of
one or several parameters of the microwaves (amplitude, phase, etc.). There exist photocontrolled
modulators in the form of insulating or metallic
waveguide, strip line, resonator. Amplitude modulation is often related to the absorption of microwave energy by nonequilibrium carriers in the
bulk of the semiconductor. Phase modulation is
performed at a considerably higher level of light
intensity, which leads to metallic conduction of the
semiconductor surface.
Photocontrolled transparency devices are intended for the visualization and conversion of
extra-high frequency ﬁelds, in particular for exercizing control over the directivity settings of the
microwave beam, and for the production of twoand three-dimensional images by means of microwave beams. Photocontrolled transparency devices usually consist of a screen coated with a
photosensitive layer; with the dimensions of this
screen far exceeding the wavelength. In fact, a
photocontrolled transparency device is a matrix
of photocontrolled modulators. In order to bring
about the conversion of the extra-high frequency
ﬁeld, a certain illumination pattern is created at
the surface of the device. This pattern is deposited
on the surface with the help of a projector, or by
scanning with an optical beam, which is intensity modulated. If the illumination is sufﬁcient for
metallization of the semiconductor surface, then
this photocontrolled transparency device becomes
a phased antenna array. Photocontrolled switches,
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PHOTOCURRENT INSTABILITY

photocontrolled modulators, and photocontrolled
transparency devices are used for exercizing control over electromagnetic waves in the super- and
extra-high frequency region.
PHOTOCURRENT INSTABILITY
See Thermoelectric instability of photocurrent.
PHOTODESORPTION

Removal of an adsorbate (in form of atoms or
ions) from an adsorbent surface (see Desorption),
which occurs at exposure to light. It is caused by
the transfer of the photon energy to the excitation
of the desorbing particle. The spectral dispersion
and spatial distribution of those particles, which
become desorbed through the processes of photodesorption and of electron-induced desorption,
are identical.
PHOTODETECTOR, SCANNING
See Sprite.
PHOTODETECTOR, SEMICONDUCTOR
See Semiconductor photodetector, Sprite.
PHOTODIELECTRIC EFFECT
Change of dielectric constant ε of an insulator

exposed to light. It is caused by phototransitions
of electrons of the insulator to higher energy levels, with an increase of the electronic polarizability at these levels. The related photocapacitance
effect is generally observed, which consists in a
radiation-induced change of capacitance C of a capacitor which has insulating material between its
plates (the value of C can increase by several orders of magnitude). Since C depends on ε and the
geometric dimensions of the condenser (in a plane
capacitor, e.g., C = εA/d, where A is the area of
plates, d is the distance between them), both the
photodielectric effect (change of ε) and a change
of the effective values of A and d (due to spatial redistribution of charges and resistance, which
takes place in a dielectric at exposure to light) may
cause the photocapacitance effect. Semiconducting light-sensitive capacitors (photovariable capacitors, photovaricaps) are used in various electronic circuits, e.g., as dynamic capacitors.

PHOTODIODE
Semiconductor diode which serves to convert

light energy into an electrical signal. The operation of a photodiode is based on the generation
of a reverse current through the barrier layer of
the diode (see Semiconductor junction) upon exposure to light. The photodiode is designed so that
the region of the barrier layer can be illuminated
by light. The incorporation in the photodiode of
a transistor structure with an illuminated emitter
junction provides additional “internal” ampliﬁcation of the signal (phototransistor). This is widely
used as a signal receiver in data processing systems, and for measuring light ﬂuxes.
PHOTODOMAIN EFFECT

Effect of exposure to light and concomitant
photoconductivity on the equilibrium of a ferroelectric domain structure, on the kinetics of

its generation, and on those properties which
are closely related to the domain structure (e.g.,
electromechanical hysteresis). When the photoferroelectric has a low-resistivity and the electric
ﬁeld generated by the photovoltaic current in the
open-circuit mode is much less than the coercive
ﬁeld, the contribution of the bulk photovoltaic effect to the photodomain effect may be neglected.
Therefore the photodomain effect is sometimes referred to as a spontaneous polarization shielding
phenomenon, and is explained in terms of the redistribution of the internal ﬁeld in the photoferroelectric, which takes place due to surface layers,
space screening, and recharging of surface levels
during exposure to light.
The single-domain state is energetically favorable in the case of ideal short circuiting in the crystal. However, the existence of surface layers in ferroelectrics (equivalent to a dielectric gap) leads to
the generation of a certain depolarization ﬁeld in
a short-circuited single-domain crystal; this ﬁeld
is caused by surface charges and opposes the external ﬁeld. Near-surface maxima of the depolarization ﬁeld are responsible for processes of
switching and domain break-up (polydomainization) in a short-circuited single-domain crystal.
Dark processes of domain breakup are rather slow,
because the magnitude of the surface ﬁeld is insigniﬁcant. The screening length decreases at exposure to light, which causes redistribution of the

PHOTOELECTRIC PHENOMENA

depolarization ﬁeld: increase of the ﬁeld at the surface and its decrease in the bulk of the crystal. The
increase of the near-surface ﬁeld accelerates the
domain breakup processes. The effect exerted by
the nonequilibrium carriers on the domain structure is determined by the ratio between the thickness of the surface layer and the screening length.
The photodomain effect was experimentally studied in BaTiO3 , SbSI, and other ferroelectrics.
PHOTOEFFECT

Redistribution of electrons among their energy levels, which takes place at the absorption
of electromagnetic radiation by a solid. A photoemissive effect and a photoconductive effect
are distinguished. During the course of photoemission the electrons, which have absorbed a
photon, emerge through the solid surface into
the surrounding medium (see Photoelectron spectroscopy). The photoconductive effect is responsible for photoconductivity through a photoelectromotive force (see Photovoltaic effect), and a photodielectric effect. The photoconductive effect may
play an important role in nonmetallic crystals. The
photoelectric effect may involve electrons, which
are located at various quantum levels of the solid,
ranging from loosely bound conduction electrons
to electrons bound at inner atomic shells. Hence
the necessary condition for the photoelectric effect is that the photon energy exceeds the binding
energy of the electron at the ground level (see Einstein relation). The photoemissive effect requires
additional energy equal to the work function of
the solid. This condition determines upper limits
to the wavelengths, which result in photoemission
from various electron energy levels in a solid.
PHOTOELASTIC TENSOR, elastooptic tensor

The tensor, which establishes the linear relationship between the change of dielectric constant ε, which takes place in a body under slight
strain, and the magnitude of the deformation:

0 −
0 ε0 P
εik = εik
εil
km lmnj Unj ,
l,m,n,j

where εik is the dielectric constant tensor of the
0 is the same tensor in the abbody under strain, εik
sence of a strain, Pimnj is the photoelastic tensor,
Unj is the strain tensor. The components of the
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photoelastic tensor are independent of the amplitude for a slight deformation of the object, and as
a rule are determined exclusively by the internal
structure of the body under consideration, and by
the electromagnetic wave frequency. The dependence of the photoelastic tensor components on
the deformation amplitude appears under severe
strain (nonlinear elasticity effect). Typical values
of photoelastic tensor components of solids fall in
the range from 0.05 to 0.2. The effect of a change
of dielectric constant of materials during strain results in the generation of acousto-optic diffraction.
PHOTOELECTRIC PHENOMENA

Changes of the electronic properties of materials which take place during exposure to light.
Photoelectric phenomena are brought about by the
transfer of energy from absorbed photons to the
electrons of a material. The absorption of a photon
raises an electron to a higher energy state (photoeffect). If the excitation results in the emission of an
electron from the material, then the process is referred to as photoemission (or photoelectron emission). The energy spectrum of the electrons emitted under irradiation provides information on the
energy band structure of the sample (see Photoelectron spectroscopy). If the electrons excited by
the light remain inside the sample, then the process
is referred to as the photoconductive effect. This
effect is responsible for the phenomenon of photoconductivity. If the photon energy is insufﬁcient
for the production of free electrons, and electron
transitions to bound excited states take place, then
a photoinduced change of the dielectric constant
called the photodielectric effect) is observed. Under certain conditions (if the semiconductor contains inhomogeneities, or if inhomogeneities are
generated by the exposure to light) a photoelectromotive force arises, and a potential difference
is produced (photovoltaic effect). If the circuit is
closed then electric current can ﬂow in the absence of a voltage source. These effects are also
observed for uniform illumination of a regular but
unipolar crystal; and abnormally high photoelectromotive force values can be reached in this case
(see Anomalous photovoltaic effect).
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PHOTOELECTRIC THRESHOLD

PHOTOELECTRIC THRESHOLD

The maximum wavelength for which radiation
can still induce a photoeffect. The existence of a
red limit follows from the quantum nature of the
phenomenon: the energy required for the photon
absorption. This absorption results in a transition
between two electronic energy levels, so the photon energy cannot be less than the separation between the two states (at zero temperature). Precise experimental measurements of this red limit
remain difﬁcult to make since other factors which
contribute to photoexcitation, such as thermal mobility and electric ﬁelds, serve to blur the red limit.
Therefore its exact position is often extrapolated
from the dependence of photoeffect output on the
wavelength in the neighborhood of this limit.
PHOTOELECTROMOTIVE FORCE, SURFACE
See Surface photoelectromotive force.
PHOTOELECTRON EMISSION
See Photoelectron spectroscopy.
PHOTOELECTRON EMISSION, INVERSE
See Inverse photoelectron emission.
PHOTOELECTRON SPECTROSCOPY,
photoemission spectroscopy

The branch of spectroscopy which deals with
the spectrum of kinetic energies of electrons which
are generated as a result of the interaction of electromagnetic radiation with the material, and are
emitted from the solid into a vacuum or another
medium. Ultraviolet, and synchrotron or X-ray varieties of radiation are often used as the sources of
quanta. Under exposure to electromagnetic radiation, the energy absorbed by the material can be
transferred to electrons of both the valence band
and the inner core levels (Fig. (a)), and if the resulting energy of the electrons approaching the
surface is sufﬁcient to overcome the potential barrier, then they may escape from the material and
generate a ﬂow of free charges in the vacuum.
The general laws of photoelectron emission
are:
(1) Each material exhibits a certain threshold
value of energy: the electron binding energy Eb or minimum photon energy above
which photoelectron emission takes place
(threshold energy).

The processes of photoelectron emission from a solid.
(a) Sketch representing initial and ﬁnal (excited) energy
states of electrons in the solid: valence band VB; inner core levels LI,II,III and K; adsorbate energy EAD ,
Φ = hν0 is the work function or ionization potential of
the highest energy electron of the valence band; χ is the
electron afﬁnity; Eg is the width of the band gap. For
metals VB is the conduction band and Eg = 0. (b) Spectrum of photoelectrons in vacuo; VB is signal of valence
band electrons; AD are electrons at the adsorbate level;
LI,II,III and K are inner core levels; AU 1 , AU 2 , AU 3
are lines and bands of Auger electrons, which appear
as a result of relaxation of inner core excited states (the
background signals belong to scattered primary and secondary electrons; Ek is photoelectron kinetic energy).

PHOTOEXCITON

(2) The main equation, which describes the process, is Einstein’s equation ω = Eb + KE
which connects the energy of incident quantum ω with Eb and the electron kinetic energy KE. If the object under investigation is a
solid, then it is necessary to include a correction for the work function, and for charging the
sample (the latter is of highest importance for
non-conducting samples).
(3) The number of ejected photoelectrons is directly proportional to the irradiation intensity
(Stoletov’s law).
The absorption of luminous energy results in
the emission of electrons which are excited in the
bulk of the sample (bulk photoelectric effect), the
excitation and emission of electrons from the nearsurface layer (surface photoelectric effect), and
the ejection of excited electrons from the surface
of the sample (emission from surface states). The
number of emitted photoelectrons depends on the
density of occupied and empty electron states of
the solid and its surface, on the probability of optical transitions, on the probability of electron scattering in the course of motion towards the surface, and passing through the potential barrier. The
mean free path of photoelectrons depends on their
energy, and determines the depth of emission. One
may control the contributions of the bulk photoelectric effect and surface photoelectric effect to
the process of photoelectric emission by varying
the excitation energy hν. Measurable characteristics of photoelectron emission are (1) quantum
yield, i.e. the number of emitted photoelectrons
for a single photon incident upon the surface or
absorbed by it; (2) the dependence of the quantum yield on the photon energy (spectral characteristic); (3) the energy and angular distribution of
electrons, and (4) the extent of their spin polarization. Photoelectrons exhibit a continuous spectrum
from zero energy to ω − ω0 (Fig. (b)). The ﬁne
structure of the spectrum is determined by speciﬁc
features of the density of electron states and the
nature of the bulk and surface scattering of electrons. In this connection, photoelectron emission
plays a crucial role in the spectroscopy of electronic energy levels of solids, and in the investigation of electron scattering mechanisms.
The method of photoelectron spectroscopy allows the determination of the binding energy of
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inner core electrons with a high degree of accuracy (10−2 eV for UV and 10−1 eV for X-ray
radiation), and to identify the presence and concentrations of particular atoms. The use of monochromators makes it possible to obtain a resolution
of 0.5–0.2 eV, and to investigate various speciﬁc
features of the structure of a solid. The method
permits the study of thin surface layers 2–4 nm
thick, and using synchrotron radiation it is possible to investigate layers 0.8–1 nm in thickness,
and to pass continuously from the surface into
the bulk. Photoelectron spectroscopy is used as
a method of analysis of the surface and the bulk
of a sample. The distinctive feature of photoelectron spectroscopy is that this method provides not
only the quantities of the atoms of a given type,
but also the valences of these atoms. By taking
into account the sharp dependence of the photoionization cross-sections on the energy of the incident quanta, which differs in the UV and synchrotron spectral regions, one may determine not
only the overall density of states in the valence
band, but also the partial densities of states. Exploration into the angular dependences of the photoelectron spectra is a principal method for investigating of the dispersion law of solids. The analytical application of photoelectron spectroscopy
is often called electron spectroscopy for chemical
analysis (ESCA) by chemists.
PHOTOELECTRON SPECTROSCOPY
EXPERIMENTAL METHODS
See Experimental methods of photoelectron
spectroscopy.
PHOTOEMISSION SPECTROSCOPY,
ULTRAVIOLET
See Ultraviolet photoemission spectroscopy.
PHOTOEXCITON
A quasi-particle resulting from the admixture

of states of a photon and an exciton when they
have a strong resonance interaction with each
other (see Polariton). The term “photoexciton” was
introduced to describe the actual elementary excitations in a crystal. Meanwhile the exciton is understood as an idealized excited state of a crystal
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calculated without taking into account the retardation in the Coulomb interaction between charges,
or the curl part of the ﬁeld that accompanies electromagnetic waves.
PHOTOFERROELECTRICS

Ferroelectrics which exhibit a change of their
physical properties (properties related to ferroelectricity) when undergoing optical excitation in
intrinsic or extrinsic spectral regions. Such crystals include, ﬁrst of all, ferroelectrics-semiconductors, i.e. ferroelectrics, which exhibit semiconducting properties. This class of crystals includes a large number of compounds, among
which are broad-band compounds like lithium,
barium and strontium niobates, compounds of the
VI
formula AV
2 B3 , and narrow-band semiconductors (e.g., compounds of the formula AIV BVI ).
Speciﬁc features of semiconducting ferroelectrics
consist in the effect exerted by electrons on the
thermodynamic functions and their behavior in the
neighborhood of the Curie point, and in the inﬂuence exerted by nonequilibrium electrons produced by the optical illumination on the ferroelectric properties, i.e. photoferroelectric phenomena.
These phenomena include: (1) shift of the Curie
point (often a decrease of TC during illumination);
(2) change of spontaneous polarization P ; (3) photorefraction; (4) change (often decrease) of thermal hysteresis; (5) change of spontaneous deformation (photodeformation effect), photodielectric
effect, and other effects.
On the phenomenological level, the description of photoferroelectrics is based on the relationship between the coefﬁcients of expansion of the
free energy in powers of the polarization P , and
the concentration of photoexcited carriers of current, which are captured by traps for mobile particles. The microscopic mechanisms inﬂuencing the
properties of photoferroelectrics during illumination may result from the Jahn–Teller effect, spontaneous polarization shielding, recharging of ferroelectrically active impurity centers, etc.
PHOTOGRAPHIC IMAGE

See Latent photographic image.

PHOTOGRAPHIC MATERIALS

Light-sensitive layers for image recording or
for storage of light signals and other optical information, including binary coded information, applied to a mechanically strong substrate (glass,
polymer ﬁlm, paper, etc.). Photographic materials with a light-sensitive layer of the gelatinous
suspension of silver halide (AgHal) microcrystals in gelatin, called photoemulsions, have traditionally been the most widespread types in use.
In recent years photographic materials with other
types of light-sensitive layers having no silver
have appeared such as: diazotype (diazo print),
photochromic (see Photopigments), thermoplastic, electrophotographic, photoresistor, etc. Photographic materials differ according to the type of
change that is caused by the light (photochemical, photophysical, photobiochemical), according
to their application, or to the presence or absence of ampliﬁcation of primary photoinduced
changes, according to the method of ampliﬁcation,
according to the possibility of reuse, to the type
of modulation of reading the light beam (amplitude, phase, mixed), to the ratio of brightnesses
in the object and its image (negative, positive),
to the possibility of transmission of gradations of
the gray tone scale, to the transmission of color
(black-and-white, monochrome, color, etc.). For
example, the common AgHal’s are photochemical photographic materials requiring chemical development, are nonreversible, and are amplitudemodulating. Photographic materials may be negative, positive and reversible; black-and-white or
color types, etc.
PHOTOGRAPHIC PROCESSES

Sequence of stages needed for recording optical images and other optical information on photographic materials. This sequence includes, along
with additional and optional processes, the following main stages: formation of a light sensitive layer, recording the optical information in the
form of a latent photographic image which is invisible to the eye; visualization of the latent image
through ampliﬁcation of changes induced by light
in the recording layer; data reading (automatic or
visual). If the recording is performed in a real time
mode, then the third stage is either combined with
the second or omitted, but the light sensitivity of

PHOTOLUMINESCENCE

the process becomes in this case extremely low.
At the ﬁrst stage of this classical photoprocess
(in which an emulsion containing silver halide is
used) the liquid emulsion is subjected to chemical
nucleation (warming-up in the presence of chemically active impurities), which leads to the generation of impurity centers (deep electron traps) at the
surface of microcrystals of AgHal. At the second
stage, the exposure of the sample to light produces
small clusters of Ag (latent photographic image)
generated at the ﬁrst stage impurity centers. The
third stage (development) involves speciﬁc reduction of only those microcrystals which contain the
clusters, and which form the latent image; thus the
process of reduction is selectively catalyzed. For
several atoms of Ag, which are produced under
the inﬂuence of light, there are up to 1010 chemically generated Ag atoms, so the gain factor of
the primary photochemical product is very large,
 109 . It is a common practice to put most of
the silver halide layers through spectral sensitization at the ﬁrst stage of the photoprocess. Spectral sensitization is the process whereby the sensitivity (naturally limited by the edge of the AgHal
fundamental absorption band in the blue–violet region of the visible spectrum) of a photographic
layer is extended to longer wavelengths (shortwavelength infrared) by the adsorption of sensitizing dyes (spectral sensitizers) on the AgHal
surface. Besides this development, the third stage
(visualization) also includes the removal of unexposed microcrystals from the emulsion layer (photographic ﬁxing).
PHOTOGRAPHY, NONSILVER
See Nonsilver photography.
PHOTOINDUCED LIGHT SCATTERING
Quasi-elastic nonlinear light scattering in pho-

torefractive crystals (crystals in which the index of
refraction depends on the light, see Holography).
The monochromatic light wave incident upon the
crystal induces in it a multitude of noise waves,
which are scattered by static optical (bulk and
surface) inhomogeneities. Each elementary component of the scattered light is coherent with respect to the corresponding elementary component
of the incident light; elementary components of
scattered and incident light form an interference
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pattern, through the agency of which a noise holographic grating is formed in the crystal (see Diffraction grating). The weak scattered wave may be
ampliﬁed by virtue of the diffraction of the incident wave by this lattice (holographic light ampliﬁcation). An increase of intensity of the scattered wave brings about an increase of contrast
of the interference pattern, and raises the diffraction efﬁciency of the lattice, which leads to further
ampliﬁcation of the scattering, i.e. the process is
nonlinear. Depending on the kind of holographic
ampliﬁcation, which causes photoinduced light
scattering, the scattering process may be either stationary or nonstationary. The properties of photorefractive crystals manifest themselves in the
anisotropy of processes for recording and reading the data of noise holographic gratings; the efﬁciency of diffraction by these lattices depends
on their wave vector, and the polarization of the
incident wave. Such anisotropy results in speciﬁc angular dependences of the scattered light.
The far zone region may exhibit either comparatively large-angle scattering (characteristic of
photoinduced light scattering, related to nonlocal mechanisms of photorefractive response and
nonstationary types of such light scattering) or
cross- and ring-shaped scattering patterns (characteristic of parametric ampliﬁcation processes at
arbitrary local or nonlocal response conditions).
Isotropic and anisotropic photoinduced light scattering are distinguished. The scattered light in the
isotropic process retains the state of polarization
of the incident wave; while in the case of the
anisotropic process the scattered light contains a
component with orthogonal polarization.
In certain photorefractive crystals (BaTiO3 ,
LiNbO3 , Ba–Sr niobate, Te, etc.) photoinduced
light scattering takes up most of the energy of the
incident beam, for a typical sample thickness of
several millimeters; the increments in this process
may exceed 10, which can involve the ampliﬁcation of a primary weak noise wave by a factor of
105 or more.
PHOTOLUMINESCENCE
Luminescence stimulated by optical excitation.

By virtue of the diversity of processes of energy
transfer and conversion, mechanisms of excitation
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PHOTOMAGNETOELECTRIC EFFECT

of photoluminescence in solids may differ, depending on the wave length of the exciting radiation. The spectrum of photoluminescence excitation (dependence of luminescence yield on wavelength of exciting radiation) exhibits a red-shifted
edge located, in accordance with the Stokes’ rule,
in the spectral region before the longest wavelengths of the photoluminescence. Vavilov laws
also hold for photoluminescence.
PHOTOMAGNETOELECTRIC EFFECT
The same as Kikoin–Noskov effect.
PHOTOMECHANICAL EFFECT

The appreciable decrease (by 30–70%) of
microhardness of a material, which takes place un-

der exposure to light (discovered by L.C. Kuczynski, R.H. Hochman, 1957). The photomechanical
effect is observed in monocrystals of germanium,
silicon, various binary and more complex semiconducting materials, in certain metals (antimony, tellurium), alkali-halide crystals, crystals of yttrium
iron garnets. Studies have been made to determine
the inﬂuence of electrically active and gaseous
impurities in crystals which exhibit the photomechanical effect. Electrically active impurities reduce the magnitude of this effect in germanium
and silicon. The photomechanical effect can even
vanish for concentrations of electrically active impurities ∼ 1025 m−3 . The same effect arises from
the incorporation of various impurities into lattices of alkali-halide crystals (with the valence of
the impurity differing from that of the host lattice
ions). Very pure monocrystals also fail to exhibit
a photomechanical effect. Neutral gaseous impurities (nitrogen, helium) also have no inﬂuence on
the magnitude of the effect. The spectral range of
the photomechanical effect is in the IR, and its
magnitude increases with increasing IR light intensity; until at an illumination ∼ 1 W/m2 the microhardness versus illumination curves reach saturation. The exposure time needed to produce the
photomechanical effect is between 0.02 and 0.5 s,
although it is possible that this time interval does
not actually characterize the induction time for
generating the effect, but rather the ability to measure the changes of hardness. A particular property of this effect is its pronounced decrease in
magnitude with an increase in temperature. As a

rule, the effect is not observed even at 100–200 ◦ C.
It also does not take place at high microhardness
indentations (high loads on indenter); this circumstance indicates that the photomechanical effect
may occur only in the surface layers of the material. The depth of the layer, which is plasticized by
the incident light, is 1–3 μm. Therefore, the photomechanical effect is sometimes called the surface
photoplasticization effect.
The nature of the photomechanical effect seems
to be related to photochemical transformations of
hydrogen- and oxygen-containing impurity groups
(perhaps OH− ) in the surface layers of crystals,
although various speculations have been made on
this subject at various times. All types of treatments which remove these groups from the surface layers (e.g., vacuum annealing) result in the
disappearance of the photomechanical effect. Hydrogen annealing, especially with slight oxidation
of the samples, as well as prolonged standing in a
damp environment, restores the effect. On the basis of these results the photomechanical effect is
classiﬁed among the groups of phenomena which
are known as the Rebinder effect, or the strength
reduction through adsorption during exposure to a
gaseous or liquid medium.
The probability of ﬁnding practical applications for the photomechanical effect is related to
the deformation of articles of small sizes, produced in brittle materials, and to speeding up the
polishing of semiconducting samples. The photomechanical effect plays a signiﬁcant role in
processes involving friction and wear.
PHOTON

Neutral particle of unit spin, which is the quantum of the electromagnetic ﬁeld. The photon energy is given by E = ω, and its momentum is
p = k = (ω/c)n, where  = h/(2π) is the reduced Planck constant, c is the speed of light in
vacuo, ω = 2πf is the frequency of the electromagnetic radiation, and n is unit vector directed
along the wave vector k. If the number of photons is sufﬁciently high, then the ensemble of them
forms a transverse classic electromagnetic wave
E = eA exp[−i(ωt − kr)], where e is the polarization vector of the wave, and A is its amplitude,
|k| = 2π/λ = ω/c. The following types of electromagnetic waves are distinguished: radio waves,

PHOTON ECHO

f = 102 –1011 Hz; infrared radiation, f = 1011 –
1014 Hz; optical (visible) radiation, f = 1014 –
1015 Hz, ultraviolet radiation, f = 1015 –1017 Hz;
X-rays, f = 1017 –1019 Hz; and gamma rays, f =
1019 –1022 Hz.
A photon in a solid is a quasi-particle, which
differs from the photon of free space because of
its interaction with excitations of the solid. This
interaction, which takes place away from absorption bands, manifests itself in the capture and reemission of a photon without loss of energy, which
results in the retardation of the photon, i.e. the de√
crease of its velocity v = c/n, where n = ε is the
refractive index of the solid under consideration.
Those photons, which exhibit frequencies from
the absorption band, are captured by the solid and
their energy is transmitted to quasi-particles produced in the solid: electrons, excitons, phonons,
etc.
A large number of photons of a certain frequency form a classical electromagnetic wave,
whose electric ﬁeld vector brings about a separation of charged particles which are present in
the solid. In other words, a polarization wave P =
χE = χeA exp[−i(ωt − k 0 · r)] is induced, where
the susceptibility χ is a complex tensor of the system polarizability. The electric ﬁeld of the wave
inside the solid has two components: namely, the
free electromagnetic ﬁeld E, and the ﬁeld of the
polarization wave P ; taken together, these two
components form the electric displacement (electric ux density): D = ε0 E + P = ε0 (1 + χ̂)E =
ε̂E; where ε̂ is the dielectric constant (or permittivity) tensor (SI units are being used). In the
neighborhood of absorption bands, which involve
the production of localized excitations, the ε̂ tensor becomes a complex quantity and the electromagnetic wave decays via e−αz due to the the absorption coef cient α, which comes from the imaginary part of ε̂. In the neighborhood of an absorption band, which is associated with the production
of nonlocalized excitations of the solid, photons
exist in the form of quasi-particles called polaritons, which propagate at speeds less than c, and
decay as a result of the breakup of excitations of
the solid. A polariton is a quantum of a coupled
photon and phonon.
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PHOTON DRIFT

Directional propagation of photons and related
drift of nonequilibrium charge carriers (see Current carrier drift), which occurs in variband semiconductors. Photon drift takes place at high values
of internal luminescence quantum yield η, and low
gradients of the width of the band gap Eg as a result of the effects of reemission and anisotropy of
the absorption coef cient α of the recombination
radiation. One may sketch the qualitative pattern
of photon drift by assuming (for ease of presentation) η = 1, and the drift mobility of current carriers μ = 0. In the context of these assumptions, the
pairs of carriers, which are generated at the point
zi by external excitation, undergo radiative recombination at the same point. The photons, which
move in the direction of decreasing Eg , are absorbed at the distance α −1 from the point zi , thus
producing new pairs of carriers. Thus the directional absorption of the recombination emission
results in the directional transfer of current carriers
from the point zi to the point zi + α −1 . In actual
variband crystals this mechanism of nonequilibrium carrier transfer is accompanied by their drift
in the applied quasi-electric ﬁeld (see Variband
semiconductors); the transfer mechanism of photon drift may play the leading role when the following criteria are satisﬁed:
⎧
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where L is diffusion length, and α is the averaged
absorption factor for the recombination radiation.
PHOTON ECHO

Coherent radiation of light, which results from
the delayed response of a material to irradiation
by two (or more) sequential laser pulses; optical
analog of an electron spin echo or a nuclear (i.e.
NMR) spin echo. In an electron spin echo experiment (see Fig.) a high-power pulse I of microwave
energy aligns electron spins along the applied
magnetic ﬁeld direction, and then for a time interval τ they precess around the ﬁeld at slightly different frequencies, gradually getting out of phase

1000

PHOTOPIGMENTS

Pulse–echo sequence, where I, II, and III are optical pumping pulses, S1 is the primary photon echo, and S2 is the
stimulated photon echo.

with each other. After the time interval τ a second microwave pulse II turns around the direction
of the precessions, so the spins reverse their motion and gradually get closer together in phase. After another τ interval of time they are all again in
phase with each other, and so they radiate a signal S1 called an echo. This sequence of events is
shown on the left side of the ﬁgure.
A material which exhibits photon echos must
possess phase memory, i.e. retain information of
optical parameters of the pumping ﬁelds over a
period of time which exceeds the duration of the
pumping pulses, and the time intervals between
these pulses.
Photon echo has its origins in matching the
phases of oscillations of dipoles with slightly different natural frequencies. The moment of phase
matching determines the moment of initiating the
photon echo signal, which depends on the pumping conditions (widths of absorption and pumping
spectral lines, pulse intensity, etc.). This dependence takes its simplest form in the case of very
short and intense pulses, when the delay time τ
of the photon echo is equal to the interval between two initial impulses (see Fig., left). Unlike
spin echo, the photon echo exhibits sharply deﬁned directionality, which results from the propagation and interference of light waves. The direction of the photon echo wave is determined by the
wave vector k e , and is subject to the conditions of
vector alignment (synchronism). In the case of a
primary photon echo S1 , this condition (given by
the equation k e = 2k 2 − k 1 ) is satisﬁed only in
the case of low angles between k 1 and k 2 (pumping vectors I and II shown in Fig.), i.e. at k 2 =
k 1 . In the case of a stimulated photon echo S2 ,
brought about by a third light pulse III, the alignment k e = k 3 + k 2 − k 1 and phase matching may
be observed in several directions (in particular, in
Bragg directions). For example, at k 3 = k 1 the

wave of the photon echo propagates in the direction of the second pumping beam (k e = k 2 ), and
at k 3 = −k 2 the case of a reversed photon echo is
realized (k e = −k 1 ).
Applications of photon echo are: spectroscopy
of extra-high resolution (determination of dipole
moments of transitions, longitudinal and transverse relaxation times, etc.), space–time transformations of wave ﬁelds in real-time holography
(multiplication of phase disturbances, reversal of
light wave fronts, optical processing of information).
PHOTOPIGMENTS, photochromic materials

Class of light-sensitive materials which experience a reversible change of color or of optical density under exposure to activating radiation of suitable wavelengths (see Photochromic effect). Photopigments may be gaseous (aerosols),
liquid, vitreous, or crystalline. Depending on their
function, photopigments are produced in various
states: in the form of liquid solutions, ﬁlms, coatings, ﬁbers; their sizes are not limited. Solid-state
photopigments are silicate glasses, which contain
crystals of silver halides, activated alkali-halide
crystals, oxides, and salts of alkaline-earth metals
(CaF2 :La, Ce), polymers, etc. The principal characteristics of photopigments include the absorption spectra of initial and photoinduced states, the
spectral region and the value of the light sensitivity, rates of darkening processes, reversibility of
the photochromic cycle.
Most photopigments undergo photochromic
transformations under exposure to UV and shortwavelength visible radiation. Application of various sensitizers or preliminary excitation with UV
irradiation (optical sensitization) facilitates the extension of the light sensitivity to longer wavelengths (spiropyranes, photochromic glasses).
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In theory the limiting light sensitivity of photopigments is 0.25 m2 /J, but actual values of their
light sensitivity are smaller by 2 to 3 orders of
magnitude. The time constant for the transition of
a photopigment from its initial state to the photoinduced state is determined for the most part by
the intensity of the exciting radiation, and by the
duration of the photochemical processes, the latter
being 10−13 –10−7 s for most photopigments. The
lifetime of the photoinduced state of a photopigment varies over a wide range depending on the
type of material; and at room temperature it may
range from several microseconds to many months
and even years. The limits of variations of the lifetime of a given photopigment are temperature dependent.
Certain photopigments exhibit fatigue, i.e. a degredation or loss of photochromic properties during the process of storage and operation, yet most
inorganic photochromic crystals survive more than
104 darkening–decoloration cycles with no change
of properties.
PHOTOREFRACTION, photorefractive effect
Photoinduced change n of the refractive
index n in ferroelectric and piezoelectric mate-

rials (i.e. photorefractive materials); it is sometimes called “optical distortion”. From the
practical point of view, the phenomenon of photorefraction consists in the reversible change of
birefringence during local illumination of a piezoelectric or ferroelectric crystal with intense transmitted light (focused laser beam). The magnitude of this change reaches 10−4 –10−3 for certain
crystals (LiNbO3 , LiTaO3 ); the memory time of
the effect ranges over fairly broad limits (from
milliseconds for BaTiO3 to months in the case of
LiNbO3 ). Photorefraction has found an application in the recording of three-dimensional holograms. The recording of a hologram is carried out
through volume modulation of n, which corresponds to modulation of the recording beam, and
the resolution is quite high (see Holography).
Photorefraction may be produced by a number
of mechanisms:
(1) A bulk photovoltaic effect leads to the generation of a strong electric ﬁeld in an isolated
ferroelectric, and this ﬁeld induces the change

of n by virtue of the linear electrooptical effect. This mechanism of photorefraction is the
prevailing one in the case of ferroelectrics like
LiNbO3 :Fe.
(2) Optical recharging of impurity centers, which
results in a photoinduced change of the spontaneous polarization (see Ferroelectricity).
(3) Generation of local electric ﬁelds via nonuniform illumination of the crystal (diffusion
mechanism); this mechanism is also observed
in nonferroelectric electrooptical photoconductors.
(4) Pyroelectric mechanism, according to which
the ﬁeld arises through the agency of heating
via the pyroelectric effect.
The change of birefringence n, which takes
place at illumination of an electrooptical crystal
in the external ﬁeld, is also attributed to photorefractive phenomena. In this case the photorefraction is caused by the screening of the external ﬁeld
applied to the crystal by nonequilibrium charge
carriers. This kind of photorefraction has found
an application in the production of electrooptical recording of information through the processing of crystals of the sillenite group (Bi12 GeO20 ,
Bi12 SiO20 ).
PHOTOREFRACTIVE CRYSTALS
See Holography.
PHOTOREFRACTIVE EFFECT
See Photorefraction.
PHOTORESISTIVE EFFECT
See Photoconductivity.
PHOTORESISTORS

Optoelectronic devices (see Optoelectronics),
whose operation is based on the change of resistance of the active element at exposure to light (see
Photoconductivity). Unlike electromechanical potentiometers, photoresistors do not have moving
mechanical contacts, so there is a sharp increase
of the speed of response, a raising of the threshold of sensitivity, and an improvement of the reliability. Along with linear photoresistors, which
have a uniform distribution of resistance, there exist widely used functional photoresistors; and to
assure that these latter devices have a favorable
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response in their output characteristics, a nonuniform distribution of resistance is created in them
during the course of their manufacture. For this
purpose a thin ﬁlm technique is employed which
combines metallic ﬁlms of good conductivity with
photosensitive semiconducting layers. Photoresistors can have a high sensitivity at various regions
of the optical spectrum and beyond it, including Xrays and gamma radiations. They are used in automatic devices, computer engineering, systems for
information processing, etc.
PHOTOTHERMOPLASTIC MATERIALS
See Nonsilver photography.
PHOTOTRONIC EFFECT
See Photovoltaic effect.
PHOTOVOLTAIC CELL

A device based on an semiconductor junction
or a metal–semiconductor structure. The illumination of the rectifying contact by quanta of energy exceeding the band gap generates electron–
hole pairs in the semiconductor which are separated by an electric ﬁeld inside the contact. This
causes electric current to ﬂow in the external circuit of the photovoltaic cell. Such photocells are
widely used in electronic devices and in industrial
automation systems (see also Photodiode).
PHOTOVOLTAIC EFFECT, phototronic effect

Appearance of an electromotive force (emf)
upon the absorption of light by an inhomogeneous
semiconductor which generates minority carriers
called photocarriers. (If the circuit is closed during the light absorption then a current ﬂows.) The
reason for the appearance of the photoelectromotive force is the separation of the photocarriers by
the built-in (internal) electric ﬁeld, associated with
the inhomogeneity. If the boundary of a homogeneous sample plays the role of the inhomogeneity,
then the photoelectromotive force exists for differing mobilities of electrons and holes, and it is
referred to as a diffusion photo-emf (Dember emf)
(H. Dember, 1931). It is associated with the different velocities of the diffusion motions of the nonequilibrium electrons and holes from the illuminated face, where their concentration is high, and
also it is associated with the appearance of an ambipolar diffusion ﬁeld.

Upon illumination of an inhomogeneous semiconductor there appears a bulk photo-emf, proportional to the dark (before illumination) resistance. The Dember and bulk electromotive forces
in semiconductors are low (V ∼ 1 mV). When
light generates charge carriers in the vicinity of a
potential barrier, i.e. upon illumination of a metal–
semiconductor junction or a semiconductor–semiconductor junction, there appears a gate emf. The
built-in electric ﬁeld present at the barrier separates the photoelectrons and photoholes, and as a
result the height of the potential barrier is reduced,
and electric current starts to ﬂow within the circuit. A maximum gate emf appears at p–n homoand heterojunctions that may reach several volts.
If the semiconductor junction is closed by the external load then it plays the role of a transducer
of light energy into electrical energy. Photovoltaic
cells and solar cells operate using this principle.
If the illuminated sample is placed in a magnetic ﬁeld directed perpendicular to the light ﬂux
onto one of the sample faces, then even when the
electron and hole mobilities are equal there appears a transverse emf perpendicular to both the
magnetic ﬁeld direction and the light ﬂux direction
(Kikoin–Noskov effect). This electromotive force is
associated with the deﬂection of the diffusing photoelectrons and photoholes to opposite side faces
of the sample by the Lorentz force. See also Anomalous photovoltaic effect, Bulk photovoltaic effect,
Circular photovoltaic effect.
PHOTOVOLTAIC EFFECTS

For different varieties, see also Anomalous
photovoltaic effect, Bulk photovoltaic effect, Circular photovoltaic effect.
PHYSICAL ADSORPTION
Type of adsorption process, in which the chem-

ical bond between molecules (atoms) that form the
solid surface (adsorbent) and the particles being
adsorbed, arises from van der Waals forces. Physically the adsorbed molecules preserve their chemical individuality, and the adsorption is reversible
so the molecules which become physically adsorbed may be desorbed after some “lifetime” τ
at the surface (see Desorption). The value of τ depends on the bond energy of the adsorbed particle
with the surface, on the type of adsorbant, and on

PICO. . .

the surface temperature Ts . At room temperature
τ ∼ 10−9 s, and with the reduction of Ts to a value
of the order ∼100 K, the lifetime τ increases up
to times of the order of ∼1 s. At equilibrium the
rates of adsorption and desorption are equal. An
equilibrium coating, prepared under ordinary circumstances, amounts to fractions of a monolayer.
For an adsorbent surface temperature Ts close to
the adsorbate condensation temperature, and also
under high pressure, the equilibrium coating may
increase up to a monolayer, or even to a multilayer.
The dependence of the monolayer coating on the
pressure under constant temperature conditions is
described by the Langmuir adsorption isotherm.
PHYSICOCHEMICAL MECHANICS

A branch of physical chemistry which studies
the relationships between the properties of multiphase (dispersed) systems, and the physicochemical properties of the interface surfaces between
the phases. Methods of physicochemical mechanics are used to prepare dispersed systems with
pregiven properties (strength, durability, porosity,
etc.).
PHYSICOCHEMICAL METHODS OF ANALYSIS

Methods used for the qualitative and quantitative determination of the composition of a
substance (see Qualitative analysis, Quantitative
analysis). They are based on the speciﬁcs of the
individual physical properties of the separate components or phases of the material. The goal of
physicochemical methods of analysis is to completely ascertain material compositions over a
broad range of concentration. In complicated systems this goal is seldom reached by any one
method of analysis, but the combined application
of several methods allows one to approach it. It is
customary to select some speciﬁc property of the
component under investigation, and to construct
a process for bringing about its quantitative determination, or even, in some cases, to separate
it from the other components. Typical properties
on which physicochemical methods of analysis are
based, are: thermal conductivity, speci c heat, heat
of combustion, latent heat of phase transition, diffusion coef cient of particles, mass of molecule
or ion, size of molecule, adsorption energy, ionization potential, electron af nity, electrochemical
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potential for separation at an electrode, polarizability and diamagnetism, light absorption spectrum,
uorescence spectrum, magnetic moment of nucleus and the electron shells, etc. All the methods
based on these properties, are, in essence, physical
ones. They may be called physicochemical when
a chemical reaction is included in the preparation
or transformation of the material. For example, the
transformation of the material to the gaseous state
for mass-spectrometric analysis (see Mass spectrometry); the attachment of ﬂuorescent markers to
speciﬁc molecules for ﬂuorescent analysis.
PHYSICS OF METALS

Division of physics studying the nature, structure, composition and physical properties of
metals and alloys, as well as the processes that
take place when metals and alloys are exposed
to treatments and other inﬂuences. Since physical
concepts and physical methods of investigation are
widely employed in metal science and metallurgy,
the physics of metals plays an important role in
preparing alloys with preset properties.
A major focus of present day research is the
study of the electronic structure and characteristics (electronic, magnetic, spectral, etc.) of metals and alloys, their properties associated with the
arrangement and motion of atoms (elasticity, plasticity, thermal, diffusion properties, etc.), as well as
special features and kinetics of phase transitions.
Of particular importance is investigating the disruption of crystalline regularity that results from
defects (see Defects in crystals) and imperfectly
ordered arrangements of atoms at alloy crystal lattice sites. The theory of metals is based on applying the quantum theory of solids, statistical
physics, and physical kinetics. Of wide use in the
experimental studies of metals are electron diffraction analysis, neutron diffractometry, X-ray structure analysis, as well as electron microscopy, electron resonance, electrical, magnetic, and other investigation methods.
PICO. . .

Preﬁx for a physical unit name, which allows
obtaining a multiple unit, equal to 10−12 initial
units. Symbol: p. Example: 1 pF (picofarad) =
10−12 F.
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PIEZOELECTRIC CERAMICS

Table 1. Piezoelectric ceramics of functional groups 1 and 2
Functional
group

Material
type

ε33 /ε0

kp

dij ·1012 , C/N

gij ·103 , V·m/N

Loss tangent

d31

d33

g31

g33

E < 25
kV/m

E  30
kV/m

24.0
–
38

0.035
0.015
0.02

–
–
–

–
15
22

0.0075
0.012
0.004

0.04
0.035
0.01

1

PZT-19
PZTNV-1
RPC-1

1725 ± 325
2250 ± 560
700

0.4
0.45
0.62

100.0
165.0
–

200.0
400.0
–

10.6
–
16.5

2

PZT-23
PZTB-3
RPC-6

1075 ± 225
2300 ± 500
2300 ± 500

0.43
0.45
0.64

100.0
125.0
195.0

200.0
320.0
440.0

–
–
–

PIEZOELECTRIC CERAMICS

A speciﬁc type of ferroelectric ceramic material (see Ferroelectric ceramics) with high values of piezoelectric parameters. These ceramics
consist of many randomly arranged crystal grains.
An individual crystal grain is a monocrystal with
its volume divided into domains. A material with
domains arbitrarily oriented in space forms an
isotropic texture with no piezoelectric properties.
Tempering (heat treating) ceramics in a strong
electric ﬁeld (∼30–40 kV/cm) at a temperature
around 100 ◦ C results in the appearance of piezoelectric properties, a process called polarization
of piezoelectric ceramics. During this process the
vectors of spontaneous polarization (see Ferroelectricity) in separate crystal grains and domains
orient themselves along the ﬁeld. The complex
processes of interactions of domains, alligning
of crystal grains, ordering of impurities, etc. together with a number of other factors all result
in freezing the direction of spontaneous polarization, and the retention of piezoelectric properties
in the ceramics after the ﬁeld is removed. In other
words, we obtain a ceramic piezotexture. Not all
the polar axes of all the crystal grains and domains align along the direction of the polarizing
ﬁeld, rather they are found within a solid angle
that usually does not exceed θ ∼ 50–60◦ . Therefore, the average values of piezomoduli are about
half their respective values for monocrystals. Nevertheless, piezoelectric ceramics are widely used
to produce electroacoustic and electromechanical
devices. The primary reason of such a popularity is the possibility of shaping piezoelectric elements into various sizes and conﬁgurations, the

QM

Tc , ◦ C

50
70
90

290
240
355

200
200
1100

275
180
230

relative simplicity of manufacturing, and the high
degree of reproducibility of piezoelectric parameters. Among the most important of these parameters are the dielectric constant εij , the electromechanical bonding factor kij , the piezomodulus
dij , the mechanical quality QM , the piezoelectric
sensitivity gij , and the relative change of resonance frequency, δfθ /fr .
A number of piezoelectric ceramic materials
have been developed and many are on the market. These are solid solutions based on BaTiO3 ,
PbTiO3 and NaNbO3 , solid solutions of the
PbTiO3 –PbZrO3 composition (PZT), and also
materials that are called Donetsk piezoelectric ceramics (DPC) and Rostov piezoelectric ceramics
(RPC). Piezoelectric parameters of such ceramics depend on their composition, the presence of
morphotropic phase transitions, and the speciﬁc
state and composition of material in the range of
that transition. In terms of the possible combinations of piezoelectric parameters the ceramic materials may be classiﬁed into the following functional groups:
1. Materials used to produce highly sensitive
piezoelectric ceramic elements which function
as receptors or emittors. High sensitivity of
such materials to mechanical stress is provided
by high values of the gij factor.
2. Materials stable with respect to electric and
mechanical actions, used to produce devices
that function at high power. The parameters of
some of the materials from groups 1 and 2 are
presented in Table 1.
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Table 2. Piezoelectric ceramics in functional groups 3 and 4
Functional
group

Material
type

ε33 /ε0

kp

d31 ·1012 , g31 ·103 , Loss tangent,
C/N
V·m/N E = 225 kV/m

QM

δfθ /fr

Tc , ◦ C

−60 to −10 to
+85 ◦ C +50 ◦ C

3

PZT-22
800 ± 200
NBC-3
1800 ± 400
PZT-35
1000 ± 200
DPC-329 320 ± 50
RPC-15
950

0.2
0.2
0.38
0.43
0.45

27.0
45.0
70.0
40.0
75.0

–
–
–
–
–

0.025
0.020
0.025
–
0.006

400
300
550
1000
2500

0.435
1.45
0.50
50 ± 10
0.30

0.18
0.60
0.20
–
0.10

320
250
300
330
325

4

PZT-21
RPC-24

550 ± 150
480

0.2
0.53

26.6
64.0

5.5
15.1

0.025
–

100
200

2.90
3.80

1.20
–

400
–

3. Materials featuring high durability and temperature stability of their resonance frequency,
used to build ﬁltering and other selective devices operating with volume waves. Materials with high electromechanical bonding factors are also preferable for this application; the
width of their transition band and their mechanical qualities are responsible for the sharp
peak of the amplitude-frequency characteristic
within the transition band.
4. High temperature materials to produce elements that remain operable at temperatures in
excess of 300 ◦ C and feature higher stability of
their piezoelectric parameters in the prescribed
temperature and mechanical stress ranges. The
parameters of some of materials from groups 3
and 4 are presented in Table 2.
PIEZOELECTRICITY (discovered in 1880 by
P. and J. Curie in quartz and other crystals)

A phenomenon consisting in the appearance
or change of electric polarization as a result of
mechanical stress (direct piezoelectric effect), or
of mechanical strain under the effect of an electric ﬁeld (inverse piezoelectric effect) in certain
anisotropic insulators and semiconductors (piezoelectrics). The inverse piezoelectric effect should
be distinguished from the electrostriction that is
observed in all materials. In the piezoelectric effect the strain depends linearly on the electric
ﬁeld, while it is quadratic in that ﬁeld for electrostriction. The necessary condition for the existence of a piezoelectric effect is the absence of
a center of symmetry in the structural elements

of the system. Hence, the piezoelectric effect is
observed in crystalline materials belonging to 20
of the 32 symmetry point groups. Among them
are nonopolar piezoelectrics (e.g., quartz, potassium chlorate and bromate, nickel sulfate), and polar piezoelectrics or pyroelectrics (see Pyroelectricity), e.g., tourmaline, lithium sulfate, potassium
tartrate. A subgroup among the pyroelectrics is
comprised of ferroelectrics: monocrystals (e.g.,
Rochelle salt, barium titanate, ammonium phosphate) and polarized polycrystals – the piezoelectric ceramics; piezosemiconductors (e.g., cadmium
sulﬁde, zinc oxide, antimony sulfoiodite); organic
solid piezoelectrics (e.g., wood) and piezoelectric
polymers (such as polyvinylideneﬂuoride), and
electrets featuring a preferential direction in their
piezoelectric effect, i.e. the so-called piezoelectric
texture found in them.
The mechanism of direct piezoelectricity is related to the appearance or change of an electric
moment, i.e. to the spatial redistribution of electric
charge in the structural elements of solids (e.g.,
crystal lattice unit cells) that develops under the
effect of mechanical stresses produced by compression, extension, shear. When the electric ﬁeld
affects elementary charges in a structure they suffer displacements, the average distances between
them change, and a deformation takes place (inverse piezoelectric effect).
Piezoelectricity in various materials is characterized by the values of their piezoelectric constants which are components of third-rank tensors, di,kl , gi,kl , ei,kl , hi,kl (i = 1, 2, 3 and k, l =
1, 2, 3) that determine the mutual relation between
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the components of electric polarization Pi (electric ux density Di ) and those of mechanical stress
σkl (e.g., Pi = kl di,kl σkl ), of strain ukl and

the electric ﬁeld Ei (e.g., ukl = i di,kl Ei ) in
the corresponding equations of state. The tensor components di,kl are symmetric in the last
two indices k and l. These components, which
are most often used in physics and technology,
are called piezomoduli (e.g., quartz has d1,11 =
2.31·10−12 C/N, the BaTiO3 piezoelectric ceramics have d3,33 = 10−10 C/N). Important characteristics of piezoelectricity are the electromechanical bonding factors, ki,kl = di,kl /(εii Snn )1/2 ,
where εii  and Skk  are, respectively, components
of the tensors of the dielectric constant and elastic compliance. They deﬁne the ratio of the energy
of strain due to the piezoelectric effect, to the total
energy of the electric ﬁeld acting on the piezoelectric (e.g., k1,11 = 0.095 for quartz, and k3,33 = 0.5
for BaTiO3 ).
Currently more than a thousand piezoelectrics
are known. Among them are natural materials
(i.e. found in the natural environment, such as
quartz, tourmaline) and artiﬁcial piezoelectric materials which are synthesized in the laboratory or
processed electrically or mechanically to produce
a piezoelectric texture. Such are, e.g., piezoelectric ceramics, piezoelectric polymers, and piezoelectric composite structures (the latter combine
crystalline piezoelectrics with polymer materials),
and also electrets.
Among materials belonging to the 20 groups
without centers of inversion the most powerful
piezoelectric properties are displayed by ferroelectrics: single crystals and polarized polycrystalline compounds (piezoelectric ceramics) belonging to the group of pyroelectrics (10 such
groups are known). Such crystal compounds display abnormally strong piezoelectricity because
of a ferroelectric phase transition which differentiates them from the more common, so-called
linear pyroelectrics (see Ferroelectricity, Electromechanical effects). Some examples of these are
Rochelle salt, antimony sulfoiodide, piezoelectric ceramics based on barium titanate or lead
titanate – zirconate. Piezoelectric materials ﬁnd
many technological applications, in particular in
electro-acoustics as active elements in piezoelectric transducers (see Acoustic wave transducer). Of

signiﬁcant interest are also piezopolar ﬁlms and
piezoelectric composite structures offering a number of construction advantages, as well as piezosemiconductors characterized by a strong electron–
phonon interaction.
PIEZOELECTRIC MATERIALS

Materials used to manufacture piezoelectric elements for various functional devices in radioelectronic technology: ceramics, composite materials and polymeric materials. The material may
be textured, polarized, made single-domain by superposing a constant electric ﬁeld or by way of
a corona discharge or mechanical deformation.
The operations of sound and ultrasound recorders,
adapters, microphones, deformation sensors, mechanical-electric generators of electric energy are
based on the direct piezoelectric effect, while
the operations of sound and ultrasound emitters, piezoelectric motors, atomic force microscope, scanning tunneling microscope, piezoelectric transformers of voltage and current, are all
based on the inverse piezoelectric effect (see Piezoelectricity).
The operation of resonance frequency stabilizers, sensors of pressure, humidity, chemical composition, etc., and piezoelectric ﬁlters is based on
the piezoelectric resonance effect. Piezoelectric elements are manufactured preoriented in their crystallophysical directions in such a way as to provide
a quality factor (QF), optimal for this or that particular application. The value of the QF is given in
relative units with respect to piezoquartz (QF = 1).
In the reception mode the QF for piezoelectric ceramics reaches 2–4; its value is 8 for lithium niobate; 10 for lithium tetraborate; 10–12 for polarized polyvinylideneﬂuoride; 20 for Rochelle salt;
3–30 for piezoelectric composites. In the emission
mode, the QF for quartz is 1; it is 13 for Rochelle
salt; 15 for lithium niobate; 50–150 for piezoelectric ceramics. The best materials for piezoelectric resonators and other devices using them
are piezoquartz, lithium tantalate, selenites, zinc
oxide.
PIEZOELECTRIC MODULI

See Piezoelectricity.
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PIEZOELECTRIC TENSOR

A third-rank tensor deﬁning the interdependence of electric and elastic variables in piezoelectric materials. Two piezoelectric tensors are
in use: di,kr and ei,kr . The di,kr piezoelectric
tensor relates the components of the electric ux
density vector Di to those of the elastic stress
tensor, σkr (direct piezoelectric effect), and also
the components of the elastic strain tensor ukr
to those of the electric ﬁeld vector, Ei (inverse
piezoelectric effect): Di = εik Ek + 4πdi,kr σkr ;
ukr = Skrmn σmn + di,kr Ei . Here εik is the dielectric constant tensor, Skrmn is the elastic compliance tensor. Summation is done over the repeated
indices. When the independent elastic variables
are the components ukr then the piezoelectric
tensor eikr is used: Di = εik Ek + 4πei,kr ukr ;
σkr = ckrmn umn + ei,kr Ei . Here ckrmn is the
elastic modulus tensor. Both piezoelectric tensors
are symmetric in the last two indices. The maximum number of independent components of the
piezoelectric tensor is 18, and the minimum number is one (in the 23 (T ) and 4̄3m (Td ) cubic
classes). The components of the piezoelectric tensor are identically equal to zero in crystals having
an inversion center. The following relations link
together the di,kr and the ei,kr piezoelectric tensors: ei,kr = cmnkr di,mn and di,kr = Smnkr ei,mn .
The ei,kr piezoelectric tensor is commonly used in
the acoustics of piezocrystals.
PIEZOMAGNETISM (fr. Gr. πιεζ ω , to press, and
magnetism)

A piezomagnetic effect consisting in a change
in magnetization when elastic stresses are applied
to a magnetically ordered crystal. The components of the piezomagnetic moment Mi are linearly related to the elastic stress tensor, σαβ ,
so that Mi = αβ λi,αβ σαβ . Piezomagnetism is
only possible in those crystals where the magnetic symmetry permits the existence of piezomagnetic tensor components (λi,αβ ) which differ
from zero. Piezomagnetism in collinear antiferromagnets and weak ferromagnets results from the
spin–orbit interaction and the magnetic dipole interaction, and it is experimentally observed in crystals in which these interactions are strong enough.
For example, the experimental value of λ for CoF2
is λ ∼ 10−9 G·cm2 /dyn, while it is λ ∼ 10−11

G·cm2 /dyn for MnF2 . In exchange noncollinear
antiferromagnets of the type of UO2 , Mn3 NiN,
etc. the piezomagnetism may be of a purely exchange nature.
PIEZORESISTIVE EFFECT, tensoresistive effect
A strain-induced change of the resistivity (see
Electrical conductivity) in a solid. The piezoresistive effect is particularly noticeable in semiconductors where it arises from an alteration of the
energy spectrum of current carriers. Strain pro-

duces changes in either the ionization energy of
local electronic levels or the activation energy (for
conductivity involving an impurity band); there
appears a splitting of bands that are degenerate in the absence of directed strain or equivalent energy valleys in many-valley semiconductors; the energy gaps between nonequivalent valleys and the widths of band gaps can change.
The strain-induced changes of band structure parameters lead to changes of the current carrier
concentration, the magnitude, and the anisotropy
of electron (hole) mobility. This provides an appreciable piezoresistive effect which makes possible high sensitivity semiconductor strain gauges
whose resistance can vary greatly for comparatively low strains. The piezoresistive effect in
semiconductors is very nonlinear, with the exception of the so-called range of weak strains when
ε  kB T (here ε is the strain-induced variation of the band structure energy parameter). In
metals, owing to some particular features of their
band structure and a strong electron degeneracy,
strain-induced changes are insigniﬁcant, and are
determined mainly by geometric factors. In widegap insulators (εg > 3 eV, here εg is the width
of the band gap) the carrier concentration is quite
small (with the exception of the breakdown range
of electric ﬁelds, see Breakdown of solids) and
varies weakly with the strain because even under
high pressure the variation of εg is insigniﬁcant.
The ionic component of conductivity (see Ionic
conductivity) can vary with strain due to the variation of the ion mobility.
PIEZOSEMICONDUCTORS
Semiconductors exhibiting piezoelectric prop-

erties. In the presence of the piezoelectric ef-
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PIEZOSPECTROSCOPY

fect (see Piezoelectricity, Piezoelectric materials),
acoustic waves in crystals excite an electric ﬁeld at
a frequency coinciding with that of these waves.
Such a ﬁeld affects free current carriers, electrons and holes. Piezosemiconductors play the
role of active elements in devices used in electroacoustics and acousto-electronics, e.g., to amplify,
generate and modify the amplitude and phase
of the acoustic waves (in particular, the surface
acoustic waves, SAW). They are also used to
build electromechanical ﬁlters and nonlinear elements for radio-electronic circuitry. The presence
of the inner photoeffect makes it possible to apply
piezosemiconductors to tasks of acousto-optics.
Among various semiconductors this piezoelectric
effect is more strongly expressed in CdS, CdSe,
ZnO, ZnS (hexagonal symmetry crystals), and
also in ferroelectric semiconductors and photoferroelectrics such as SbSI.
PIEZOSPECTROSCOPY
Branch of the optical spectroscopy of solids

involving the study of optical spectra during the
directional (anisotropic) elastic strain of crystals. The usual objects of such studies are deformations of electron transitions (as manifested
in absorption, reﬂection and excitation spectra,
photoconductivity or luminescence). In a general
case the directional elastic deformation lowers the
crystal lattice symmetry, splits degenerate electron energy levels in crystals (both intrinsic and
impurity types), and shifts nondegenerate levels. This entails the reversible splitting (displacement) of the bands of the corresponding spectral transitions, this being the principal spectroscopic effect of a directional deformation. Another
piezospectroscopic effect consists in a reversible
change of band intensity and polarization (including “excitation” of forbidden transitions) that results from the mixing of electronic states during an
anisotropic deformation of the lattice. Piezospectroscopy studies are most informative in the case
of cubic crystals, since due to their high symmetry
such crystals feature the greatest amount of degeneracy in their energy states.
A static uniform anisotropic elastic deformation is usually produced by the uniaxial compression of a single crystal specimen along its [100],
[111], [110] axes, or by the planar extension (or

compression) of oriented thin plates. The maximum permissible stresses are determined by the
mechanical properties of the materials. Specimens
are cooled to helium or nitrogen temperatures to
narrow their spectral bands, and thereby simplify
the detection of their deformational splitting. Such
a detection is conducted by direct recording of
the spectra in polarized light, or by way of various sensitive techniques from the arsenal of modulation spectroscopy. The basic characteristics of
the piezospectroscopic effect that are measured are
the number of components in the split band, their
intensity, their states of polarization, and the frequency shifts of their components.
By comparing experimental characteristics of
piezospectroscopic splittings of electronic transitions with the phenomenological theory based on
group theoretical calculations (see Group theory in
solid state physics) and with perturbation theory,
one may obtain deﬁnitive data on the fundamental symmetry properties of both the impurity and
the intrinsic crystal electronic states in the crystals
under study. Among them are the point local symmetry of impurity centers and defects, the symmetry of their electronic states, their position in
k -space, and the symmetry of the extrema of exciton and electron bands. Also one may obtain data
on the multipole character of optical transitions,
and on the phenomenological numerical parameters that characterize the effect of electric deformations on electron states (in band structure calculations strain potentials play the role of such
parameters). Such determinations were performed
for a large number of impurity centers and defects (color centers) in ionic crystals, of deep levels and shallow levels in semiconductors, excitons
and band extrema in semiconductors belonging to
groups IV, III–V, II–VI, etc.
During piezospectroscopic studies of electron–
phonon band transitions (indirect excitations, vibronic structure of impurity atoms) one may also
determine the symmetry of the vibrations taking
part in those transitions. Separate observations are
also available of direct deformation splittings of
bands in the vibrational spectra of crystals (such
as local vibrations in IR spectra; vibrations active
in Raman scattering of light), and the resulting data
may be utilized to evaluate anharmonic interaction
constants.
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Studies of the spectra of crystals undergoing anisotropic deformation make it possible to
numerically predict the shift of bands during
isotropic deformation, i.e. those observed during
experiments with bulk (hydrostatic) compression.
The changes in the absorption spectra that result from anisotropic electric deformation yield
changes in the values of the crystal refractive index, that is, changes in the photoelastic constants
of the crystal.
PILE-UP OF DISLOCATIONS
A group of dislocations which accumulate near

an obstacle when exposed to an applied stress.
The obstacle for the piling-up of dislocations may
be a grain boundary, coherent or incoherent inclusions, or barriers formed by extended dislocations. In this case the main dislocation pile-up is
ﬁxed because of the interaction with the controlling ﬁeld of the obstacle whose gradient σ of internal stresses is usually rather large, so that at an
increase of σ the dislocation displacement is inﬁnitesimal, i.e. it may be considered ﬁxed. At every
piled-up dislocation there are present not only external stresses, but also interaction forces with
other dislocations of the pile-up. As a result, there
is a stresse concentration, and the main dislocation is acted upon by a force proportional to Nσ ,
where N is the number of dislocations in the pileup. If N is large enough then at the pile-up dislocation head there may appear stresses equal to
the theoretical strength that can initiate plastic ﬂow
(see Plastic deformations) or induce cracks near
the obstacle. The process of dislocation pile-up is
well approximated by the continuous dislocation
distribution approximation. The dislocation density n(x) is determined by the condition of force
equilibrium resulting from external stresses and
interaction forces in the dislocations of the pileup. In the particular case of a two-sided pile-up,
when both sides are symmetrically aligned, there
is a pile-up of dislocations with opposite signs,
which leads to
n(x) =

2(1 − ν)σ x
,
μb[(L/2)2 − x 2 ]1/2

where b is the magnitude of Burgers vector, μ is
the shear modulus, and ν is the Poisson ratio. The

total number N of dislocations of either sign in a
dislocation pile-up is
L/2

(1 − ν)Lσ
N=
n(x) dx =
.
μb
0

The force acting upon a unit length of the head
dislocation is F = πNbσ . For a single-sided pileup of dislocations clamped to the obstacle by the
0 the dislocation density n(x) is
shear stress σxy

0
n(x) = 2(1 − ν)σxy


L1 /2 + x 1/2
(μb)−1
L1 /2 − x

and
N1 = πN.
The length of piled-of dislocations is
L1 =

μbN1
0 (1 − ν)
πσxy

.

The shear stress σxy near the piling-up head is
1/2

L1
0
σxy ≈ σxy
.
x − L1 /2
The results of the model of continuous distribution of dislocations in pile-up are not valid for distances smaller than those separating main dislocations. Pile-up analysis is important for examining
the origin and spreading process of plastic deformations, brittle cracks and tough cracks, and also
for strain hardening theory.
PINCH-EFFECT
See Magnetic pressure.

p –i –n DIODE
A semiconductor diode that consists of two
low-resistivity regions having n- and p-types of
conductivity, and a base region (intrinsic, or
i-region) of higher resistivity, which exhibits intrinsic conductivity. The base region is so lightly
doped that on application of even a small reverse bias it becomes overlapped by the space
charge region of the semiconductor junction. The
devices referred to as p–i–n-diodes are commonly p–ν–n- or p–π –n-diodes, where the letters ν and π designate a lightly doped material
having, respectively, n- or p-type conductivity.
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A material with intrinsic conductivity may be obtained by precisely compensating with oppositely
charged dopants, but this complicated technological process is rarely used.
Applications of p–i–n-diodes are based on
employing the following properties of the nonequilibrium electron–hole plasma in the p–i–n
structures: abrupt change of resistance under
change of sign of the applied voltage (power rectiﬁers, detectors, charge-storage diodes, UHF power
switches); absorption of electromagnetic waves by
electron–hole plasma (absorptive attenuators for
controlling the UHF power, optical modulators of
IR radiation); injection luminescence of electron–
hole plasma (light emitting diodes); change of the
lifetime of charge carriers under action of temperature, pressure, irradiation (temperature and pressure transducers, nuclear and X-ray radiation detectors); change of mobility of carriers under the
action of a magnetic ﬁeld (magnetic diodes, magnetic ﬁeld transducers).
PINNING
See Vortex pinning.
PINNING OF FERMI LEVEL
See Fermi level pinning.
PIPE DIFFUSION
See Tubular diffusion.
PITTING

The destruction of a metal under attack by severe point corrosion involving the formation of
small, but sharp, localized cavities (see Corrosion
of metals). Materials subject to pitting failure are
metals and alloys like iron, carbon and stainless
steels, aluminum alloys, nickel alloys, titanium alloys, alloys of zirconium and other alloys in corrosive media containing oxidizing agents (oxygen,
nitrates, nitrites, chromates) and activators (chlorine, bromine, and iodine anions). Pitting corrosion occurs most commonly in sea water, in HClcontaining water solutions of alcohols, in cooling brines, in circulating water supply systems of
the chemical industry, and other enterprises. Pitting arises at grain boundaries, nonmetallic inclusions (especially sulﬁde ones), in regions characterized by a lowered chromium concentration. It

also occurs in solid solutions, which have passivating ﬁlms that exhibit lowered protective ability, and are prone to adsorption of corrosionactivating anions. Corrosion protection involves
electrochemical methods (cathodic, anodic, and
galvanic protection), introduction of corrosion inhibitors, introduction of corrosion-resisting additives to alloys, e.g., alloying of stainless steels with
chromium, silicon, molybdenum. The highest resistance to corrosion in chlorine-containing media
is shown by titanium.
PLANAR DEFECT

An inner surface of a crystal lattice which separates crystal regions of different orientation or different phase state. Examples of planar defects are
grain boundaries in a polycrystal, in blocks, cells
and fragments, dislocation walls, twin boundaries
(see Twinning of crystals) and phase interfaces.
The separation of planar defects into an independent class of defects is due to the fact that many
properties of planar defects are independent of the
boundary structure, and are determined solely by
the uniform distortion, which transforms the material on one side of the boundary into the state of
the material on the another side. The role of such
a distortion may be played by rotation, twinning,
etc. A theory of planar defects as independent imperfections of a crystal lattice has been developed.
In speciﬁc cases, the equations of the theory go
over into the relations of the theory of dislocations,
disclinations and dispyrations. The continuum theory of planar defects (see Continuum theory of defects) allows one to effectively solve various problems of solid state physics: calculating the plastoelastic ﬁelds, analyzing the processes of twinning
and of phase transitions, determining the values of
stresses in the neighborhood of precipitates, etc.
PLANAR STATE OF STRESS

The state of an elastic body that does not experience the action of normal and shear stresses
(see Shear) at elements of area perpendicular to
a certain direction (z-axis): σxz = σyz = σzz = 0
(σik is the stress tensor), so stresses act only in
the x, y plane. The state of planar stress is realized, e.g., in the case of a thin plate, which is subjected to surface forces and bulk forces that are
perpendicular to the z-axis and uniformly distributed along it. In the general case, the z-dependence
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of the tensor σαβ (α, β = 1, 2) is quadratic. If
σ1 , σ2 are the principal values of σαβ , the peak
value of the tangential stress equals |σ1 − σ2 |/2.
The important speciﬁc cases of the uniform state
of plane stress are: simple shear (σ1 = −σ2 ), uniform compression in the x, y plane (σ1 = σ2 = 0),
uniaxial state of stress (σ1 = 0, σ2 = 0).
PLANATOMIC NETWORKS (A.V. Shubnikov,
1916)

Planar atomic networks in which every internal
atom (node) has an equal number k of linkages

or bonds with other neighboring atoms. The network is said to be a combinatory regular network,
if for each pair of its nodal points there exists a
combinatory topologic transformation, which converts the nodes into one another and the network
into itself. All possible combinatory differing networks were found by A.V. Shubnikov from consideration of the Euler equation for a ﬁnite simply
connected complex F − E + N = 1 where F, E,
and N are respectively the numbers of faces, edges
(bonds), and nodes (vertices). This relation may be

The eleven combinatory planatomic networks.
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presented in the form of the following equation:
1
1
1
k
+
+ ··· +
= − 1,
α1 α2
αk
2
which relates the number of bonds k, which meet
at each internal node (k  3) to the number of vertices αi of the polygons which meet at that node.
The solution of this equation for k = 3, 4, 5, 6
(k cannot exceed 6) leads to 11 different combinatory planatomic networks (see Fig.). For example,
for network No. 1 we have k = 6, F = 24, E = 42,
N = 19, and all six αi values equal 3.
Any combinatory regular network may be
transformed without disruption of linkages into a
metrically regular network. Therefore, any group
associated with combinatory topologic transformations of any combinatory regular network is
isomorphic with the related two-dimensional
space group (called Fedorov symmetry group in
the Russian literature); in other words, the basis
of two-dimensional crystallography is purely topological. No analogous statement has yet been obtained for the case of three-dimensional space.
PLANCK CONSTANT, quantum of action, h
(M. Planck, 1900)

One of the fundamental physical constants,
which is characteristic of the discrete (quantum)
nature of objects of matter. The energy of a quantum particle (quasi-particle) ε is related to its frequency ν by the equation ε = hν, with the corresponding de Broglie wavelength λ given by the
equation λ = hc/ε, p = h/λ (c is the speed of
light). The term “reduced Planck constant” is often used in reference to the quantity  = h/(2π),
ε = ω (ω is the angular frequency, ω = 2πν).
The accepted value for h is 6.626076·10−34 J·s;
hence, the value for h is 1.0545727·10−34 J·s.
PLANCK FORMULA, Planck radiation formula,
Planck distribution (M. Planck, 1900)

The spectral distribution of the density of electromagnetic radiation energy in thermal equilibrium with a material is given by the expression:

−1
 
hν
8πhν 3
−1
exp
dν,
dEν =
kB T
c3
where ν is the radiation frequency, and T is the
temperature.

This Planck formula reﬂects the nature of the
electromagnetic radiation and, in particular, the
fact that the thermal radiation may be treated as an
ideal gas of light quanta (photons). It was in this
Planck formula that the Planck constant, which relates the photon energy ε to the light frequency ν
(ε = hν), was ﬁrst introduced. The Planck formula is sometimes written in terms of the density
of heat radiation energy per unit wavelength interval.
PLANE PROBLEM OF ELASTICITY THEORY

The plane problem of elasticity theory is concerned with the stress-deformed state of a slab
or plate, which is loaded symmetrically about its
mid-plane (see Shells), or of a long (in theory, inﬁnite) cylinder (prism), which is loaded by forces
normal to its lateral surface and invariant along its
length. Mathematically, the plane problem of elasticity theory is reduced to a boundary value problem for the biharmonic equation (anisotropy adds
complexity to this equation) under corresponding
boundary conditions. The general solution of these
equations is expressed in terms of two analytical functions of complex variables. In the case of
dynamic loads (steady-state vibrations, abrupt application of load), the plane problem reduces to
solving what can be called metaharmonic equations.
PLASMA-CHEMICAL TECHNOLOGY

The collection of methods for forming materials by the use of chemical reactions, in which
the processes occurring in a low-temperature plasma are employed. The speciﬁc features of these
processes are: high reaction rates, which favor use
of miniature equipment; the possibility of employing easily available starting materials of little value
(e.g., air); the possibility of obtaining materials,
which do not exist at ordinary temperatures (e.g.,
Al2 O, AlO, clusters consisting of 2–9 carbon
atoms, etc.). Plasma-chemical technology involves
the following stages: production of plasma with
plasma generators (electric arc, high frequency
and extra-high frequency (microwave) ones), introduction of reagents into the plasma, halting the
reaction at the required stage by abruptly lowering
the temperature (quenching). The reaction time is
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controlled with a precision of 10−3 s. Plasmachemical technology is used for obtaining refractory materials, ﬁne powders, and thin lms , for
performing directional or “dry” surface etching in
microelectronics, for the modiﬁcation of surfaces
of various materials, etc.
PLASMA-ELECTRIC EFFECT

Generation of direct current in a solid-state
plasma as a result of the entrainment of current
carriers by a longitudinal plasma wave. In semiconductors conforming to a nonparabolic electron
dispersion law, the external electric ﬁeld changes

the frequency and damping factor of the wave, and
may also be responsible for a substantial contribution to the current characterizing the plasmaelectric effect.
PLASMA, ELECTRON–HOLE
See Electron–hole plasma.
PLASMA OSCILLATIONS, charge density
plasma oscillations

Collective charge density oscillations which
propagate in a solid-state plasma (or in a gaseous
electron–ion plasma). The characteristic frequencies of these oscillations are close to the plasma
frequency ωp = [e2 n/(m∗ ε)]1/2 , where n is the
concentration of free carriers (electrons and holes)
of effective mass m∗ , ε is the dielectric constant
of the crystal (medium). In the long-wave limit,
the plasma oscillations exhibit the quadratic spatial dielectric dispersion: ωk = ωp + k 2 v l2 /ωp ,
where v l is the characteristic electron velocity, the
value of which is close either to the mean thermal velocity (in the case of nondegenerate carriers of current) or to the Fermi velocity (in the
case of degenerate carriers). For high wave numbers k, the plasma oscillations are attenuated by
interaction with resonance plasma particles of velocity v = ωk /k, or because of the decay into
electron–hole pairs (classic or Landau damping).
The spectrum of plasma oscillations exhibits a
quasi-classical nature (ωk → 0 at k → 0) in the
case of a multicomponent electron–hole plasma
of many-band (many-valley) degenerate semiconductors, semimetals, and transition metals, as well
as in the case of crystals of low dimensionality (quasi-two-dimensional crystals), or chain-type

crystals (quasi-one-dimensional crystals) exhibiting metallic conductivity of their layers or chains
(see Acoustic plasmon).
PLASMA POLYCONDENSATION
Synthesis of solids (usually in the form of thin
lm s), based on the associated processes of condensation and polymerization of carbonic radicals

in a gas-discharge plasma. The discharge is set up
in the static or high frequency mode, the voltage
range being typically from 0.1 to 5.0 kV. In contrast to ordinary chemical synthesis, the energy
required for the formation of a new structure in
the process of plasma polycondensation is brought
from the external ﬁeld directly to the radicals
(atoms, ions) to be condensed, whereas the temperature of the substrate may remain rather low.
The ﬁlms are generated as a result of nearly instantaneous (formation times about 10−11 –10−12 s)
relaxation of the energy of excited molecular fragments under interaction with a solid surface, and
the bonding of these fragments to the substrate
(thus providing adhesion) and to one another
(polymerization). The resulting condensate usually exhibits sp (linear chains), sp2 (graphitic
“phase”), and sp3 (diamond-type “phase”) types
of chemical bond hybridization. Regulating the
plasma parameters exerts control over the proportion of these phases in the ﬁlm to be synthesized,
and hence provides a ﬁlm with predetermined
electrical, optical, mechanical, and physicochemical properties. Using a hetero-organic compound
as the parent material, or sputtering a solid-state
target (metal, graphite, etc.) synchronously with
the process, provides a polycondensate of required
composition and properties on nearly any surface, corresponding to radically new fabrication
methods (see Ion-plasma treatment, Plasma treatment).
PLASMA REFLECTION

The intense reﬂection of electromagnetic radiation from a certain interface (e.g., between a
metal and a semiconductor), which occurs at frequencies below the frequency ωp of plasma oscillations of free charge carriers,


Ne2 1/2
,
(1)
ωp =
ε0 m∗
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where N and m∗ are respectively the concentration and effective mass of free charge carriers;
ε∞ is the dielectric constant due to the contribu-

tion of band-to-band transitions. In metals, N ∼
1022 cm−3 , and in most metals the plasma frequency lies far in the UV region, which is responsible for the high reﬂectivity of metals for visible
and infrared radiation. The concentration of free
charge carriers in semiconductors is lower by at
least several orders of magnitude, even under the
conditions of heavy doping or intense optical excitation. Therefore, the plasma frequency and corresponding increase of the re e ctance are observed
within the IR spectral region. For n-Ge featuring
N ≈ 1019 cm−3 , e.g., the region of intense plasma
reﬂection begins at λ ≈ 10 μm, and extends to
longer wavelengths.
The abrupt change of the reﬂectance in the frequency region ω ≈ ωp is related to the contribution made by free electrons (or holes) to the crystal dielectric constant ε, which determines the refractive index n and the reﬂectance R. Neglecting
the attenuation of plasma oscillations and the absorption of radiation by the crystal, we obtain at
normal incidence


ωp2
2
(2)
ε(ω) = n (ω) = ε∞ 1 − 2 ,
ω


n−1 2
R(ω) =
.
(3)
n+1

Hence it follows that as ω leaves the highfrequency region and approaches ωp , the value
of R decreases and reaches zero as n(ω) becomes 1, and then abruptly increases again and becomes equal to unity at ω = ωp . The study of the
plasma reﬂection spectrum is used for determining
ωp and, hence, N or m∗ .
PLASMA, SOLID-STATE
See Solid-state plasma.
PLASMA TREATMENT

The physicochemical treatment of a solid surface (see Ion-plasma treatment). Of primary importance for solid state physics are two types of
processes: etching and deposition of thin lms . The
isotropic etching in inert or chemically active media (e.g., in freons) is an effective method for sur-

face puriﬁcation. The etching according to a predetermined pattern (so-called dry plasma etching)
is one of the tools used in techniques for producing integrated circuits with a high degree of
integration. The plasma precipitation is used for
forming thin dielectric layers for integrated circuits and ﬁlm coatings, which offer a broad spectrum of useful features and applications. The latter
trend, which gained wide acceptance in the 1980s,
permits multiply increasing the surface hardness,
wear resistance, resistance to chemicals, etc., by
application of thin ﬁlms consisting of refractory
intermetallics, and particularly of “diamond-like”
carbon (see Plasma polycondensation, Diamondlike carbon lm s). These ﬁlms are applied onto
the semiconductor surface at a moderate temperature (down to room temperature). The plasma
treatment is carried out in vacuum and continuous plasma reactors, as well as by application of
“plasma torches”, which inject the plasma discharge jet into the atmosphere. Besides etching
and deposition of coatings, it is possible in principle to perform the diffusion (implantation) treatment of a solid surface in a plasma. The plasma
discharge is also used for processing raw materials and recycling wastes. In this case, the principal
role is played by the high-energy reactions, which
take place in the plasma.
PLASMA WAVES, MAGNETIC
See Magnetic plasma waves.
PLASMON
A quasi-particle, the quantum of plasma oscillations of characteristic energy εk = ωp (at small
values of the quasi-momentum k), where ωp is

the plasma frequency. In multicomponent (manyband) systems, or systems of low dimensionality
(laminated, chain-type ones), the dispersion law
for plasmons may assume the quasi-acoustic form,
the plasmon energy εk tending to zero as k → 0
(see Acoustic plasmon). See also Plasmon in superconductors.
PLASMON, ACOUSTIC
See Acoustic plasmon.
PLASMON MECHANISM OF
SUPERCONDUCTIVITY

A hypothetical phononless mechanism of superconductivity, which is based on the assumption

PLASMONS IN SUPERCONDUCTORS

of Cooper pairing (see Cooper pairs) of “light”
degenerate current carriers (conduction electrons,
holes) due to the exchange of virtual quanta of
collective excitations (charge density oscillations)
in the system of “heavier” carriers, e.g., d- or
f -shell electrons of transition (rare-earth) metals, electrons or holes of higher effective mass
in many-valley (many-band) degenerate semiconductors (semimetals), or in layered (heterogeneous) semiconducting structures. H. Fröhlich and
E.A. Pashitsky proposed this mechanism (1968)
independently of one another. The spectrum of
collective plasma oscillations of relatively low frequency is an acoustic one at vFl vFh and ωpl
ωph (where vFl and vFh are Fermi velocities, ωpl
and ωph are plasma frequencies of respectively
light and heavy fermions), ωq = q(vFl vFh /3)1/2
at q → 0 (see Acoustic plasmon), and slightly decays within the frequency range qvFh  ω  ωph
(q is the wave number). With regard for the effects
of retardation (dynamic over-screening) due to the
exchange of virtual plasmons, the matrix element
associated with the screened Coulomb interaction
between electrons may be represented as
VC (q, ω) =


(ωq + iγq )2
1
−
,
(ωq + iγq )2 − ω2
q 2 + κl2
4πe2



where κl−1 is the radius of sceening by “light”
carriers, and γq is the plasmon damping factor
due to the decay into electron–hole pairs (see
Landau damping) and current carrier scattering
by the crystal lattice defects. It follows from this
equation that the retarded interaction is attractive by nature in the region qvFh  ω  ωq =
qωph (q 2 + κl2 )−1/2 , Re VC (q, ω) < 0. The efﬁciency of the electron–plasmon interaction increases in polar (ionic) semiconducting crystals
due to the hybridization of acoustic plasmons
with optical phonons, which results in a broadening of the region of attraction up to the energy
2 + ω2 )1/2 , where ω
given by (ωph
LO is the freLO
quency of the longitudinal optical phonon. The interest in the plasmon mechanism of superconductivity has been stimulated by the discovery of the
phenomenon of high-temperature superconductivity in metal-oxide compounds like La2−x (Ba,
Sr)x CuO4 ; YBa2 Cu3 O7−δ ; Bi2 Sr2 CaCu2 O8+δ ,
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etc. It has been suggested that a plasmon mechanism might play a role in explaining the superconductivity in cuprate compounds with a perovskitetype structure. This hypothesis is supported by
the fact that the isotope effect in superconducting metal-oxide compounds is generally unusually
weak.
PLASMON–PHONON RESONANCE

The closeness of the natural frequency of the
plasma oscillations of long-wavelength free charge

carriers ωp = [e2 N/(ε0 m∗ )]1/2 (ε∞ is the highfrequency dielectric constant; m∗ is the effective
mass of carriers; N is concentration of carriers)
to the frequency of longitudinal optical phonons
ωLO . In the region of plasmon–phonon resonance, an important role is played by the interaction of corresponding oscillations; this interaction occurs through longitudinal oscillating electric ﬁelds, which are associated with both excitations. The contributions of plasmons and phonons
to the crystal dielectric constant are additive:

ε(ω) = ε∞ 1 −

2 − ω2 
ωLO
TO ,
+
2 − ω2
ω2
ωTO

ωp2

where ωTO is the frequency of transverse optical
phonons.
The frequencies of the coupled oscillations,
which result from the resonance, are determined
from the condition ε(ω) = 0, and have the form
2 =
ω±

1 2
2
ω + ωLO
2 p
 2
2 2 − 4ω2 ω2 1/2 .
± ωp + ωLO
p TO

The plasmon–phonon resonance modiﬁes the IR
spectra of solids, changing the reﬂection in the
frequency region of the residual ray band (Restrahlen). The frequencies of the plasmon–phonon
modes and their dependence on the concentration
of free charge carriers clearly manifest themselves
in the spectra of Raman scattering of light.
PLASMONS IN SUPERCONDUCTORS
Quasi-particles which are associated with the
collective excitations of a system of conduction
electrons, and which arise from electron–electron

Coulomb repulsion. The energy of a plasmon is
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given by ε = ωp , where ωp is the plasma oscillation frequency. The value of the plasma frequency ωp in homogeneous superconductors coincides with its value in a normal metal, ωp =
(ne2 /ε0 m)1/2 , where n is the concentration of
electrons, and m is the electron mass. Exceptions are provided by superconductors with heavy
electrons (heavy fermions), anisotropic superconductivity in quasi-one-dimensional systems, and
quasi-one-dimensional crystals featuring a quasiacoustic dispersion law (see Acoustic plasmon), as
well as by thin lms , in which the plasma oscillations (“mini-plasmons”) are of low frequency. In
Josephson tunnel junctions (see Josephson junctions), there exists the possibility of the propagation of low-frequency plasma oscillations, the socalled Josephson plasmons, the excitation energy
of which is ωJ = (2eIc /C)1/2 , where Ic is the
critical Josephson current, and C is the junction
capacitance. Typical values of ωJ range from 109
to 1011 s−1 , whereas the plasma frequency of typical metals is ωp ∼ 1016 s−1 . The low value of the
frequency of Josephson plasma oscillations is due
to the low density of charge carriers in the barrier
(see Josephson effect).
PLASMON, SURFACE
See Surface plasmon.
PLASTIC DEFORMATION

The irreversible change of the dimensions and
shape of a solid caused by exposure to external
actions. From the standpoint of the geometry of
deformation, the following types of plastic deformation should be distinguished: slip, twinning (see
Twinning of crystals), rotation and viscous ﬂow.
Twinning takes place in crystals; sliding, rotation, and viscous ﬂow or diffusion creep are observed in all solids. Each type of plastic deformation manifests itself in different forms depending
on the temperature, the severity and rate of deformation, and each type has a different inﬂuence on
the resulting structure. The difference of paths of
plastic deformation in monocrystals and in polycrystals are sometimes more important than the
change of the deformation conditions. The plastic deformation of real materials proceeds by several mechanisms simultaneously, not by a single
one. It proceeds concurrently at several structural

levels: translation at one level is accompanied by
rotation at a higher level, and vice versa. Depending on the type of elementary deformation carriers,
the dislocation model of plastic deformation and the
disclination models of plastic deformation are distinguished, as well as plastic deformation due to
the transport of point defects (vacancies, interstitial atoms, crowdions).
PLASTIC DEFORMATION, DISCLINATION
MODELS
See Disclination models of plastic deformation.
PLASTIC DEFORMATION LOCALIZATION
See Localization of plastic deformation.
PLASTIC DEFORMATION OF AMORPHOUS
METALLIC ALLOYS

The plastic deformation of amorphous metal
alloys is appreciably different in nature in the temperature intervals above and below the temperature equal to 0.7Tv , where Tv is the vitri ca tion
temperature. At low temperatures plastic deformation is very localized (inhomogeneous deformation), and is concentrated in the shear bands, the
width of which is 10–40 nm, according to data
provided by electron microscopy, the height of the
steps at the surface being 100–200 nm. Hence it
follows that the severity of the deformation within
such a band is very high. On the macroscopic
scale, at the same time, the degree of strain prior
to failure is very small. Another speciﬁc feature of
plastic deformation is either the complete absence
of, or the rather small magnitude of, strain hardening. One of the mechanisms of strain hardening
is the segregation of the intrusion elements in regions of increased free volume concentration (see
Free volume model). At high enough temperatures
(above 0.7Tv ), the nature of the deformation of
amorphous metallic alloys (see Amorphous metals and metallic alloys) changes; the inhomogeneous deformation goes over into a homogeneous
deformation, no shear bands are generated, and the
whole bulk of the material becomes viscously deformed. This takes place with the onset of a pronounced degree of plastic ﬂow. As the temperature
further increases (Tv < T < Tcr , where Tcr is the
crystallization temperature), superplasticity arises
in amorphous metallic alloys.

PLASTIC DEFORMATION RATE

By analogy with the mechanisms of deformation of crystalline alloys, several dislocation models of plastic deformation have been proposed,
among them being the Gilman model, according
to which sliding is carried out by dislocations with
Burgers vectors of alternating magnitude and direction. In subsequent studies, the dislocation lattice model and the disclination–dislocation model
were advanced, according to which the structure
of amorphous metallic alloys may be represented
as a three-dimensional dislocation grid. Although
the mechanism of plastic deformation still remains
to be fully explained, the importance of the role
of the free volume is well established. The failure
of amorphous metallic alloys under homogeneous
deformation proceeds by the opening of a crack
along the localized slip band.
PLASTIC DEFORMATION OF COVALENT
CRYSTALS
The speciﬁc kind of plastic deformation, which

occurs in crystals featuring a very high value
of Peierls–Nabarro stress, where the dislocations
are practically frozen at low temperatures (see
Peierls–Nabarro model). As the temperature is increased, the thermally activated motion of dislocations is observed. This motion consists in the generation of a double inﬂection at the dislocation line
(see Kinks on dislocations), due to which the dislocation becomes drawn into a neighboring equilibrium position. The low mobility of dislocations
under the conditions of the above strain mechanism is responsible for high values of the yield
limit and ultimate strength, which decrease with increasing temperature, as well as for the occurrence
of a wide temperature interval near 0 K where the
failure is brittle by nature (see Brittle failure). The
starting point of the abrupt increase of the yield
point (with decreasing temperature) is determined
by the characteristic deformation temperature on
the homologous temperature scale t ∗ = T ∗ /Tm ≈
0.22[U/(kB Tm )]1/2 , where U is the activation energy of dislocation motion, and Tm is the melting
temperature. Above T ∗ , the mechanism of plastic deformation of covalent crystals is similar to
the mechanism of deformation of plastic metals.
In this case the deformation involves the formation of a cellular dislocation structure, and the occurrence of recovery and recrystallization is possible. The strain hardening and the effect of the
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structure on mechanical properties above T ∗ are
determined by the same general rules as in metals.
Below T ∗ , no cellular structure is formed under
deformation, and the failure is brittle by nature.
The highest value of T ∗ (∼0.85Tm ) is exhibited
by purely covalent crystals (Si, Ge, diamond). In
partially covalent crystals (III–V and II–VI compound semiconductors, carbides, borides, nitrides,
oxides, etc.), the value of T ∗ decreases with the
decrease of directionality of the interatomic bond.
Among the group of crystals under consideration,
the lowest value of T ∗ ≈ 0.2Tm is observed in
transition metals with a body-centered cubic structure.
PLASTIC DEFORMATION RATE

Rate of deformation accompanied by irreversible changes of a sample shape. In terms of the
dislocation mechanism the rate of plastic deformation of crystalline materials dε/dt = ε̇ is deﬁned as the density of mobile dislocations ρ
times their speed v, that is ε̇ = bρv, where b is
the dislocation Burgers vector. For the diffusion
mechanism of crystal creep the rate of plastic deformation in the elementary case is deﬁned by
the gradient of the vacancy concentration c times
their diffusion coef cient D, that is ε̇ = Aa 3 D∇c,
where A = const, and a 3 is the atomic volume.
With the increase of ε̇ the resistance to plastic
deformation σ , as a rule, also increases. A decrease
of the rate of plastic deformation can accompany
the development of strain aging processes, as observed, e.g., in metallic crystals supersaturated by
vacancies. The quantity σ is not a single-valued
function of ε̇ at a particular moment of deformation, but rather depends on earlier rates of deformation due to the inﬂuence of ε̇ on the dislocation structure. The increase of ε̇ promotes an increase of the homogeneity of plastic deformation
(see Uniform strain), and the formation of a more
ﬁne grained but less ﬂexible structure. There is an
increase in the number of active slip planes and
slip systems, ﬁne shear lines, and deformation slip
bands, and a decrease in the cell sizes of the dislocation structure. At very high rates of deformation
inertial effects play a pronounced role.
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PLASTIC DEFORMATION TEMPERATURE
CONDITIONS
See Temperature conditions of plastic deformation.

PLASTICITY INCREASE
See Rhenium effect.

PLASTICITY

A phenomenon that consists in changes in the
macroscopic characteristics of plastic deformability of metals and alloys during the course of
normal-to-superconducting and superconductingto-normal transitions (see Superconducting phase
transition). The phenomenon was discovered in
1968 during the course of experiments that consisted in deforming a sample (see Strain) while
holding the temperature and deformation rates
constant, and switching the sample between different magnetic states through variations in the intensity of an external magnetic ﬁeld. The application of small strains allows comparing the values
of yield limits of various states, whereas the severe
deformation of a sample permits the evaluation
of the ﬂow-stress jump at a change of state. The
normal-to-superconducting transition brings about
a decrease in the yield point (creep limit) (the effect may reach 50%) and the ﬂow-stress; the latter
decrease amounts to ∼1%, and continues to decrease with the advance of the deformation. These
effects exceed the changes in elastic moduli at the
transition by several orders of magnitude.
More recently it was found that the characteristics related to creep and stress relaxation are affected during the course of the superconducting
transition. The magnitude of creep strain in the
superconducting state exceeds that of the normal
state by 20%, and the magnitude of stress relaxation in the superconducting state is more than
twice that in the normal state. The transition brings
about a steep rise of the rate of creep and stress
relaxation, which has been observed in all investigated metallic superconductors, namely: Pb, Sn,
In, Tl, Al, Cd, Nb, Ta, Zn, Mo, Pb–In, Pb–Sn,
Nb–Mo, Al–Mg, Pb–Cd, Pb–Tl, Pb–Bi, and has
been extensively studied both experimentally and
theoretically. The effect under consideration signiﬁes the presence of a factor due to the yield point
in the normal state; the presence of this factor arising from the retardation of dislocations by electrons (electron drag). Theoretical evaluations indicate that the force due to electron drag may turn
out to be a factor in the balance of forces acting

Property whereby materials conserve part of
the strain upon being relieved from the stresses
which caused it. When the applied stress exceeds
the yield value, plastic (irreversible) deformation
occurs. Plasticity is most commonly characterized by the relative elongation prior to failure
δ = ( l/ l0 ) · 100% ( l is elongation, l0 is the
initial sample length). One can distinguish uniform elongation δu and localized plastic deformation (see Localization of plastic deformation) in the
neck of the sample δl , the total value of the relative elongation being the sum of these components: δ = δu + δl . Plasticity may also be characterized by the value of transverse contraction prior
to failure. The plasticity of polycrystals is determined mainly by the deformation within grains,
which is adequately described in the context of the
dislocation mechanism of deformation (see Dislocation model of plastic deformation). The disclination models of plastic deformation are used for
describing the developed plastic deformation. The
plasticity is largely determined by the difference
between the breaking stress and the yield limit, and
hence depends heavily on the mechanism of failure. As the temperature increases, there exists a
pronounced correlation between the relative elongation and the mechanism of failure. In the case
of covalent and partially covalent crystals, δ = 0
over a broad temperature region near 0 K (see
Brittle failure). The quantity δ becomes nonzero at
the cold brittleness threshold temperature, and δ
increases in passing from the quasi-brittle failure
to the tough one. In all cases, the transition from
transcrystalline failure to the intercrystalline failure
state results in the decrease of δ. The metals of
close-packed structure (Al, Cu, etc.) retain considerable plasticity down to 0 K. The highest plasticity (up to several thousands per cent) is exhibited
by metals in the superplastic state.
PLASTICITY, ATHERMIC
See Athermic plasticity.

PLASTICITY INCREASE AT
SUPERCONDUCTING TRANSITION
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on dislocations; the theoretical assessments also
predict that this force is reduced by several times
at the normal-to-superconducting transition of a
metal. The marked role of conduction electrons
in the macroscopic plasticity, which is determined
by the conditions of the dislocation motion in the
crystal lattice, was ﬁrst shown using the effect under consideration as an example. The presence of
this increase of material plasticity is of great importance in various applications associated with
the phenomena of fatigue, friction and wear, as well
as in the active application of superconducting materials in cryogenics.
PLASTICITY INDUCED BY PHASE
TRANSITIONS, transformation plasticity

The occurrence of inelastic (irreversible) mechanical deformation induced by phase transitions. Transformation plasticity manifests itself
under various conditions: in the ﬁrst place, it occurs during the course of plastic ﬂow of metals,
the phase transformation of which may be caused
by mechanical stresses. In this case, the reaction
of the transformation produces additional strain in
the direction of the applied force. This kind of
transformation plasticity is commonly referred to
as transformation-induced plasticity. In the second place, transformation plasticity occurs during
the heating or cooling of stressed crystals, the temperature being changed over the temperature range
of the phase transition. In this case, the transformation plasticity is detected by an abrupt increase
of inelastic deformation within the temperature
range of the phase transition, and sometimes also
beyond this range, but it is always caused by the
phase transition. The resulting deformation is usually proportional to the stresses applied, which is
ruled out in the physics of plastic deformations.
This is due to the fact that transformation plasticity is determined by forces of a chemical nature,
the role of stress reduces to that of a minor disturbing parameter, and the expansion in a power
series only involves terms of odd power. Thirdly,
the transformation plasticity may be detected under conditions of deformation of a material, when
a change of a certain factor, e.g., an abrupt change
of temperature, causes the immediate completion
of the transition from one phase into another.
The typical illustration of this type of transformation plasticity is the immediate decomposition

of the martensite of quenched steel upon vigorous heating to the tempering temperature. During
the process of steel tempering, the yield limit turns
out to be strongly decreased, whereas the value
of plasticity is considerably increased. The transformation plasticity is characteristic of all kinds
of phase transformations: both martensitic and
diffusion-types, forward and reverse ones. In the
case of martensitic transformations, however, the
transformation plasticity most often occurs only at
the cooling stage, e.g., at the stage of forward transition, whereas only the shape memory effect occurs during the heating half-cycle, i.e. during the
course of a reverse transformation (TiNi, CuMn,
CuAlNi alloys, etc.). The latter effect prevails even
under conditions of extremely strong counteraction. In the FeMn and DyCo alloys the transformation γ ↔ ε features plasticity during both heating and cooling. The phenomenon of the transformation plasticity is attributed to the action of
several factors. The main such factor is the distortion of the transformation: in accordance with
the Clausius–Clapeyron principle, it brings about
a greater deformation along the force and a lesser
one in the opposite direction. In other cases, transformation plasticity is initiated by the oriented diffusion or drift of other defects in the direction
which favors the propagation of the deformation
along the applied force direction, by microstresses
which arise due to incomplete matching of crystal
habits to each other, or by the difference between
the speciﬁc volumes of the parent phase and the
reaction product, etc. This plasticity phenomenon
is widely used in physical experiments on creating
special types of steels, and in metalworking technology.
PLASTICITY MARGIN
See Margin of plasticity.
PLASTIC LIMIT

The highest value of plastic deformation preceding failure. The plastic limit is small for materials with covalent bonds (see Plastic deformation
of covalent crystals). The plastic limit is higher for
materials with a face-centered cubic lattice than
it is for those with a body-centered cubic lattice.
Metals with a hexagonal close-packed lattice have
intermediate values. For a given material plasticity the limit depends on the temperature and on the
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strain conditions. Thus, e.g., it grows with a transi-

tion from tensile deformation to compression, and
especially to hydroextrusion. See also Plasticity.
PLASTICS
See Polymeric materials.
PLASTICS, CONSTRUCTION
See Construction plastics.
PLASTICS, GLASS-REINFORCED
See Glass-reinforced plastics.
PLASTIC TWISTING DEFORMATION
Process of plastic deformation associated with

irreversible change of sample shape or of volumes
present in it due to the twisting or turning of particular regions of crystallographic directions. The experimental effect of the plastic twisting or bending
distortion is detected by an electron-microscopic
investigation (see Electron microscopy) of the defect structure of deformed materials. Within the
defect (dislocation) structure it is possible to identify those formations which cause disorientations
in adjacent regions of the material. The disorientation angle may reach tens of degrees. The socalled cellular structures are observed, with disorientations of adjacent cells, fragmented regions
(see Fragmentation), ribbon-like structures, and
their various modiﬁcations. Information on rotational modes of plasticity may be also obtained by
X-ray methods, and with the help of optical microscopy (through analysis of the surface relief).
Plasticity distortions are characteristic of large
strains or the presence of a nonuniform state of
stress within the sample. Typical manifestations
of twisting plasticity include faulting or the appearance and development of interlayers with a reoriented crystal lattice. The thicknesses of interlayers
vary over a wide range: from fractions of micrometers for mesofaults in metals to meters for faults in
rocks. A typical size of fragments in a fragmented
structure is 0.1 to 0.5 μm. These plasticity deformations are present in practically all plastic crystalline materials, and also in polymers and composite materials.
Microscopic mechanisms of twisting strain are
associated with the appearance and development

of speciﬁc collective forms of motion in the dislocation ensemble. These collective effects involve the generation and movement within the
material of partial disclinations. Thus, twisting
modes of plasticity are often called disclination
modes. A partial disclination moving in an originally monocrystalline region leaves behind boundaries, or points where several boundaries come together (joint disclinations). Defects of the disclination type are concentrated in the regions of
breaks, or according to their nature, are sources of
strong long-range internal stresses (internal elastic ﬁelds). Thus to bring about the reduction of
latent (stored) energy, disclinations join together
into groups of defects of opposite sign, e.g., they
adapt dipole and perhaps quadruple conﬁgurations. The motion within the dipole material of
partial wedge disclinations leads to a variation
of the shape of the sample, and to the formation
of ribbon-like structures and fault bands. Disclination internal stresses play an important role in
strain hardening at later stages of deformation, and
in the tough failure of materials.
PLATES, laminae

Solid elastically deformed bodies having the
shape of a right-angle prism or a right-angle cylinder, with a thickness h which is much smaller
then the transverse dimensions. A plate is said
to be thin, if h does not exceed one ﬁfth of the
least dimension of the base. Plates are divided into
classes according to their state of stress. A plate
is called rigid if the stresses prevailing in it under transverse loading are ﬂexural stresses, and the
tension–compression stresses (see Flexure) in the
median surface (membrane stresses, see Shells)
may be neglected. By convention, the deﬂection
of plates classiﬁed as rigid does not exceed h/5.
If membrane stresses are comparable in magnitude to tension stresses then the plate is said to be
elastic. An absolutely elastic plate (a membrane)
is one for which the tensile stresses may be neglected in comparison with the membrane ones;
plates featuring a deﬂection 5h are conventionally classed as membranes. The contour of the deﬂection depends on the distribution of load, and
on the boundary conditions (free, built-in, simply supported, or elastically supported edges). The
value of the maximal deﬂection of a stiff plate

PLEOCHROISM

under action of normal loads F satisﬁes (in order of magnitude) the law: f ∝ F l 2 /D, where
l is the characteristic transverse dimension of the
plate, D = Eh3 /12(1 − ν 2 ) is the so-called cylindrical rigidity of the plate, E is Young’s modulus,
and ν is the Poisson ratio. In the case of elastic
plates and membranes, the dimensionless deﬂection ζ = f/ h is described by an equation of the
form c1 ζ 3 + c2 ζ = σ ∗ , where c1 and c2 are constants, and σ ∗ = (σ/E)(l/ h)4 , σ ∝ F / l 2 is the
normal pressure; hence in the case of a strong deﬂection (f
h) we have f ∝ F 1/3 l 2/3 .
If the plate is loaded with compressive forces
lying in its plane, then at a certain critical value of
loading the plate loses stability and buckles (buckling). In order of magnitude, σk ∝ D/ hl 2 . See
also Vibrations of rods and plates, Plane problem
of elasticity theory.
PLATE VIBRATIONS
See Vibrations of rods and plates.
PLATING
See Chrome plating, Electroplating, Lead plating, Zinc plating.
PLATINUM, Pt

Chemical element of Group VIII of the periodic table with atomic number 78 and atomic
weight 195.08. Natural platinum consists of isotopes 190 Pt (0.0127%), 192 Pt (0.78%), 194 Pt
(32.9%), 195 Pt (33.8%), 196 Pt (25.2%) and 198 Pt
(7.23%), of which 190 Pt and 192 Pt are radioactive:
half-lives 6.9·1011 and 1015 years, respectively.
Electronic conﬁguration is 4f 14 5d 10 6s 0 . Successive ionization energies are (eV): 8.96, 18.54,
28.5. Atomic radius 0.138 nm, ionic radii: Pt 2+
0.080, Pt4+ 0.065 nm. Oxidation states +2, +4,
more rarely +1, +3, +6. Electronegativity ≈2.2.
Free platinum is a silvery-white metal. Exhibits face-centered cubic lattice; lattice constant
a = 0.39233 nm (at 297 K). Density 21.45 g/cm3
(at 293 K); Tmelting = 2042 K, Tboiling = 4073 K.
Melting latent heat is 21.84 kJ/mole; heat
of evaporation 470.4 kJ/mole; speciﬁc heat
0.1327 kJ·kg−1 ·K−1 (at 298 K); coefﬁcient of
thermal conductivity is 73.047 W·m−1 ·K−1 in
temperature range 273–373 K; coefﬁcient of linear thermal expansion is 9.1·10−6 K−1 (at 276–
373 K). Electric resistivity is 103 n·m, electric
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resistance temperature coefﬁcient 0.003927 K−1
(at 273–373 K). The electronic work function is
5.23 eV.
Platinum is paramagnetic; magnetic susceptibility is 0.971·10−6 CGS units at room temperature. Saturation vapor pressure is 133.3 μPa (at
1773 K) and 13,333 μPa (at 2023 K). The elastic modulus of annealed platinum is 147 GPa,
rigidity is 72.4 GPa (at 273 K), ultimate tension
137 MPa. Mohs hardness 4.3; Vickers hardness
37–48 HV (according to different authors). Pure
platinum is one of the most malleable and ductile metals; readily lends itself to forging, may
be rolled into foil (to 0.0025 mm in thickness)
or drawn into wire (0.001 mm in diameter); is
amenable to polishing and welding. Incorporation
of impurities, even in small amounts, causes a decrease of plasticity and an increase of hardness.
Application of cold strain hardens platinum noticeably: relative elongation of cold hardened platinum decreases to 1–2%, whereas the value of
HV increases to 90–95. Subsequent annealing restores the softness and plasticity of the metal. All
alloy additives, when added within the solid solution region, harden platinum: the hardness increases by the factor of 2–2.5. Platinum is one of
the most corrosion-resistant materials (see Corrosion resistance). Platinum is widely used in various ﬁelds of engineering. The metal (and its alloys
with rhodium and iridium) are used for production of chemical industry ware. Platinum is one of
the most widely used catalysts. Platinum is used
for the production of thermocouples, resistance
thermometers, electric contacts, wires for winding
high-temperature furnaces, medical instruments.
PLEOCHROISM (fr. Gr. πλεoν , full and χρωμα ,
color)

Change of color of a material exposed to transmitted light, which is related to the direction of
propagation and polarization of this light. The
phenomenon of pleochroism is one of the manifestations of optical anisotropy. Pleochroism is
brought about by the anisotropy of absorption,
which in its turn depends on the polarization of the
radiation (see Polarization of light), the wavelength,
and the direction of wave propagation. The phenomenon of pleochroism is most often observed in
crystals. In the case of uniaxial crystals, two “principal” (main) color variations are distinguished,
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which appear when the crystal is observed along
its optical axis, as well as transverse to it. Biaxial
crystals feature two principal color schemes to be
observed along three directions, which commonly
coincide with the principal directions of the crystal
(see Crystal optics). When viewed from other angles, the crystal exhibits intermediate colorations.
Strong pleochroism is found in tourmaline (uniaxial crystal) and copper acetate (biaxial crystal).
Variants of pleochroism are the circular and linear
dichroism of crystals.
PLUTONIUM, Pu

An artiﬁcial radioactive element of Group III
of the periodic table with atomic number 94. Plutonium is a transuranium element, belongs to actinides. Many isotopes 232 Pu–246 Pu are known:
247 Pu and 255 Pu were discovered among ﬁssion
products from thermonuclear explosions. Not easily accessible 244 Pu is the most stable plutonium
isotope (alpha decay and spontaneous ﬁssion, halflife 8.2·107 years, atomic weight 244.0642). Of
widest application is 239 Pu (alpha decay and spontaneous ﬁssion, half-life 2.41·104 years, atomic
weight 239.0522); of practical importance are
also 238 Pu (half-life 87.74 years), 240 Pu (half-life
6.56·103 years), 241 Pu (half-life 14.34 years) and
242 Pu (half-life 3.76·105 years). Trace amounts of
plutonium, which are generated in uranium ores
by various nuclear reactions, are found in nature
(0.4–15 parts of Pu per 1012 parts of U).
The ﬁrst plutonium isotope (238 Pu) was discovered by G.T. Seaborg, E.M. McMillan,
J.E. Kennedy and A.C. Wahl (1940). Outer shell
electronic conﬁguration is 5f 6 6d 0 7s 2 . Ionization
energy 5.71 eV. Metallic radius 0.16 nm, ionic
radii of Pu3+ , Pu4+ , Pu5+ and Pu6+ are respectively 0.100, 0.086, 0.074 and 0.071 nm. Electronegativity is ≈1.15.
Free plutonium is a brittle silvery metal. The
speciﬁc feature of plutonium is that it exists in
the form of six modiﬁcations α, β, γ , δ, η (the
latter modiﬁcation is also labeled δ  ) and ε in
the temperature range from room temperature
to Tmelting = 640 ◦ C. The approximate temperatures of transitions between these modiﬁcations
are, respectively, 117 ◦ C, 195 ◦ C, 315 ◦ C, 455 ◦ C,
478 ◦ C. At high temperatures and pressures, the

Dependence of the density of Pu on the temperature.

existence of other modiﬁcations of metallic plutonium is possible. α-Plutonium exhibits a monoclinic structure with lattice constants (nm): a =
0.6183, b = 0.4822, c = 1.0963 nm and angle β = 101.79◦ . The density of α-plutonium is
19.86 g/cm3 with the temperature dependence
shown in Fig., Tboiling = 3235–3350 ◦ C; speciﬁc
heat of α-plutonium is 35.5 J·mole−1 ·K−1 . Melting heat 2.834 kJ/mole. The α-plutonium resistivity is 1.4645 μ·m (at 273 K). Mean values of thermal expansion coefﬁcients for α-, β-,
γ -, δ-, η- and ε-modiﬁcations are respectively
42.4·10−6 K−1 , 20.9·10−6 K−1 , 60.0·10−6 K−1 ,
−15.4·10−6 K−1 , −27.5·10−6 K−1 and
36.4·10−6 K−1 . The Vickers hardness of α-plutonium is ≈2.55 GPa (at room temperature), elastic modulus of α-Pu is 98.4 GPa (at 20 ◦ C), shear
modulus 42.7 GPa, bulk modulus 48.4 GPa.
Plutonium is the most chemically active element of all the actinides. The oxidation states,
exhibited by plutonium in its compounds, range
from +3 to +7 (most stable is +4). Plutonium
in compact form is slowly oxidized in air; it selfignites in air when crushed to a powder.
The most important compounds of plutonium
are: PuF6 (low-boiling liquid; thermodynamic stability much less than that of UF6 ), solid oxide
PuO2 , carbide PuC and nitride PuN, which may
be used as nuclear fuel when mixed with corresponding uranium compounds.
The chief application is the use of 239 Pu as a
ﬁssionable material in nuclear reactors and nuclear
weapons. The critical mass of its α-modiﬁcation
is 5.6 kg (sphere 4.1 cm in diameter). The isotope
238 Pu is used in nuclear electrical batteries, which
possess long service life. Plutonium isotopes are
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source materials for synthesis of transuranium elements (Am, etc.). Pu and its compounds are highly
toxic.
p –n JUNCTION
See Semiconductor junction.
POCKELS EFFECT (F. Pockels, 1894)
A linear electrooptical effect, which consists in
a change of refractive indices under the action of

an electric ﬁeld; a change proportional to the ﬁeld
intensity. The effect was ﬁrst observed in 1883 in
quartz crystals. The effect is possible only in materials without a center of symmetry, and occurs
in piezoelectric materials. A piezocrystal, which is
initially isotropic, becomes a uniaxial crystal under
the action of the electric ﬁeld; birefringence, if it is
present in the material, becomes changed. The nature of the Pockels effect is related to the effect of
an electric ﬁeld on the structure of a crystal lattice
and the electric polarization.
Extensive studies of the Pockels effect began
when this phenomenon was observed in crystals
of KH2 PO4 , and it was found that it may be used
for virtually inﬁnitely fast control over laser radiation. It is used for high-frequency amplitude
and phase modulation, deﬂection and scanning of
light, optical systems for transmission and recording of information, and light locators in controllable narrow cut ﬁlters. The reverse Pockels effect
consists in optical detection, i.e. in generation of
static polarization of noncentrosymmetric crystals
under the action of laser radiation.
POINT CONTACTS

Small-area mechanical, electrical, and heat
contacts between bulk conductors which are
formed in the vicinity of where they touch. Point
contacts are produced by pressing together electrodes of a special kind: needles and planes, sharp
edges, etc. As a rule, the area of a mechanical contact is much greater than the spot through which
the electric current passes, due to an oxide layer
with insulator properties that covers the electrode
surface. The electric current passes through the
contact either due to electron tunneling (see Tunnel effect) in those places where the insulator layer
thickness does not exceed a few nanometers, or
directly through regions with a direct contact interface between the two metals. In experiments
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a welding point contact is formed using a shorttime current pulse which leads to the formation of
a microscopic bridge that shunts the tunnel connection. The point contact resistance with a direct
connection is determined by the Sharvin formula
(see Sharvin resistance) if the contact size d is
much smaller than the electron mean free path l.
In the opposite extreme (d
l), the contact resistance is of the order of magnitude of the ratio
ρ/d (ρ is the metal resistivity). For typical metals such as Na, Cu, Al, etc., a contact spot diameter of 30–3 nm corresponds to a resistance of
1–100 . The point contact current density can
reach 109 –1010 A/cm2 , which involves a noticeable deviation of the current–voltage characteristic from Ohm’s law. Point contacts are employed
in microcontact spectroscopy (see Tunnel spectroscopy) as local injectors and collectors of nonequilibrium electrons in semiconductors at low
temperatures in experiments on the electron focusing in metals by a magnetic ﬁeld.
Superconducting point contacts are widely
used, i.e. the electric contacts formed by touching of a pair of bulk superconductors at a small
area of interface. The properties of these contacts
depend on the ratio between the transverse dimension d of the contact, and microscopic length
parameters of the materials such as the coherence length ξ and the electron mean free path l.
In the case d < ξ , the superconducting point
contacts exhibit the Josephson effect (see also
Josephson junction). Owing to the Josephson effect and the energy gap Δ in the spectrum of
quasi-particles, the current–voltage characteristic
of these point contacts is essentially nonlinear. For
superconducting point contacts with direct conduction there is a substantially larger current at
V
Δ/e whose magnitude is of the order of
Δ/(eR0 ) (here R0 is the point contact resistance
in the normal state), and it depends weakly on
the bias voltage. These superconducting contacts
are incorporated into superconducting quantum interference devices (SQUIDs) which are widely
used for highly precise, supersensitive measurements of magnetic ﬁelds. Owing to their small capacity, these superconducting point contacts are
used for the detection and transformation of highfrequency electromagnetic radiation.
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POINT-CONTACT SPECTROSCOPY

(4)

value; the integration is performed over the states
on the Fermi surface (FS), and v and v  are
the electron velocity components, normal to the
Fermi surface, before and after the scattering, respectively. The point-contact function of electron–
phonon scattering allows for the kinematics of
scattering processes in contacts with a particular
conﬁguration, as well as for the electron scattering by static defects in the near-contact region.
By analogy to other electron–phonon interaction
functions, the point-contact function of electron–
phonon scattering is deﬁned by an integral parameter of electron–phonon
scattering in a point

contact λpc = 0∞ gpc (ω) dω/ω that is of the same
order of magnitude as other parameters of the
electron–phonon interaction in the metal at hand.
A relationship similar to Eq. (1) is valid for the interaction of electrons with magnons, excitons, and
other quasi-particles. The number of cases investigated by point-contact spectroscopy is constantly
increasing, and includes alloys and compounds
of variable valence, systems with heavy fermions
(heavy electrons), Kondo lattices and Kondo impurities, small-dimension conductors, superconductors and other materials.

where R = dV /dI (V ), v F is the Fermi velocity, and g pc (ω) is the point-contact function of

POINT DEFECT CLUSTERING
A group of point defects in some region where

POINT-CONTACT SPECTROSCOPY

Spectroscopy of elementary excitations in metals and semiconductors with the help of point contacts with dimension d smaller than the length associated with electron energy relaxation. It was applied for the ﬁrst time to determine the current–
voltage characteristics of metal–insulator–metal
(microbridge across barrier layer) tunnel junctions. Microcontact spectroscopy is speciﬁed by
the energy duplication of nonequilibrium charge
carriers in microcontacts at low temperatures
(k B T  eV ). This phenomenon occurs under the
action of an electric bias eV , and consists in the
generation of two groups of nonequilibrium carriers with maximum energies differing by the value
of the bias. Relaxation of this distribution results in
a nonlinear current–voltage characteristic; its ﬁrst
derivative is proportional to the frequency of inelastic electron scattering, and the second derivative to the microcontact function of interaction
of electrons with other quasi-particles of energy
ω = eV . In the case of the electron–phonon interaction at T → 0 and d  l, we have
1 ∂R
8 ed
gpc (ω) ω=eV ,
eV =
R ∂V
3 vF

the electron–phonon interaction. The latter differs
from the tunnel function of the electron–phonon
interaction by the presence of a weighting factor to take into account the kinematics of electron
scattering processes in a point contact of a certain
shape. The point-contact function of the electron–
phonon interaction is of the form
gpc (ω)
(2π)−3
= $
dSp /v
FS

−



dSp dSp 
vv 
FS

|Mp−p ,s |2 K(p, p  )δ(ω − ωp−p ,s ),

s

where Mp−p  ,s is the matrix element of electron
transitions from the state with momentum p to
that with momentum p  through scattering by a
phonon with energy ω that corresponds to the
sth branch of the phonon spectrum; K(p, p  ) is
the Kulik factor normalized to its angle-averaged

their concentration is much greater than the average value throughout the crystal volume. Hence,
the point defects in a cluster preserve their individuality by not forming a new phase. Clusters of point defects can be formed during thermal treatment, plastic deformation, and irradiation,
as a result of diffusion and their interaction with
each other and with other large-sized defects, or
they can be formed in clusters by, for example,
radiation which induces cascades of atom-atom
collisions (see Radiation physics). The pile-up of
electrically active defects strongly inﬂuences electrical, optical, and other properties of semiconductors. The strongest effect on semiconductor
electrical properties arises from the piling-up of
compensated centers. Such clusters under equilibrium conditions are charged and surrounded by a
space charge region which is characterized by an
effective recombination screening radius ρ, and a
potential barrier height ϕ. The volume in which
these point defects are situated (not including the

POINT DEFECT–DISLOCATION INTERACTION
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Radiograms (Mo Kα ) illustrating the formation of anisotropic defect clusters in monocrystals of LiF under neutron
irradiation; (a) non-radiated, (b) irradiation dose 4·1017 neutrons/cm2 , (c) irradiation dose 6·1018 neutrons/cm2 .

space charge region) is called a nuclear cluster.
Aggregates of point defects not only inﬂuence the
properties of materials containing them through
their net charge Ze, but also by the space charge
distribution inside the aggregate, and by the matrix
parameters and temperature T . Clusters of point
defects with a maximum linear dimension smaller
than the de Broglie wavelength of the main charge
carriers of the matrix are called quasi-point types,
because they are regarded by the charge carriers
as multicharged point centers. The effective recombination radius (see Recombination) of such a
cluster is ρ = [2 e2 η/(8m∗ εkB T 2 )]1/3 , where kB
is the Boltzmann constant, η is the effective charge
of the cluster at a particular moment (it can vary
from 0 up to the equilibrium value η = Z), m∗ is
the effective mass of charge carriers in the matrix, ε is the dielectric constant, and ϕ = ηe/(ερ)
is the effective height of the recombination barrier
A sensitive method for characterizing point defect
clusters in semiconductors is the determination of
the kinetics of their nuclear magnetization distribution for a deﬁnite nuclear polarization, which
detects the presence of small clusters. A method
based on long-time relaxation and residual photoconductivity phenomena is also used. For the investigation of clusters of point defects in different
crystals X-ray diffractometry, and especially diffuse
scattering of X-rays, is effective. These methods
made it possible to observe changes of size, shape,
and orientation of anisotropic clusters of radiation
induced point defects as functions of increasing radiation dose (see Fig.)

POINT DEFECT–DISLOCATION INTERACTION
Depending on the crystal type and the nature of

its defects, there are size, modulus, electrical and
chemical interactions of dislocations of different
types with various point defects (vacancies, impurity atoms, etc.). In the case of point defects in metals, the size effect usually dominates. The energy
of the elastic interaction of a point defect with a
system of internal stresses is U = V P0 , where
P0 is the average hydrostatic pressure created by
a dislocation which has an edge component; and
V is the difference between the effective volumes of the point defect and an atom of the matrix (see Vacancy–dislocation interaction). In this
case the point defect is considered as a dilatation center; and for anisotropic distortions of the
lattice the expression for U becomes more complex. A modulus point defect–dislocation interaction occurs when the elastic inclusion, which simulates the point defect, is characterized by elastic
moduli that differ from those of the matrix.
The electric point defect–dislocation interaction is stronger in ionic crystals than it is in metals,
and may become dominant. In this case the effect
involves the ability of dislocations to carry or to
capture an electric charge. The interaction of an
edge dislocation with steps (see Dislocation step)
in an NaCl crystal with positive and negative ion
vacancies serves as an example of this interaction.
Charged dislocations also interact with conduction
electrons. The chemical point defect–dislocation
interaction occurs between impurity atoms and
stacking faults in split dislocations.
The presence of one or more of these point
defect–dislocation interactions can lead to the formation of clusters of point defects of dislocations
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associated with the nonuniformity of the distribution of the concentration of point defects around
a dislocation (see Cottrell atmosphere). The formation of atmospheres of other types near the
dislocations is possible (see Snoek atmospheres).
These atmospheres pin the immovable dislocations and make their motion difﬁcult. The formation of an impurity-atom atmosphere near an edge
dislocation is accompanied by thermal effects. For
slowly moving dislocations the atmospheric perturbation increases in proportion to the increase
in velocity, but at the same time the interaction
of the dislocation with the lagging part of the atmosphere decreases, which can provide a retarding drag force of the atmosphere on the dislocation. The interaction under discussion induces a
change in the magnitude and direction of the velocity of point defect diffusion (in the presence of
the point defect atmosphere there is ascending diffusion and mass transport under the inﬂuence of
the gradient of U ). There is a probability of generating new phase centers at a phase transition in
a solid, and of the subsequent dispersity and the
manner of separation of the other phase in the ﬁnal
structure of the material (see Disperse structure).
Certain conﬁgurations of the segregation surface
and its location with respect to the dislocation provide a high probability for the appearance of segregation. A cylinder tangent to the dislocation line
along its generatrix is the most probable form of
the segregation region. The radius of this cylindrical cross-section is not determined by the absolute
value of the surface tension at the phase interface
after the appearance of the new phase in the segregation area σ , but rather by its effective value,
which is smaller than the value determined from
the variation of the total energy of the dislocation
interaction with the atoms of the dissolved substance due to their redistribution. In addition, the
interaction of the dislocation with impurity atoms
inﬂuences the rate of growth and the shape of the
center of formation of the new phase. These effects provide the physical basis for the so-called
thermomechanical treatment of alloys.
The point defect–dislocation interaction inﬂuences many properties of solids. For example, if
a periodically changing external force causes a
dislocation to oscillate near its equilibrium position within the point defect atmosphere then sup-

plementary energy dissipation occurs, and therefore, the internal friction changes. During plastic
deformation a special role is played by the interaction of the dislocation with vacancies and interstitial atoms. For developing a complete theory of
how the physical properties of real solids change
under the simultaneous inﬂuence of several types
of forces, the study of the interaction of dislocations with point defects in the presence of other
point defects of more than one type bound to each
other is necessary. Thus, in interstitional solid solutions vacancies can form non-mobile complexes
with impurity atoms, which changes the kinetics
of impurity atmospheres involved with dislocation
formation.
POINT DEFECTS

Disturbance of an ideal periodic crystal structure which is localized in a volume close to atomic
size in order of magnitude (a point in the case of a
macroscopic description). Fundamental point defects are a vacancy, an interstitial atom, and an
impurity atom. For a macroscopic description of
point defects, the displacements of atoms, surrounding the defects from their former positions
in the ideal crystal lattice, would also be also taken
into account. A noticeable contribution to the energy of formation of a point defect can be given by
including the ﬁrst, second and further away nearest
neighbor atomic spheres (depending on the nature
of the bonding forces) from the point defect environment. The relaxation of the atomic environment around the defect can reduce the local crystal
symmetry (see Defect symmetry group, Distortion,
Jahn–Teller effect). All real crystals possess signiﬁcant concentrations of point defects. The concentration of intrinsic point defects (see Intrinsic
defects) at sufﬁciently high temperatures is determined by the conditions of thermodynamic equilibrium between a point defect and other defects
in the crystal. When cooling the crystal, there remain nonequilibrium intrinsic defects in it, whose
concentration depends upon the rate of cooling.
In addition, point defects can be generated under
the action of nuclear radiations (radiation defects),
or an external static pressure, a shock wave, and
so on. Impurity atoms generally exist in natural
crystals; in artiﬁcially grown crystals they are introduced either from the raw material, from the
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crystal container, or intentionally by special doping. The motion of point defects in crystals is determined by thermally-activated diffusion; the diffusion coef cient being D = D0 exp[−U/(kB T )],
where U is the diffusion activation energy, and the
coefﬁcient D0 depends weakly on the temperature. Values of U vary in different crystals, and
for different point defects from decimal parts to
units of electron-volts (in nonmetallic crystals one
must take into account the dependence of parameters D0 and U on the point defect charge state,
and these parameter values can vary by two or
more orders of magnitude (see Donor, Acceptor,
Amphoteric center). Correspondingly, there is a
lower temperature limit at which an efﬁcient thermal diffusion of given point defects takes place,
which varies for different kinds of point defects
from far above to far below (less often) room temperature. As a result of this diffusion, the point
defects can form quasi-molecules, clusters, and
impurity atmospheres around dislocations (see
Cottrell atmosphere, Snoek atmosphere, Suzuki
atmosphere). The presence of point defects is reﬂected in the physical properties of crystals. Their
main inﬂuence is on electric, photoelectric, and
optical properties of semiconductors and insulators, the mechanical and strength properties of
metals and alloys based on them, and so on. Diverse types of crystal treatments (heat treatment,
radiation and mechanical treatment of materials,
etc.) lead to various reactions between point defects, and to their redistribution over the possible states in the crystal lattice, and over the bulk
crystal. This allows one to vary the properties of
treated crystals of a given chemical composition
over a wide range.
POINT GROUPS of symmetry
Groups of crystal symmetry in which the co-

ordinate transformation operators leave at least a
single point of the space ﬁxed (rotations about
symmetry axes, reﬂections in symmetry planes,
and combinations of these elements: rotoﬂection
axes, center of symmetry). In crystals rotations
are only allowed for particular ﬁnite angles 2π/n
(n = 2, 3, 4, 6) which are designated as Cn ; in the
case of a subsequent reﬂection in the plane normal
to the rotation axis n the designation of the axis
is Sn (these symbols are usually included in the
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group designation symbol). If there is an axis C2
normal to n then the group is a dihedral type designated as Dn . Auxiliary indices n and v indicate
the presence of planes including axis n or normal to it. Particular names are given to the symmetry groups of a cube (or tetrahedron): e.g., the
full symmetry group Oh (Td ), and the group composed only of rotations O (T ). There are a total
32 point symmetry groups. They are used when
describing the spectra of molecules, the dynamics of current carriers in the vicinity of a local
center in crystals; they determine the classes of
space groups. Observable physical quantities are
transformed in terms of point group representations (see Group theory in solid state physics).
“Rare” point groups of symmetry. Point groups
whose particular feature is the presence among
their symmetry elements of rotations through the
angle 2π divided by 5: 2π/5 = 72◦ . Such symmetries as C5 , C5v , D5 , D5h , Y , and Yh did not
arouse any interest for a long time because it was
commonly believed that they were unable to occur in crystalline materials at the atomic level.
However, in recent years there appeared numerous proofs of that fact that such symmetries are
not only of mere academic interest, but they reﬂect
real structures which are, in some cases, prospective for applications.
It became clear that small (102 nm) metal
particles called nanoparticles (see Small particles)
can either take the form of regular pentagons, or
possess more complicated structures (icosahedron
and pentagonal pyramid). The formation of clusters involving several atoms also occurs with other
chemical elements, e.g., noble gases; so that in the
case of xenon and argon the icosahedral structure
is possible.
Quasi-crystals are also notable for this peculiar
structure: pentagonal dodecahedrons are clearly
seen in their grains. The presence of small regions
with icosahedral atomic conﬁgurations is inherent
in dense supercooled liquids. Five-sided rings are
found in the molecule ferrocene (C5 H5 )2 Fe which
is a pentagonal antiprism of point group D5d .
Icosahedral symmetry has been found in a series of molecules (B12 H2−
12 , C20 H20 ), as well
as in more complicated structures (like viruses).
During almost 40 years the model of particular
paramagnetic centers, so-called dangling bonds in
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diamond-like crystals, has been discussed. There
is a model which presupposes the existence of
quintuple-coordinated silicon; the corresponded
state of the uncoupled electron being called a ﬂoating bond. Similar to this model is a model of another defect which appears at silicon dislocations:
a quintuple coordination of silicon in addition to a
more remote sextuple coordination is clearly seen.
Recently a new class of carbon clusters has been
found with icosahedra which contain rotations for
72◦ as symmetry elements.
The greatest interest has been aroused by the
discovery of fullerenes, i.e. molecules C60 with
icosahedral symmetry, as well as crystals (fullerites) built on their basis. The excitement is not
only about the particular structure and symmetry
of these new molecules, but also their extraordinary properties. For example, it has been shown
that when atoms of other elements are embedded
in their crystals, such as alkali atoms, then semiconducting, metallic and superconducting properties can emerge. This has been successfully carried
out with elements from diverse groups of the periodic system (up to lanthanides and even uranium).
Thus, various molecular, cluster, and crystalline structures exist whose particular feature is
the presence of ﬁvefold axes of symmetry. The
description of the point groups C5 , C5v , D5 ,
and D5h is similar to their analogues among the
32 groups. Icosahedral symmetry is exhibited,
e.g., by the icosahedron (1), pentagonal dodecahedron (2), and fullerene (3) shown in Fig.
There are four groups of icosahedral symmetry: simple (Y ), full (Yh ), ordinary double (Y  ),
and full double (Yh ). Group Y consists only of rotations about the axes of symmetry. There are 6
ﬁvefold axes and, hence, 24 rotations about these
axes, 10 threefold axes with 20 corresponding rotations; 15 twofold axes associated with 15 rotations. Adding the identity gives the total number of elements in the group, namely 60. Taking
into account inversion leads to group Yh = Y × Ci
(here Ci is the inversion group) which contains
120 elements. Group Y  results from group Y by
adding element Q which is a 2π rotation, so that
Y  = Y × Q. By analogy with Yh , Yh = Y  × Ci .
Groups Y  and Yh contain 120 and 240 elements,
respectively.
Group Y contains 5 classes and, correspondingly, 5 irreducible representations: Ag (1), F1 (3),

Sketches of (1) an icosahedron (20 faces), (2) a pentagonal dodecahedron (12 faces) and (3) a fullerene molecule
C60 (32 faces), all having icosahedral point symmetry.

F2 (3), G(4), H (5), with their dimensionalities indicated in parentheses. In group Yh the number
of classes and irreducible representations is doubled: to the designations of irreducible representations of group Y the subscripts “g” and “u” are
added to indicate the parity or the eveness (g) and
oddness (u) of states with respect to inversion.
There are 9 classes and, correspondingly, 9 irreducible representations: to the ﬁve representations
of group Y , four more representations are added:
E1 (2), E2 (2), G (4), and I  (6). In group Yh the
number of classes and irreducible representations
is doubled compared to group Y  on account of the
added indices “g” and “u”.
A character table lists irreducible representations (e.g., matrix representations) of elements of
groups of the icosahedron which are used for ﬁnding the energy level structures, the selection rules,
the description of diverse resonance phenomena,
and solving other problems of molecular physics
and solid state physics.
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POISSON EQUATION

POISSON RATIO (S.D. Poisson)

A differential equation of the form ∇ 2 ψ(r) =
−q(r), where ∇ 2 = ∂ 2 /∂x 2 + ∂ 2 /∂y 2 + ∂ 2 /∂z2
is the Laplacian operator, and r(x, y, z) is the coordinate vector. When q = 0 the Poisson equation becomes the Laplace equation ∇ 2 ψ = 0. The
Poisson and Laplace equations are often encountered in problems of electrostatics, electrical conductivity, heat transfer, diffusion, elasticity theory,
etc. In electrodynamics the Poisson equation is
usually written in the form ∇ 2 ψ(r) = −4πρ(r),
where ρ is the distribution of electric charge density, and ψ(r) is the electrostatic potential. In a
medium featuring the dielectric constant ε, the
Poisson equation has the form ∇ 2 ψ = −4πρ/ε.
The two-dimensional and three-dimensional versions of the Poisson and Laplace equations can be
written in various coordinate systems, and the solutions depend on the boundary conditions of the
problem. Often the conditions are such that both
ψ(r) and ρ(r) tend to zero for r → ∞, and the
solution can be expressed in the form of an integral

The ratio ν of the relative transverse narrowing
(broadening) to the relative longitudinal elongation (compression) during elastic extension (compression) of solids. For example, during the elastic extension of an elastic rod of initial length l
and diameter d its length reaches l  (l  > l) and
its diameter shrinks to d  (d  < d), and the Poisson ratio is calculated from the expression ν =
(− d/d)/( l/ l), where l = l  − l and d =
d  − d. For all material bodies the Poisson ratio
lies within the interval 0 to 0.5, and for many of
them ν has a value close to 1/3.

∞
ψ(r) =

dr 

−∞

ρ(r  )
.
|r − r  |

According to the Poisson equation, the potential
of a single point charge placed at point r 0 , such
that ρ(r) = eδ(r − r 0 ) (δ is the Dirac δ-function)
is described by the Green’s function of the Poisson
equation, which has the form:
ψ0 (r − r 0 ) =

1
.
|r − r 0 |

The potential of a single dipole aligned along the
unit vector u at the point r 0 is
ψ1 (r − r 0 ) = −(u · ∇)ψ0 (r − r 0 ),

r = r 0 .

The potential of a multipole of order j located at
the point r0 expressed in polar coordinates is given
by
ψj (r) =

Yj (θ, ϕ)

, r = 0,
r j +1
where Yj (θ, ϕ) is a spherical harmonic function.
In many cases a charge density ρ gives rise to a potential function which can be more complex, and
often involves nonlinear equations or potentials.

POLAR FACETS

Limiting atomic planes of a crystal, at which
the stoichiometric composition differs from that of
the bulk. The facets (0001) of compounds of the
wurtzite structure, (100) and (111) of the sphalerite structure, (111) of rock salt, serve as examples. One can designate the polar facets of a binary
compound by crystallographic indices and the type
of atoms which form it (cations A or anions B),
e.g., polar facets (111)Ga and (1̄1̄1̄)As of gallium
arsenide. Unlike polar facets, there are nonpolar
facets, e.g., (101̄0), (112̄0) of compounds of the
wurtzite structure, (110) of the sphalerite structure, (100), (110), (210), (211) of the rock salt
structure, at which the bulk stoichiometric composition is preserved.
POLARIMETRY

Methods of investigation based on measuring
the degree of radiation polarization (rotation of
plane of polarization) and the polarization of light
in anisotropic and optically active substances. It is
used for investigating the optical homogeneity of
solids, anisotropic crystal orientations, rotation of
light polarization plane, the dispersion of light, etc.
POLARITON

Quantum of interference between photon and
phonon. A quantum of the excited state of an ionic
crystal involving a combination of electromagnetic wave (photon) with optical vibrations (optical phonon) or an exciton (see Photoexciton). The
spectrum of a polariton in the infrared range can be
explained within the framework of classical theory. The term polariton became established after
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effects the particle, its polarizability is given by
α = p/Eloc . The dipole moment per unit volume
or polarization of insulator P for Ni particles of
type i is given by
P=

N


Ni αi Eloc (i).

(1)

i=1

Specifying the relation between Eloc and the mean
macroscopic ﬁeld E, and solving Eq. (1) with respect to P , we obtain the relation of the dielectric
susceptibility χ = P /ε0 E with the polarizability in the form of the Clausius–Mossotti equation
(Lorentz–Lorenz relation or Onsager equation)
ε − ε0
1
=
Ni αi ,
(2)
ε + 2ε0
3
i

Polariton.

the ﬁrst observations by C.H. Henry and J.J. Hopﬁeld (1955) with the help of Raman scattering of
light at small angles. Fig. (a) shows the dependence
of the frequency ω on the wave vector k (dispersion law) for a polariton in its low-frequency (1)
and high-frequency (2) modes, where the dashed
lines characterize noninteracting light (3) and optical lattice vibrations (4). The fraction ρ(k) of
mechanical energy (1) and of electromagnetic energy (2) at different wave vectors k is shown in
Fig. (b), according to the data of K. Huang.
POLARIZABILITY of atoms, ions, molecules

Coefﬁcient characterizing the ability of particles to acquire an electric dipole moment p in an
external electric ﬁeld. Since the local ﬁeld Eloc

where SI units are used. (The local ﬁeld is related
to the mean macroscopic ﬁeld in the Lorentz and
Onsager models.)
Several types of polarizability can be distinguished. Electronic polarizability is caused by the
displacement of atomic electron shells relative
to their nucleus; ionic polarizability results from
the displacement of oppositely charged ions from
their equilibrium positions. Molecules or ions with
permanent electric dipole moments that can reorient in an electric ﬁeld possess orientational polarizability which is described by the Langevin–
Debye equation. One of the ways to separate contributions from the different types of polarizability
experimentally is to measure the frequency dependence of α: in the optical range the polarizability
is almost completely electronic, in the IR range it
is ionic, in UHF range it is orientational.
POLARIZABILITY OF DEFECTS
See Elastic polarizability of defects.
POLARIZATION CATASTROPHE

Unlimited growth under some critical conditions of the electric polarization (see Polarization
of insulator). The polarization catastrophe explains
the origin of ferroelectricity in a number of solids.
The crystal polarization may be approximately
written in the form of the sum of products of the
polarizabilities of the atoms αi and the correspondi (SI units are used):
ing local electrical ﬁelds Eloc

i ,
P = ε0
Ni αi Eloc
(1)
i
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where Ni is the number of atoms of ith type in
a unit volume. Let us assume for the purposes
of simplicity that the local electric elds affecting
all the atoms are the same, and are given by the
Lorentz formula Eloc = E + P /(3ε0 ), where E is
the macroscopic electrical ﬁeld within the sample.
By substituting Eloc into Eq. (1), solving the resultant expression with respect to P , and taking
into account that P = (ε − ε0 )E, we ﬁnd
1 + (2/3)
ε
=
ε0
1 − (1/3)

i Ni αi .
i Ni αi

(2)

Thus, the dielectric constant ε becomes inﬁnite,
corresponding to a ﬁnite polarization for E = 0
under the condition

Ni αi = 3,
(3)
i

which is the criterion for the polarization catastrophe. From Eq. (2) it is possible to obtain the Curie–
Weiss law, taking into account that the value of ε is
very sensitive to the small deviations of i Ni αi
from the critical value 3. Actually, if we write
(1/3) i Ni αi = 1 − 3s, where s  1, we obtain ε ≈ 1/s. If we suppose that near the critical temperature Tc , s ≈ (T − Tc )/C, we ﬁnd ε =
C/(T − Tc ), which corresponds to the observed
dependences of ε on T in the paraelectric phase
of ferroelectrics.
POLARIZATION FILTER
See Polaroid.
POLARIZATION HOLOGRAPHY

A method of recording wave ﬁeld polarization
involving the effect of light-induced anisotropy in
recording media: as in the Weigert effect in photoemulsions, anisotropic discoloration in solid solutions of dyes, reorientation of anisotropic color
centers in the crystals, etc. Due to the effect of
light-induced anisotropy the interference of signal
and reference beams leads to the spatial modulation of the degree of anisotropy of the medium,
i.e. to the storage of a polarization hologram. For
some recording media the exact restoration of the
signal wave polarization is possible through the
corresponding selection of polarization of the reference and reading waves. The dynamic polarization holography realized in the registering media,

for which the processes of recording and erasing of polarization holograms coincide in time,
presents especially interesting possibilities. For
example, the possibility to compensate the variation in time of anisotropic inhomogeneities of media due to polarization wave front reversal, to control the state of polarization of interacting waves
in real time, to investigate the nature of the photon
response to the recording media, etc.
POLARIZATION OF INSULATOR

Macroscopically averaged value of the electric dipole moment per unit volume P of an insulator (sometimes P is called the polarization
vector). In a crystal without a center of inversion
(see Center of symmetry) the existence of spontaneous polarization, caused by the ordered arangement of oppositely charged ions at crystal lattice
sites, is possible. In ferroelectrics the spontaneous
polarization may change substantially under the
effect of an electric ﬁeld E. In the absence of
spontaneous dielectric polarization the polarization arises due to an applied electric ﬁeld. If the inherent atoms (ions, molecules) of an insulator have
their dipole moments randomly distributed in the
absence of an applied ﬁeld E, then a macroscopic
dipole moment appears at the switching-on of the
ﬁeld due to the partial orientation of microscopic
dipoles (so-called orientational or dipolar relaxation polarization). In some crystals, there are several different equilibrium positions of ions in the
unit cell. The mechanism of polarization in insulators, caused by the redistribution of ions under
the effect of an external ﬁeld, is also related to
dipolar type relaxation. Ion polarization appears
in the ﬁeld E due to the oppositely directed small
displacements of ions of opposite sign from their
equilibrium positions (at E = 0). The ﬁeld can
also induce polarization in the electron shells of
the regular atoms or ions of the insulator, which
induces the presence of a macroscopic polarization. Other mechanisms of polarization are associated with the presence (perhaps due to external
effects) of mobile charges in the insulator, or of
impurity ions, vacancies, electrons and holes redistributing within the sample under the effect of
a ﬁeld E (see Electrets). In crystals with spontaneous polarization, the presence of mobile charges
leads to its screening. Also the process of forming a macroscopic dipole moment in the sample
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upon application of an electric ﬁeld, mechanical
stresses (see Piezoelectricity), injection of charge
carriers, variation of temperature (see Pyroelectric effect), and other effects are also called polarization of insulators (the inverse process at the
switching-off of the ﬁeld is called depolarization).
The characteristic polarization and depolarization
times τ vary over very wide limits depending on
the mechanism of polarization. For polarization of
electron shells τ ∼ 10−15 s, for atomic vibrations
τ ∼ 10−12 to 10−13 s, for orientational polarization τ ∼ 10−4 to 10−6 s at room temperature,
whereas processes associated with the transfer of
charged particles may develop much more slowly.
Therefore, the processes of polarization and depolarization of insulators strongly depend on the
frequency of the polarizing ﬁeld: the mechanisms
which are effective are those that are able to follow
the ﬁeld variations (see Dielectric loss).
POLARIZATION OF LIGHT

Anisotropy of the optical properties of radiation (see Optical anisotropy) in a plane perpendicular to the direction of propagation expressed
in terms of deﬁnite phase and amplitude correlations between mutually perpendicular components
of the electric (magnetic) ﬁeld intensity. The property of light polarization follows from the transverse nature of an electromagnetic wave. For the
complete polarization of light the phase difference
and correlation of amplitudes of mutually perpendicular components of the vector E (or H ) remain
constant for some time period (coherence time). In
the general case of an elliptically polarized monochromatic wave the vectors E and H trace out in
time and space elliptical cylindrical spirals around
an axis along the light beam direction of propagation. Linear polarization and circular polarization
are particular cases of the general (elliptical) type.
Linear polarization of light is characterized by the
constancy of the planes of vibration of the vectors
E and H , and for circular polarization the ends
of the same vectors trace out circular spiral paths.
For unpolarized radiation there is no deﬁnite phase
correlation between mutually perpendicular components of the vector E (or H ). Sometimes the
oscillations of the vector E (or H ) will involve
partially polarized light.

POLARIZATION OPERATOR

The linear polarizability of a system which depends on the transmitted energy (frequency ν),
and momentum (wave vector k); in the general case of an anisotropic medium is designated
by Παβ (q, ω) and associated with the dielectric
constant tensor εαβ (q, ω) = δαβ − 4π(e/q)2 ×
Παβ (q, ω) (where α, β = x, y, z; δαβ is the Kronecker delta symbol: δαβ = 1 for α = β, and
δαβ = 0 for α = β). In particular, for a degenerate electron Fermi gas (see Fermi–Dirac statistics)
in the high-density random phase approximation
without taking account of the spin orientation (see
Spin), the polarization operator Π(p) is displayed
graphically with the help of Feynman diagrams in
Fig. 1(a) (which shows why this operator is often
called a loop), and it is determined by the expression
 4 
d p
G(p − p)G(p ), (1)
Π(p) = −2i
(2π)4
where G(p) is the Green’s function of the electrons, and p = {q, ω}. In the superconducting state
(see Superconductivity) (Fig. 1(b)) the operator
Π(p) has the form
 4 
d p
G(p − p)G(p )
Π(p) = −2i
(2π)2
+ F (p − p)F + (p ) ,
(2)
where F (p) is the Gorkov anomalous function.
The polarization operator describes the dispersion
of plasma oscillations, and the effects of electric
charge screening. The spin-polarized polarization
operator determines the paramagnetic susceptibility, and the exchange effects of magnetic biasing
(see Band magnetism, Spin density wave). In a
Fermi liquid with a strong Coulomb interaction between particles (electrons) the simple loop is replaced by a polarization operator containing the

Fig. 1.
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alternating ﬁeld takes the characteristic form of a
hysteresis loop. Switching in a pulsed electric ﬁeld
Fig. 2.

vertex interaction part (triple-pole) (Fig.1(c)). In
the description with the help of Green’s functions
of Bose type excitations in solids (phonons, plasmons, excitons, magnons, etc.), the polarization
operator enters the Dyson equation as the proper
energy part (mass operator of quantum mechanics) of the boson ﬁeld (see Fig. 2).
POLARIZATION, OPTICAL
See Optical polarization method.
POLARIZATION PARAMAGNETISM
The same as Van Vleck paramagnetism.
POLARIZATION REORIENTABILITY

Capacity of spontaneous polarization P (see
Ferroelectricity) to change its direction under the

effect of an external electric ﬁeld or mechanical stress by an angle differing from 180◦ . Ferroelectrics with a vector P , which can reorient to an
angle different from 180◦ , are called reorientable
ferroelectrics, unlike reversible ferroelectrics for
which the vector P can change its direction by
only 180◦ . This case of reorientability of a ferroelectric is realized when the spontaneous polarization appears along a nonsingular (not unique)
crystallographic axis (polar or nonpolar) of the
high-symmetry initial phase with n such equivalent crystallographic axes. In this case in the ferroelectric phase there will exist n or 2n possible
orientations of P , respectively, and the direction
of the vector P may change by 180◦ , or by an angle that differs from 180◦ . Reversibility and reorientability signiﬁcantly inﬂuence the properties of
a ferroelectric.
POLARIZATION SWITCHING

The change of direction of spontaneous polarization vector of a ferroelectric. All ferroelectrics
switch in an oppositely applied electric ﬁeld. Ferroelastics may be partially or completely
switched through application of an external mechanical stress. The electric ﬁeld intensity dependence of the polarization at cyclic switching in an

is characterized by a repolarization current and a
switching period. The switching period decays exponentially with the ﬁeld in a weak applied ﬁeld
and as a power function in a strong ﬁeld, reaching
values of the order of fractions of a microsecond.
The displacement current, which arises during polarization reversal of a ferroelectric (see Ferroelectricity) is often accompanied by alternating current
pulses, which are called Barkhausen pulses (by
analogy with the Barkhausen effect in ferromagnets); the study of these pulses provides information on the repolarization mechanism.
Typical switching mechanisms are: generation
of wedge-shaped antiparallel domains (reversal
centers) in the neighborhood of the sample surface, direct intergrowth of these domains through
the sample, and lateral motion of domain walls.
The characteristics of the repolarization processes
are strongly inﬂuenced by the actual crystal structure (internal stresses, impurities, radiation-induced defects) and the electrodes. Introduction of
special dopants (e.g., alanine in triglycinesulfate
crystals) allows one to achieve polarization, which
is resistant to the inﬂuence of the applied electric
ﬁeld. The switching process permits the use these
ferroelectrics as a solid-state memory. It should be
noted, however, that repolarization, when repeated
many times, causes severe changes of the switching parameter, which is a fatigue phenomenon.
POLARIZATION VECTOR
Electric dipole moment per unit volume of a

medium. It can change (appear) under the effect
of external factors. In a linear insulator, in the absence of spontaneous polarization, the polarization
vector components Pi and the electric ﬁeld components Ej are connected by the dielectric susceptibility tensor Pi = χij ε0 Ej (SI units). In the principal axis coordinate system the susceptibility tensor χij is digonal, with nonzero components only
along the principal directions.
POLARIZED NUCLEAR TARGETS

Materials which are highly polarized by the
spins of their nuclei (usually protons of deuterons)
used for investigations of the spin dependence of
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Polarizing prisms: (a) Glan, (b) Rochon, (c) Sénarmont, and (d) Wollaston types.

nuclear forces in elementary particle scattering experiments. Polarized nuclei (see Nuclear orientation) may be produced by one of the methods
of dynamic orientation using some paramagnetic
component. See also Dynamic nuclear polarization.
POLARIZING PRISMS

Optical elements for producing linearly-polarized radiation. Polarizing prisms are fabricated
from uniaxial crystals with birefringence. Usually
these prisms consist of two (or more) parts with
different orientations of the optical axes such that
the transmitted light beam experiences different
conditions of refraction for the ordinary ray (o) and
the extraordinary ray (e). This brings about their
separation in space.
The ﬁgure shows the following types of prisms:
(a) Glan prism, where AB is an air interface (ordinary ray is deﬂected to the side and adsorbed by
a special coating applied on the side face); (b) Rochon prism (1783), where the angle θ depends on
the prism angle α; (c) Sénarmont prism (economical to manufacture); (d) Wollaston prism provides
a symmetrical separation of the rays to an angle
approximately twice as large as that of the Rochon
prism. In this ﬁgure the parallel rulings and dots
indicate the directions of the optical axes.
POLAROID, polarization lter

An optical device for obtaining plane-polarized
light; one of the main types of optical linear polarizers. The action of polaroid is based on the phenomenon of linear dichroism, i.e. of the inequality of adsorption of two linearly polarized mutually perpendicular components of the light falling
at the polaroid. Polaroids are often manufactured

by pressing a large high number of small similarly oriented crystals, e.g., of iodoquinine sulfate,
into the matrix ﬁlm. Also polaroids are fabricated
by stretching polymer ﬁlms (dichroism of crystals appears due to the similar orientation of polymer molecules stretched in the same direction).
The advantages of polaroids compared to polarizing prisms are the ability to obtain wide aperture
beams of polarized light, with their compactness,
and with the technological effectiveness of their
manufacturing process. Drawbacks of polaroids
involve the considerable variation of the spectral
composition of light passing through them. They
are used in the near UV, visible, and near-IR radiation bands.
POLARON
A quasi-particle describing the states of a conduction electron (electron polaron) or hole (hole

polaron) interacting with the polarization vibrations of a crystal: an electron surrounded by a
phonon. In ionic crystals the polarization of the
ionic framework by the electrical ﬁeld of the
“free” electron may be so pronounced that selflocalization of the electron takes place: it is localized in the polarization potential well created by
the displacements of surrounding ions into new
equilibrium positions, i.e. the electron holds the
well by its ﬁeld. Such a self-coordinated state of
the current carrier is called a tightly bound polaron. The motion of the current carrier takes place
together with the polaron cloud of the displacements of its ionic surroundings, hence its effective
mass exceeds the effective mass of its energy band
state. If the potential well is created by small displacements of many ions (its radius signiﬁcantly
exceeds the interatomic distance) it is possible to
speak about a strongly bound macroscopic polaron. The term “polaron” was introduced for this
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model by S.I. Pekar (1946). In strongly bound polarons optical transitions of electrons in the potential well are possible. Quantitatively the bonding
force of the electron with the crystal lattice is determined by the parameter α = R ∗ /ω, where R ∗
is the effective Rydberg, and ω is the characteristic energy of a quantum of the longitudinal optical crystal lattice vibration. The criteria are: strong
bond α > 10, intermediate bond 10 > α > 1, weak
bond α < 1. A weakly bound polaron is a state of
a band current carrier perturbed by its interaction
with the crystal lattice, whose effective mass is increased 1/(1 − α/6) times, and whose energy is
reduced to the value of αω. A large-radius polaron for any α is described within the framework
of a single Hamiltonian (Fröhlich Hamiltonian).
A small-radius polaron differs from a strongly
bound macroscopic polaron by the fact that the
polaron potential well is formed by the displacements of the equilibrium positions of the small
number (e.g., two) of nearest ions. The presence of
the polaron well sharply decreases the possibility
of electron tunneling (see Tunneling phenomena in
solids) to adjacent sites, i.e. such tunneling would
be accompanied by a simultaneous reconstruction
of the polaron well. This implies a large carrier effective mass and a small polaron band width, i.e.
a low velocity of spreading of the localized polaron around the crystal. In this case, the charge
carrier velocity may be caused by thermally activated electron jumps among adjacent sites. The
criterion for the existence of a small radius polaron
reduces to Ep > 2Δ, where Ep is the lowering of
the electron energy due to the polaron effect, 2Δ
is the band gap width.
Together with free polarons, one can also consider bound polarons (e.g., at an anion vacancy:
F-center), polaron molecules (bipolaron, polaron
exciton, bound electron/hole polarons, with radii
smaller than that of an exciton).
Experimental evidence is available for the existence of polarons in various crystals with noticeable ionic bonding (e.g., alkali-halide crystals,
oxides of transition metals, perovskites). Even for
the weakly bound case polaron effects show themselves in the width of adsorption lines, in electronphonon recurrances of resonance transitions, in the
nontrivial dependence of the energy on the quasimomentum, e.g., at the crossing of Landau levels with a phonon energy: Johnson–Larsen effect
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(D.M. Larsen, E.J. Johnson, 1966). The small radius hole polaron in alkali-halide crystals is a hole
localized at two adjacent anion sites. Thus, the
hole polaron is the molecular ion X2− (X is halogen) with X atoms strongly displaced in the direction toward one another from their positions at
adjacent sites. The notion of polarons led to the
discovery of other quasi-particles of the polaron
type, where the polarization interaction is determined by other types of collective excitations – by
the uctuons, piezopolarons, condensons, magnetic polarons, etc.
POLARON, MAGNETIC

See Magnetic polaron.
POLAR PHASE

Term designating the ferroelectric phase of a
solid. In like manner the paraelectric phase or
other phase without spontaneous polarization (see
Ferroelectricity) is called the nonpolar phase.
POLE FIGURE

A descriptive image or representation of the
main features of a crystallographic texture. Direct
and inverse pole ﬁgures are distinguished. A direct pole ﬁgure is the stereographic projection of
the poles of speciﬁc atomic planes {hkl} of all
the crystallites. An inverse pole ﬁgure is the standard stereographic projections of poles of the main
(with low crystallographic indices) planes of the
crystal, where an experimentally determined statistical weight is assigned to each pole. Points of
equal polar density in the pole ﬁgure are shown
by isolines. A pole ﬁgure is usually normalized
with respect to the polar density of a material with
an isotropic distribution of crystallite orientations.
The method of polar plane plotting is most widely
used to display experimental X-ray diffractometry
results. Any pole ﬁgure may be analytically calculated for a known distribution function of crystallite
orientations, and conversely this function may be
reconstructed by a calculation based on one or several measured pole ﬁgures. Knowing the pole ﬁgure, it is possible under certain conditions to cal-
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culate the orientation-dependent (textural) component of the tensor properties of a textured material.
POLISHING

Finishing treatment of articles for purposes of
increasing the degree of surface purity, ﬁne tuning
articles to required sizes, obtaining certain surface
layer properties. Polishing is a set of processes
of plastic microdeformation and ﬁne dispersion of
a surface layer when the latter is acted upon by
polishing and ﬁnishing materials. Several kinds of
polishing are possible: polishing as the limiting or
extreme case of grinding, in proceeding to a more
ﬁne, surface dispersion (ﬁne cutting); utilizing additive adsorbents, which create a soft ﬁlm of a
new substance through chemical reactions of polar
groups in their molecules; as this ﬁlm is formed,
it is removed by a mild abrasive, which does not
scratch the surface; real polishing involving plastic ﬂow of the layer under treatment while subject
to the action of considerable tangential stresses;
electrolytic polishing.
POLISHING, ELECTROLYTIC

See Electrolytic polishing.
POLK MODEL (D.E. Polk, 1971)

A structural model of an amorphous material with a tetrahedral arrangement of atoms in
a random continuous network. The Polk model
allows for all values of dihedral angles. The
starting frame, which consists of pentatomic and
hexatomic rings, is modiﬁed by the addition of
atoms which must fulﬁll the following conditions:
(1) there are no free valences inside the model;
(2) bond lengths vary through a range of 1%;
(3) the deviation of valence angles from the tetrahedral angle (≈109◦ ) does not exceed ±20%;
(4) the model is subject to minimum mechanical stresses. The radial distribution function of the
Polk model correlates well with experimental data.
In principle, it is possible to magnify the sizes of
the model indeﬁnitely. The Polk model has been
used for the simulation of the structures of amorphous silicon, amorphous germanium, etc.

POLONIUM, Po

A radioactive chemical element of Group VI of
the periodic table, atomic number 84, most stable
isotope is 209 Po (half-life 102 years). It was discovered in pitchblende because of its radioactive
properties (P. et M. Curie, 1898). Isotopes with
mass numbers 210–218 belong to natural radioactive series. Polonium comprises about 2·10−14 %
by weight of the Earth’s crust. It resembles tellurium in its properties. Electronic conﬁguration of
outer shell is 6s 2 6p4 . Successive ionization energies (eV): 8.43, 19.4, 27.3, 38, 57.1, 73. Most
typical oxidation state is +4, less common oxidation states are −2, +2, +6. The electronegativity
is 2.0.
Polonium is a silvery metal existing in two
modiﬁcations (α-Po, β-Po). Low-temperature
α-Po forms a cubic crystal lattice, high-temperature β-Po adapts a rhombohedral crystal lattice (phase transition point is 327 K). Density
9.4 g/cm3 ; Tmelting = 527 K, Tboiling = 1235 K,
heat of melting 12.5 kJ/mole, heat of evaporation
72.8 kJ/mole; speciﬁc heat 26.4 J·mole−1 ·K−1 .
Coefﬁcient of linear thermal expansion is
2.35·10−5 (at 77 K). Resistivity ≈0.42 μ·m (at
273 K).
The main application of polonium is the use of
the 210 Po isotope (half-life 138.38 days). It is a
pure alpha particle emitter, employed as an energy
source in atomic batteries of satellites and mobile
devices. When mixed with beryllium, it is used for
the preparation of neutron sources. It is produced
through irradiation of metallic bismuth with neutrons, and found in the wastes from the processing
of uranium ores.
POLYACETYLENE
Organic polymer (CH)x , simplest representa-

tive of a large class of organic materials called
conjugated polymers, that is polymers with alternating single and double bonds (–CH=CH–
CH=CH– · · ·). Molecular weights range from 400
to several million daltons (atomic mass units).
Most extensively studied is polyacetylene of molecular weight 10,000–11,000, which is produced
from acetylene (HC −
= CH). It has a ﬁbrous structure with a ﬁber diameter 10–100 nm; and a
much greater length. Highly crystalline ﬁbers consist of hexagonally packed chains of monomers
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(–CH=CH–)n , oriented along the ﬁber axis (see
Fig.). The degree of crystallinity (up to 90%) of
this system is the highest among polymers. The
overall density is lower than the ﬁber density
(1.16 g/cm3 ) and varies over a wide range. A large
speciﬁc surface (about 80 m2 /g) facilitates incorporation of impurities in polyacetylene, which
can cause changes in its electrical properties. After chemical transformations, dopants (I2 , AsF5 ,
K, Na, etc.) generate charge carriers (electrons,
holes) in the polyacetylene. Incorporation of small
−
+
amounts of charged dopants D = I−
3 , AsF6 , K ,
Na+ , etc. results in an abrupt increase of speciﬁc
electrical conductivity of the doped polyacetylene
for small concentrations y of dopants (y c < y <
10−2 , y c ∼
= 10−4 ): electrical conductivity σ increases from 10−10 –10−6 to 102 –103 (·cm)−1 ,
whereby polyacetylene transforms from an insulator state to that of an organic metal. This property is one of the most interesting and characteristic features of polyacetylene and other conjugated polymers. This behavior and other unusual

properties are due to the fragmented structure of
the polymer chains, which are cut by defects into
conjugated fragments of ﬁnite average length: 30
to 50 carbon atoms. The speciﬁcity of polyacetylene and other conjugated polymers means that a
charge carrier q1 in the ﬁeld of a charged dopant
D1 is localized at the strongly anisotropic fragment of continuous conjugation, and may jump
from one such fragment to another in response to
the temperature, and to electric ﬁelds in the direction of a nearby dopant D2 . Like impurity semiconductors, at a critical concentration of dopants
y c a Mott metal–insulator transition from an insulating to a metallic state can take place. It occurs because of overlap of regions (which contain
Nc conjugated fragments in the neighborhood of
dopants, where a charge carrier may be situated. In
polyacetylene N c is equal to 15 or 50 (ﬁrst coordination sphere, or ﬁrst plus second, in the neighborhood of a charged fragment of continuous conjugation). Therefore, according to the assessment
given by equation y c = B c /(8N c l), the value of
y c is very small: y c ∼
= 10−4 ,
= y c (experimental) ∼
where B c in the above equation is a universal constant from percolation theory. Application of this
theory to anisotropic objects leads to an expression which explains the experimentally obtained
dependences:
σ = σ0 + σ3 y μ ,
γ
μ = + 1 − β3 + t3 ,
l

Projection of part of crystalline polyacetylene on a plane
perpendicular to the direction of the polymer chain
(CH)x . Shown are elements of the honeycomb mesh
(solid lines), and chains that are adjacent, nearby and
further removed (dashed lines) for an arbitrarily chosen
short chain (in center): a = 0.424 nm, b = 0.732 nm.

where σ0 , σ3 , γ ∼
= 50 are characteristic of polyacetylene; β3 = 0.40, t3 = 2, ν3 = 1.7 are critical indices of percolation theory, y c  y  10−2 .
Optimal packing of chains (see Fig.), which persists at small values of y, exhibits the highest value
of N c , and the highest value of the electron hopping parameter between fragments (∼0.05 eV).
This packing provides the highest values of y c and
the lowest values of σ3 relative to other conjugated polymers. Polyacetylene is widely studied as
the simplest quasi-one-dimensional system which
is an organic metal and exhibits unique physicochemical properties (see Fermions in a soliton
e ld).
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POLYALKALINE EFFECT

POLYALKALINE EFFECT, two-alkali effect

Sublinear relationship between the ionic electrical conductivity and the composition of oxide
glasses at the equimolar mutual replacement of
alkaline components in them, e.g., by varying x
from 0 to 1 in the system (K2 O)x (Na2 O)1−x ·
2SiO2 . The polyalkaline effect is a special case of
ionic conductivity compensation.
POLYCLUSTER AMORPHOUS SOLIDS,
polyclusters

Condensed amorphous solids, which consist of
locally regular clusters in contact (i.e. having common boundaries). A locally regular cluster is a
connected aggregation of regular (locally ordered)
atoms. An atom is a regular atom if its coordination polyhedron belongs to a certain collection
of polyhedra of the same type. The number of
types and the selection of types are characteristics of the structure. Polyhedra of the same type
are coordination polyhedra; each having the same
number of vertices, edges and faces, with deviations from perfection of edge lengths and angles
between edges not exceeding certain critical values. In essence, a locally ordered cluster is a random continuous network of atoms with randomly
alternating local ordering. Boundaries of locally
ordered clusters consist of atoms, which belong
to ﬁrst coordination spheres of regular atoms but
are not regular themselves. A fragment of a twodimensional polycluster is illustrated in the ﬁgure,
with an intercluster boundary and an internal cluster boundary shown. Boundaries contain coinciding and noncoinciding sites of regular extensions
of locally regular cluster nets (see Fig.). The minimum of the boundary free energy is reached when
all coinciding sites and about half of the noncoinciding sites are occupied with atoms. Point defects
as well as one- and two-dimensional defects are
inherent in polycluster amorphous solids. Point defects include vacant sites and atoms in interstices
of locally regular clusters, vacant coinciding sites,
impurity atoms. Vacant noncoinciding sites are
partial vacancies (cavity volume approximately
twice that of a vacancy in a locally regular cluster). An atom that occupies a noncoinciding site,
is a partial interstitial. Two-dimensional defects
are boundaries, and one-dimensional defects include edges of internal boundaries, triple junctions

A fragment of a twofold polycluster with fourfold and
ﬁvefold coordinated atoms. Internal (right) and betweencluster (left) boundaries are shown: 1, regular sites; 2, coinciding sites; and 3, noncoinciding sites.

of boundaries, and degenerate one-dimensional
boundaries. Generation of a Volterra dislocation
(see Somigliana–Volterra dislocations) in the bulk
of a locally regular cluster is related to the formation of a disordered (boundary) layer in a slip
plane. Prismatic dislocation loops of the vacancy
or interstitial type also bound the locally disordered nets of vacancies and interstices. Polyclusters possess tunneling states, which are related
to atoms in noncoinciding sites. Tunneling states
are responsible for low-temperature anomalies in
amorphous bodies.
The glass–liquid transition (see Vitri ca tion) in
polyclusters is associated with the “melting” of
surfaces, which is caused by the formation of cooperative structural ﬂuctuations at boundaries. Diffusion in polyclusters is mostly boundary diffusion.
Like in crystals, in the bulk of a locally regular
cluster the vacancy mechanism of diffusion prevails. Under the action of applied forces, polyclusters may experience plastic deformation arising from slippage along the boundaries, formation of new slip layers (which possess the structure
of boundaries); boundary diffusion. At low temperatures, when diffusion of atoms is quenched,
the ﬁrst and second diffusion mechanisms prevail,
which leads to the formation of slip bands. At
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high temperatures, close to the glass–liquid transition, when the diffusive mobility of atoms at the
boundaries is appreciable, the ﬁrst and third diffusion mechanisms dominate, which leads to viscous diffusion ﬂow of the polycluster. The ultimate
strength of the polycluster coincides with the critical stress needed
for formation of new slip layers,
√
and is ∝[2π l/a]−1 μ, where μ is the shear modulus of a locally regular cluster, l is the average
size of a cluster, and a is the interatomic distance.
This value is close to the theoretical value of ultimate strength for l ∼ 10 nm.
Analysis of various experimental data shows
that many amorphous metallic alloys (see Amorphous metals and metallic alloys) exhibit polycluster structure with sizes of clusters of the order of
10 nm.
POLYCONDENSATION
See Plasma polycondensation.
POLYCRITICAL POINT
The same as Multicritical point.
POLYCRYSTAL (fr. Gr. πoλυς , many, and
crystal)

An aggregation of ﬁne (1 μm to 1 mm and
greater) mutually disoriented monocrystals called
grains. Examples of polycrystals are: metal ingots,
ceramics, glass-ceramic materials (see Glassceramics), chromate ﬁlm coatings, druses of minerals, snow, ice. A polycrystal is formed during
the simultaneous growth of crystals (see Crystallization) from a multitude of disoriented nuclei in
a melt, solution, gaseous phase, in the bulk and on
the surfaces, as well as at sintering of powders, and
in the consolidation and intergrowth of individual
single crystals. Grain boundaries of polycrystals
are often enriched with impurities, which are relegated to boundaries in the process of the growth
of individual intergrowing crystals. Therefore, the
melting of polycrystals begins at grain boundaries,
which are enriched with pores if the polycrystal is obtained through sintering. Platelet growth
of polycrystals is accompanied by the so-called
geometric selection of contacting crystals (crystal
grains): only those grains “survive”, which possess a maximum rate of growth normal to the
growth plane. The cross-section of grains in such

a texture increases away from the plane. In textures that are generated by condensation of molecular beams, the preferred orientation of crystals
depends on the beam direction. Increase of the
melt cooling rate or reduction of the temperature
of the substrate, on which growth of the crystal takes place, results in a decrease of the size
of a polycrystal grain to the extent of generation of amorphous materials (metal alloys, dielectric glasses, semiconducting ﬁlms). Quasi-crystals
are formed at intermediate cooling rates. Thermal
treatment of glasses leads to glass-ceramic materials: microcrystals in an amorphous matrix. Dislocations, slip bands, electrons, phonons are inhibited from moving across grain boundaries by various orientations of polycrystal grains and impurities at the boundaries of these grains. Therefore,
polycrystals exhibit elasticity and strength over a
wider range than single crystals. This protection of
grain boundaries also results in the generation of
cracks on grain boundaries, and the reduction and
growing isotropy of the electrical resistance and
mechanical properties of polycrystals. Directional
modiﬁcation of the grain structure allows controlling mechanical and other properties of polycrystals.
POLYELECTROLYTES

Polymers, which contain charge-carrying
groups within their long chain molecules. The
macromolecule of a polyelectrolyte in solution is
a polyion surrounded by an equivalent quantity
of oppositely charged small ions (counter-ions).
Polyelectrolytes are divided into polyacids (structural units negatively charged), polybases (structural units positively charged) and polyampholytes
(amphoteric polyelectrolytes, containing both negatively and positively charged groups). Polyampholytes include the most important biopolymers:
proteins and nucleic acids. Counter-ions in solution may be either free or in a “bound state”
near the charges of the polymeric chain. Association of counter-ions is also called condensation of counter-ions. In many cases this process
is caused by the Coulomb interaction between
counter-ions and the charged polymeric chain;
in other cases, the main cause for condensation
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is the interaction between speciﬁc charged structural units and counter-ions (speciﬁc association).
Coulomb interactions between polymeric chain
units have considerable effect on the conformation of the polymeric chain in solution. Conformations of heavily charged polyelectrolytes are
more “stretched” or elongated in comparison with
globules of ordinary uncharged macromolecules,
mainly because of the increase of rigidity of polyelectrolyte chains caused by Coulombic repulsion
of neighboring charges in the chain.
POLYEXCITONS

Free many-exciton complexes. Unlike exciton–
impurity complexes, polyexcitons are not localized
at impurities, and their centers of gravity exhibit
translational motion. The simplest example of a
polyexciton is a biexciton. More complicated polyexcitons may exist only in crystals of complicated
band structure. In this case, many electron–hole
pairs may be accommodated in bands without violating the Pauli exclusion principle. A bound state
is created by the interaction between electrons and
holes in the complex. The shapes of luminescence
bands of polyexcitons (the processes of luminescence include the transformation of an (n + 1)exciton complex into an n-exciton one) depend on
the distribution functions of polyexcitons in their
initial states; the positions of these bands are determined by energies, which are associated with one
exciton in various complexes.
POLYGONAL BOUNDARIES

Boundaries of subgrains (subboundaries) with
disorientation angle θ  1◦ , which consist of ordered and for the most part edge dislocations.
They are generated by the annealing of plastically
(see Plasticity) ﬂexed crystals, because such dislocation conﬁgurations possess less energy than
arbitrarily located dislocations, and the creeping
of dislocations occurs rather rapidly. Polygonal
boundaries may also include nets of screw dislocations (see Polygonization, Dislocation grid). Polygonal boundaries may arise during the course of
high-temperature plastic deformation (creep; deformation polygonization).

POLYGONIZATION

Process of increasing the perfection of a deformed metal structure during annealing. This increase of perfection takes place through the redistribution and alignment of metastable dislocations on the edges of plastically bent crystals, with
the formation of subgrains separated from each
other by dislocation subboundaries. Polygonization is a stage of the recovery of crystals under annealing. Unlike recrystallization, polygonization is
not accompanied by a noticeable change of crystal orientation. The term “polygonization” was introduced by E. Orowan and used by R.W. Cahn
to explain the process of restitution of the properties of a monocrystal subjected to e xure. This
monocrystal contains an excess quantity of edge
dislocations of like sign; restitution of properties
occurs through partial annihilation of dislocations
and their rearrangement with the formation of vertical dislocation walls, which divide the monocrystal into subgrains. Redistribution of dislocations
during polygonization takes place through creep
and slip (see Dislocation slip), and is accompanied by partial annihilation of dislocations of the
opposite sign. If the metal is given a slight reduction under deformation, and no cellular dislocation structure is formed (see Fragmentation),
then polygonization annealing results in the generation of subgrains with low-mobility planar subboundaries. This process reduces the tendency to
recrystallization. If the metal is deformed with the
formation of a cellular dislocation structure then
polygonization annealing results in the formation
of perfect subgrains (cells) with narrow subboundaries of high curvature, which may act as recrystallization nuclei on further elevation of the temperature. A certain reduction of the yield limit and
increase of plasticity of the metal are observed at
polygonization. If low-angle grain boundaries can
easily migrate in the process of polygonization,
then coarsening of subgrains and intensive dehardening of the crystal (without change of its orientation) are observed. Such polygonization is called
recrystallization in situ.
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POLYMER AGING
See Aging of polymers.
POLYMER CROSS-LINKING
Formation of transverse chemical bonds be-

tween macromolecules leading to the development
of an interlinked spatial network in the polymer.
The best known treatment involving the linkage of
polymers is the vulcanization of raw rubber, the
technological process which results in the transformation of raw rubber into the rubber of commerce. Polymer linkage can be carried out either by a chemical method (e.g., vulcanization of
raw rubbers by sulfur with the formation of polysulﬁde bonds between macromolecules), or under
the action of ionizing radiation (radiation-induced
polymer cross-linking). The trends of the process
of polymer linkage are described by the statistical theory of gel formation. A three-dimensional
space network is formed when the number of
transverse bonds per macromolecule exceeds a
certain critical value of the order of unity; simultaneously the polymer loses its yield and, as a rule,
becomes highly elastic. The polymer linkages can
form as a result of aging of polymers, e.g., in cases
when the degree of polymer degradation is less
than the extent of radiation cross-linking.
POLYMER CRYSTALLIZATION
See Crystallization of polymers.
POLYMER DEGRADATION

Destruction of polymer chains by physical,
chemical or biological factors. As a result of
polymer degradation the molecular mass of the
polymer decreases, and its physical and chemical
properties change. The following main types of
polymer degradation are distinguished: thermal
(via increased temperature), thermooxidizing (heat
and oxygen jointly), photodestruction (light); radiative (γ -radiation, α- and β-particles, neutrons);
mechanical (mechanical stresses), biological factors (e.g., fermentation). The majority of polymers
break down at 200 to 300 ◦ C, but there are some
which require much higher temperatures (polytetraﬂuoroethylene, polyamides, etc.), and these
are called thermostable. Oxidation by molecular oxygen considerably accelerates the destruction processes, because under the effect of O2

free radicals are generated within the polymer,
and a chain oxidation process develops. Thermooxidative polymer degradation may be accelerated
by autocatalysis through the action of breakdown
products. A way to protect from this is to introduce some additives (stabilizers), so-called antioxidants, into the polymer. Photodestruction is especially signiﬁcant for short-wavelength light, and
protection from it is provided by light stabilizers.
POLYMERIC MATERIALS

Materials containing molecules of polymers as
main components, which determine the physical
and mechanical properties. The polymeric materials of most practical importance are plastics, elastomers (rubbers) and ﬁbers. Plastics are materials
based on polymers. During their period of formation the polymer is in a viscous ﬂuid state or in a
highly elastic state, whereas under operating conditions the polymeric material of the plastic is in
a vitreous or partially crystalline state. Plastics are
classiﬁed into thermosetting plastics (if processing into articles is accompanied by chemical reactions with the formation of covalent bonds between molecules) and thermoplastic materials (if
no new covalent bonds are formed during processing). Unlike thermosetting plastics, thermoplastics
retain the capability of softening and turning into
the viscous ﬂuid state under secondary heat treatment. In practice plastics are often loaded with
various ﬁllers (organic or inorganic substances
in the form of powder, ﬁbers, grains, liquid or
gaseous inclusions), which improve and diversify physical and mechanical characteristics. Most
frequently used thermoplastic materials contain
molecules of polyethylene, polyvinylchloride and
polystyrene; the most widely used thermosetting
plastics are phenolformaldehyde and epoxy resins.
One of the methods for producing elastomers
consists in cross-linking (vulcanization) of polymeric melts in the plastic state (see Polymer crosslinking). Elastomers may also be obtained directly
during the generation of a polymeric substance, if
multifunctional monomers are used in the process
of synthesis. Formation of links between chains of
a polymer, which is responsible for the high elasticity of polymeric materials, may also be caused
by hydrogen bonds, speciﬁc chain-to-chain interactions, crystalline phase nuclei, etc. The most important property of elastomers, which determines
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most areas of their practical application, is the
property of being able to undergo large elastic
strains under moderate stress. Young’s modulus
of typical elastomers is by a factor of 104 –105
greater than that of steel (0.5–8.0 MN/m2 ). Under
tension, elastomers exhibit substantial deviations
from a linear relationship between stress and strain
for typical relative strains (∼10%), whereas many
rubbers lose elasticity (deformation reversibility)
under considerably greater strains (∼100% and
higher). Exceeding the elastic limit results in rapid
rupture of an elastomer.
Polymeric ﬁbers are obtained by extrusion of
a strand polymeric solution or melt through spinnerets into a medium which causes polymer solidiﬁcation. Fibers may be also produced under
natural conditions. The most important natural
polymeric ﬁbers are: cotton (containing cellulose
as chief constituent), wool (chief constituent is
keratin), silk (ﬁbroin). Fibers based on chemically modiﬁed natural polymers are called artiﬁcial ﬁbers (acetate ﬁbers, viscose ﬁbers). Fibers
obtained from completely synthetic polymeric
derivatives are called synthetic ﬁbers (polyamides
(nylons), polyesters, polyacrilonitrile ﬁbers, etc.).
Fibers derived from solutions of polymers with
stiff chains (e.g., aromatic polyamides) are of a
particular strength: in such ﬁbers most chains are
oriented along the ﬁber axis. This effect is most
pronounced at the formation of a ﬁber from a nematic liquid crystal polymeric solution.
POLYMERIZATION, SOLID-PHASE

See Solid-phase polymerization.
POLYMER MASS DISTRIBUTION

See Molecular mass distribution.
POLYMER MODIFICATION

See Modi cation of polymers.
POLYMERS

High molecular weight compounds (macromolecules) which are chain molecules, i.e. con-

sist of a large number of atomic groups united
into a chain by chemical bonds. Examples of repeated atomic groups (monomer units) in polymer
chains: [–CH2 –]n (polyethylene), [–CH2 –CH2 –
O–]n (polyoxyethylene), [–S–]n (polymeric sulfur). Monomeric units may be arranged in linear chains (linear polymers), branched chains
(branched polymers), or a three-dimensional network constructed from short segments of polymer
chains (polymeric nets). The number of monomer
units in typical linear polymers is 102 –105 , and in
a number of cases this number reaches 108 .
In most cases a long linear polymer chain does
not assume a linear conformation, but exhibits
a complicated three-dimensional spatial arrangement of structural units. This is caused by polymeric chain exibility. Polymers containing only
identical monomeric units are called homopolymers. Chains that contain two or more types of
monomeric units are called copolymers or heteropolymers. According to the nature of the distribution of units in a chain, regular and
irregular copolymers are distinguished; notable
examples of the latter type are biopolymers: macromolecules of DNA and proteins. Copolymers, in
which two or more types of structural units form
reasonably long continuous sequences, are called
block copolymers.
The basic (principal) chain of a homogeneouschain polymer is composed of identical atoms.
The most abundant homogeneous-chain polymers
are carbochain polymers with main chains consisting of only carbon atoms (with attached hydrogens). Polymers which contain atoms of various elements (e.g., C and S) in their fundamental
chains are called heterogeneous-chain polymers.
Polymers, which contain only carbon, hydrogen, oxygen and nitrogen, are called organic polymers. Polymers, which contain atoms of inorganic
elements (most often Si, Al, B, P, Cl) along with
organic groups, are called organoelement polymers. Polymer macromolecules, which have inorganic main chains and do not contain organic sidechain radicals, belong to inorganic polymers.
Polymeric substances may exist in a crystalline
or an amorphous state. Depending on the strength
and the nature of the interactions between their
structural units, amorphous polymers may be classiﬁed as polymeric glasses, high-elasticity poly-
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mers, or polymers in the plastic state. Liquidcrystal polymers, which are intermediate between
crystalline and amorphous polymeric substances,
are also studied.
Polymers possess speciﬁc physicochemical
properties resulting from the chain structure of
their molecules, and the long length and ﬂexibility of the polymeric chain. The most important properties are: ability to form very strong
anisotropic ﬁbers and ﬁlms, ability to undergo severe reversible elastic deformations, and relatively
simple processing (see Polymeric materials, Aging
of polymers, Polymer degradation).
POLYMERS AND RADIATION
See Radiation physics of polymers.
POLYMERS, INORGANIC
See Inorganic polymers.
POLYMER SWELLING

Increase of volume of a polymeric sample
caused by absorption of liquid (or vapor) of low
molecular weight. Polymer swelling may take
place when an amorphous polymer, a polymer network, or a partially crystalline polymer, is brought
in contact with low molecular weight liquid below
the critical temperature of the mixture. Considerable stresses and thermal effects may arise in the
sample in the initial stage of polymer swelling.
The kinetics of polymer swelling is, as a
rule, determined by cooperative diffusive motion
of chains, which make up the polymer body.
The average time to attain equilibrium in polymer swelling increases considerably near polymer
phase transition critical points. In certain cases
there is an abrupt decrease of equilibrium swelling
for at minor change of the external conditions
(e.g., conditions for so called collapse of polymer networks). Isotropic polymeric materials retain their initial shape on swelling, whereas polymer swelling of anisotropic polymer materials
( lm s and, in particular, ﬁbers) is accompanied by
a nonuniform change of dimensions of the sample, more change occurring perpendicular to the
orientation axis direction than along this direction.
In certain cases, even shrinkage of the polymeric
material along the anisotropy axis was observed.
POLYMORPHIC TRANSFORMATION
See Structural phase transition.
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POLYMORPHIC TRANSFORMATION HEAT

See Heat of polymorphic transformation.
POLYMORPHISM

Disposition of crystals to exist in more than
one structural modiﬁcation of an unchanged chemical composition. Polymorphism is characteristic of many elements (see Allotropy), compounds
and alloys. Polymorphic modiﬁcations may differ in the type of interatomic bond. For instance,
α-Sn (grey tin) is a semiconductor with a cubic diamond-type crystal lattice and β-Sn (white
tin) is a metal with a tetragonal body-centered
lattice. The transformation α-Sn → β-Sn brings
about a large change of volume (24%), and leads
to corrusion of tin materials (tin pest). Stability
regions of polymorphic modiﬁcations are given
by phase diagrams. Transformation of one polymorphic modiﬁcation into another is a r st-order
phase transition which occurs through generation
and growth of new phase nucleation centers. If the
probability of nucleation of an equilibrium modiﬁcation is small, then a metastable modiﬁcation
may exist for a long time under normal conditions (e.g., diamond). On heating, a metastable
transformation is irreversibly converted to a stable one (e.g., graphite). Irreversible polymorphic
transformations to a ﬁnal stable form are called
monotropic transformations, whereas reversible
ones between one form which is stable above a
certain temperature, and the other is stable below
it, are classiﬁed as enantiotropic transformations.
See also Polytypism.
Concentration polymorphism is deﬁned as the
generation of phases, which are intermediate in
chemical composition, in multicomponent systems. Unlike proper polymorphism, concentration
polymorphism takes place due to a change of composition of the material under ﬁxed environmental
conditions (temperature, pressure). The term “concentration polymorphism” is often used to emphasize structural features of phase diagrams, such as
the existence of several different phases in a narrow interval of concentrations; it is also used for
the description of an aggregation of phases, which
noticeably differ in composition but structurally
are all traced back to one initial phase.
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POLYNOMIAL BASIS, IRREDUCIBLE
See Irreducible polynomial basis.
POLYTYPE, MARTENSITIC
See Martensitic polytypes.

forces. Some authors do not restrict polytypism
to the one-dimensional variety, but consider it the
ability of a crystal to occur naturally in more than
one form.

POLYTYPISM, (fr. Gr., πoλυς , many τ υπoς ,
pattern).

POMERANCHUK EFFECT (I.Ya. Pomeranchuk,
1950)

Ability of a substance of given composition
to form a variety of different crystal modiﬁcations (polytypes); these modiﬁcations possess
equal crystal lattice parameters in two directions
and different parameters in the third direction. For
example, identical layers (close-packed planes)
may be stacked in different sequences. Similar
to polymorphic modiﬁcations, polytypes have different crystal lattices, therefore, polytypism may
be considered as one-dimensional polymorphism.
Unlike polymorphic modiﬁcations, different polytypes are formed at the same temperature and
pressure and do not have stability regions; they
exhibit nearly equal values of potential energy
and possess very similar physical properties. Polytypes are divided into stable (equilibrium) polytypes and metastable (nonequilibrium) polytypes.
Stable polytypes include those of semiconductors,
minerals and other substances, which are formed
by diffusion during crystallization, diffusion annealing (see Homogenization). Martensitic polytypes, which are generated without diffusion at
martensitic transformations in metal alloys with a
low energy of stacking faults, belong to metastable
polytypes. Among equilibrium polytypes (e.g., in
silicon carbide) occur modiﬁcations, which contain 4200 close-packed basal planes with lattice
spacing ≈120 nm in a unit cell. For the description of polytypes the symbols A, B, C are
most widely used (each of the letters stands for
a close-packed plane). Thus, a six-layered polytype SiC-II is written as follows: –ABC ACB–,
and a 15-layered polytype SiC-I is written as
ABC BAC ABA CBC ACB. One of the main
challenges of the polytypism theory is the explanation of the generation of ordered (perfect) polytypes of high periodicity. Consideration of such
polytypes requires the assumption that there is
an interaction (correlation) between atomic layers,
which acts through tens and even hundreds of interatomic distances; the range of such an interaction far exceeds the range of known interatomic

The presence of a minimum on the melting
curve (the dependence of pressure P on temperature T ) for 3 He. In liquid 3 He the exchange interaction leads to a preferable antiparallel orientation of adjacent nuclear spins which reduces the
part of the entropy associated with them. Due to
the smallness of this interaction in solid 3 He at the
temperatures above TN = 1.1 mK the distribution
of spins will be random until the magnetic interaction of the nuclear spins at T  TN becomes dominant (see Helium). As the entropy of liquid 3 He
decreases with the reduction in temperature, and
at low temperatures the “non-spin” part of entropy
is small, then at some temperature Tm (TN < Tm
< 1 K) the entropy of the liquid SL becomes
smaller than the entropy of solid 3 He, where SS =
R ln 2 per mole in this temperature range. According to the Clausius–Clapeyron equation the slope
of the melting curve dP /dT = (SL − SS )/(VL −
VS ) becomes negative at T < Tm (Tm = 0.319 K,
Pm = 2.9315 MPa) and it will be less than zero
until T  TN , where the orientation of solid helium 3 He nuclei begins, SS < SL . The molar volume of liquid VL > VS of the solid helium in
the whole range of temperatures and pressures, so
that the sign of dP /dT coincides with the sign of
SL − SS . At the point (Tm , Pm ) of the P –T diagram of 3 He, where SL = SS , we ﬁnd dP /dT = 0,
which corresponds to the minimum of the melting
curve.
POPULATION INVERSION
See Level population.
POPULATION OF LEVELS
See Level population.
PORES

Gaps or cavities between structural elements of
a solid. One may distinguish linked pores or chan-
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nels which penetrate deeply into the bulk of the
solid, as well as closed or isolated pores. The pore
volume per unit volume of a solid, or the percentage of its volume that constitutes pores, is called
porosity. Porosity is also characterized by the speciﬁc surface, or the ratio of the total surface of
a porous body to its volume or mass, often expressed in the units m2 /g.
In crystals the effective formation of pores
takes place under the effect of nuclear radiation,
at high doses of defect-forming particles. Thus,
in pure nickel irradiated by neutrons with energy
E > 1 MeV at T = 400 ◦ C, pores are observed at
the dose 4·1021 neutrons/m2 , and in reactor steels
at 450 to 500 ◦ C pores appear at the dose of 1026
neutrons/m2 .
Vacancies and interstitial atoms created upon
irradiation partially recombine with one another,
and are partially trapped by different sites. Dislocations more readily capture interstitial atoms than
vacancies. As a result of this, an excess concentration accumulates, which leads to the generation of pores, and then to their growth (see Critical
pore size). At low temperatures T < 0.3Tmelting
(Tmelting is the melting temperature) the diffusion rate of point defects is low and there are no
processes of pore formation. At the higher temperatures T > 0.6Tmelting , the diffusion rate is high,
defects are effectively annealed, their concentration is small, and there is no pore formation. Pore
formation is most likely within the range of temperatures 0.3Tmelting to 0.6Tmelting . As a result of
some nuclear reactions, gases are generated (helium, argon, xenon, etc.), which are practically insoluble in metals, so gas-ﬁlled pores form. The
gas pressure in the blisters is so high that atoms
of inert gases crystallize in blisters at temperatures above room temperature, i.e. much higher
than the crystallization temperature at normal pressure. Pore formation leads to the radiation swelling
of materials.

of a considerable number of gas molecules, possess the highest porosity: activated carbon, zeolites, and silica gels, in which pores are structurally
formed elements which are comparable in their dimensions (or larger) to the sizes of gas molecules.
Another type of porosity is determined by the
presence of voids in sputtered metallic lm s, in
pressed tablets, where the pore size far exceeds an
atomic one by orders of magnitude, and may be
measured by their fraction of the overall volume
(from units to tens of percents).
POROSITY DIFFUSION
See Diffusion porosity.
PORPHYRINS, METALLOSee Metalloporphyrins.
POSISTOR (abbr. of Positive Temperature
Coef cient Thermosensitive Resistor)

A thermistor or polycrystalline ceramic ferroelectric–semiconductor which has a region of abnormally high positive temperature coefﬁcient of
resistance α = R −1 (dR/dT ) (R is resistance, T is
temperature). This coefﬁcient has a typical value
α > 10%/K, and may reach 30–50%/K. The total resistance jump in the region of positive values
(width ∼102 K) may reach 5–7 orders of magnitude. On cooling the posistor effect becomes reversible. Outside the region of positive values, the
temperature resistance coefﬁcient of the posistor
is negative (as it is for ordinary semiconductors).
The posistor effect includes the following factors:

POROSITY

(1) the existence of internal inhomogeneity: grain
boundaries; it is observed in ceramics and is
not observed in monocrystals;
(2) ferroelectric properties of the material; observed in the neighborhood of phase transitions of various type in ferroelectrics (ferroelectric–paraelectric transition; ferroelectric–
ferroelectric transition involving a change of
lattice symmetry; ferroelectric–antiferroelectric transition).

The presence within the volume of a solid of
cavities with dimensions signiﬁcantly exceeding
atomic ones. The totality of pores forms a system
connected to the external surface, which affords
access to the bulk of the pores by outside gas molecules. The so-called sorbents, used for the uptake

The ﬁrst patent on an anomalous positive temperature resistance coefﬁcient (∼20%/K, resistance
increase of three orders of magnitude) in barium
titanate-based ceramics was issued in 1954.
Of greatest abundance are posistors based on
barium titanate (see Ferroelectric ceramics) doped
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with elements of valence 3 or 5. Ceramics based
on undoped barium titanate exhibit properties of
a good insulator (ρ ∝ 1010 ·m). This compound becomes a semiconductor on being doped
(see Doping) with microamounts (concentration
<0.5 at.%) of elements which either possess an
ionic radius close to that of Ba2+ and a valence +3
(one greater than Ba2+ ), or possess an ionic radius
close to that of Ti4+ and valence of +5 (greater
by one than Ti4+ in barium titanate). Dopants
of the ﬁrst type are usually rare-earth elements:
La3+ , Sm3+ , Ce3+ , Gd3+ . Dopants of second
type are Nb5+ , Ta5+ , Sb5+ , Bi5+ . Doping results in a considerable decrease of resistivity of
the ceramics (up to 0.1–100 ·m) and a change
of color of the ceramic material, which becomes
green. On further increase of concentration of doping impurity (above 0.5 at.%), the resistivity of
barium titanate sharply increases again and it becomes an insulator. The posistor effect in barium
titanate takes place in the region of a ferroelectric–
paraelectric phase transition, with a sharp increase
of resistance above the phase transition point. The
Curie temperature for pure barium titanate is TC =
393 K. At doping with elements of the same valence as Ba and Ti the Curie temperature may
vary over a broad interval: 203 K  T C  673 K
(TC increases when Ba is replaced with Pb, and
it decreases at replacement of Ba with Sr; or Ti
with Zr or Sn). The shift of TC depends on the
amount of added dopant and is 2.5 K/at.% for
Sr; 4 K/at.% for Zr and Pb; 7.5 K/at.% for Sn.
The limiting amounts of substitutional atoms at
which the doped material still retains semiconducting properties (ρ < 104 ·m) are: 40 at.% for
Sr; 25 at.% for Sn and Zr; 70 at.% for Pb.
Along with barium titanate-based semiconductors with a posistor effect, in the neighborhood of the Curie point there is a number of ferroelectric semiconductors which exhibit the posistor effect in the region of phase transitions
of other kinds: ferroelectric–paraelectric transition and ferroelectric–ferroelectric transition in
KNbO3 , KBiTi2 O6 , Pb2 FeNbO6 ; it is in the region of ferroelectric–ferroelectric transitions between rhombic and tetragonal phases, where the
posistor effect of KNbO3 and KBiTi2 O6 is most
pronounced. This effect at ferroelectric–antiferroelectric phase transition is observed in NbBiTi2 O6 .

Posistors ﬁnd wide application in engineering.
The main operating characteristics of posistors
are: position of positive temperature resistance coefﬁcient on the temperature scale; value of maximum temperature resistance coefﬁcient in units
of %/K; ratio of change of resistance in the region of positive temperature resistance coefﬁcient;
switch-over temperature, at which the posistor resistance increases by a predetermined factor; thermal response time which characterizes its transittime effects. Numerous technological applications
of posistors include: unbalanced current relays;
devices for temperature compensation of resistance, for protection of electric devices from overheating; thermostats; heaters; current regulators,
current and voltage stabilizers; device to control
the level of a liquid; device for start-up of a singlephase electric motor with starting condenser; automatic demagnetization of color TV sets; time relays and delay elements.
POSITRON

Fundamental particle e+ which has the same
mass and spin as an electron e− , but differs from
it in the sign of the charge and magnetic moment. On penetrating into a solid (usually emitted
from a radioactive source) high-speed positrons
become thermalized in the short time of about 1 ps
through loss of energy by ionization and excitation of atoms. The lifetime of a positron in a material is limited because of positron–electron annihilation. This annihilation gives rise to gamma
rays; positron spectroscopy of solids is based on
analysis of the parameters of the gamma quanta.
The average lifetime in various solids varies over
an interval of 100–1000 ps. The main state of a
positron in a solid is the quasi-free state. By virtue
of the Coulomb repulsion of positrons by atomic
nuclei not all electrons take part in the annihilation
of positrons. Therefore, the lifetime is inversely
proportional to the “effective” density of electrons,
and the angular distribution of annihilation photons (e.g., in metals) permits one to reproduce the
structure and anisotropy of the Fermi surface. If
there are defects in the structure of the solid, then
some quasi-free positrons, which are diffused over
the material, become trapped by those defects and
form with them bound energy states, the so-called
positron centers.
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Certain solids, e.g., MgO, W, possess a negative positron work function. As a result of this, after moderation in the bulk of such solid a small
percentage of the positrons is emitted from its surface with a kinetic energy of about 1 eV. This phenomenon is used for generating beams of slow
positrons (with variable spectrum) and for investigating solid surfaces. Besides quasi-free states,
positrons and electrons form hydrogen atom-like
bound states in the material, which are called
positronium (Ps).
POSITRON CENTER
Defect in a solid, at which localization and an-

nihilation of positrons takes place without generation of the positronium state, e.g., vacancies,
vacancy clusters, dislocations, complexes of vacancies with impurities. The reason why these
defects capture positrons has to do with their
excessive negative charge, which is due to the
reduced density of positively charged ions. Positronium states are mostly localized at defects in insulators (see Positronium center). Parameters of
electron–positron annihilation (see Positron spectroscopy) of a positron, which is localized at a
positron center, are different from those of a quasifree positron; this is due to the difference in the
density of valence and inner-shell electrons in the
defect relative to those in a crystal lattice. The
most useful characteristic of a positron center is
the time distribution of positron annihilation: from
this distribution one may extract components of
lifetimes of positrons at different types of centers,
which permits the determination of rates of capture of positrons by positron centers and rates of
positron annihilation in the centers. This allows
one to determine the concentration of positron
centers and the electron density in them.
POSITRONIUM, Ps

Bound state of an electron e− and positron e+ .
Free positronium is analogous to a hydrogen atom,
in which the proton mass is replaced by the mass
of a positron. In the ground state (parapositronium) the spins of e− and e+ are antiparallel. The
level of orthopositronium (spins of e− and e+
parallel) begins at 8.41·10−4 eV. Parapositronium
lifetime with respect to annihilation is 125 ps (two
gamma quanta are produced, see Gamma ray). Orthopositronium lifetime is 140 ns (three gamma

quanta are produced at annihilation). Characteristics of the positronium in a material and in the
free state are essentially different. The mechanisms for binding together a positron and electron
in a medium at the deceleration of a high-speed
positron are speciﬁc. According to the mechanism
proposed by A. Ore (1949), the formation of Ps
takes place at an energy of e+ in the region of
the so-called Ore gap, close to the ionization energy of the atoms of the material. According to
the alternate track mechanism, the formation of Ps
takes place when a positron captures an electron
from the region of its track (Spur). The speciﬁcs
of these mechanisms and the role played by each
of them in the generation of positronium are as
yet unknown. The so-called positronium centers
arise, if there are defects in the structure of the
material. The positronium lifetime in a solid is
limited mainly by the so-called pick-off annihilation: annihilation of the positron with other electrons of the substance. This process shortens the
positronium lifetime to 1 ns (for triplet positronium). The most evident manifestation of the formation of Ps in solids is the appearance of narrow peaks in the angular distribution of annihilation phonons. These peaks appear in the region of
small angles, and angles which correspond to vectors of the reciprocal lattice of the crystal. This is
due to the fact that the value of the center of momentum of thermalized (delocalized) Ps is small.
Annihilation characteristics of positronium in the
material depend to a large measure on the environment; this dependence manifests itself, e.g., in
ortho–para conversion of Ps involving conduction
electrons or paramagnetic atoms, in the formation
of chemical compounds by Ps and atoms of the
medium, etc. Delocalized positronium cannot exist in bulk metals. In insulators with low concentrations of intrinsic and impurity defects, such as
quartz, CaF2 , MgF2 , ice, KCl, NaCl, etc., delocalized positronium has been observed. Positronium
localized at the surface is observed in practically
all solids.
POSITRONIUM CENTER
Defect, at which localization and annihilation
of positrons, takes place, giving rise to the positro-

nium state (bound electron–positron pair). Positronium centers are observed mostly in ionic insulators and molecular solids. States of positrons
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in positronium centers differ from other states in
solids by the sensitivity of their annihilation characteristics to the application of a static magnetic
ﬁeld. Positronium centers are often characterized
by extensive regions of elevated electron density: pores, vacancy clusters. The role of positronium centers in molecular solids is also played
by interstitials. In ionic insulators, such as alkalihalide crystals, the role of positronium centers is
played by electronic color centers, vacancies, and
their complexes in the cation sublattice. Localized
positronium states may also exist in the neighborhood of vacancy clusters of semiconductors.
POSITRON SPECTROSCOPY

Investigations of characteristics of solids,
which are based on parameters of gamma ray
(photons) which are released at the annihilation of
positrons. Annihilation usually gives rise to two
photons, which possess the total energy 2mc2 . The
probability of the production of additional photons is small, except when an electron–positron
pair forms a bound state (positronium, Ps) before
annihilation. This state is realized in ionic and
molecular crystals of insulators. The sources are
man-made radioactive isotopes 22 Na, 58 Co, 64 Cu,
68 Ge. Positron spectroscopy of solids is based on
the fact that, in a time of the order of 10−12 s,
positrons in the material lose energy by scattering, and come into thermal equilibrium with the
medium. Therefore, the energy and momentum of
the positron at the moment of annihilation are negligibly small compared with corresponding characteristics of an electron, and the emitted photons
provide information on the annihilating electrons.
This information is obtained through three types
of measurements (see Fig.).
1. The positron lifetime τ is determined through
measurement of the delay time, i.e. the time interval between the recording of a high-energy
gamma quantum, which is produced simultaneously with the positron, and the emission of the
annihilation photon. Measurements of τ , which
is of the order of 10−10 s, are performed with
the help of high-speed systems of detecting and
recording (Fig. (a)). Since τ −1 = λ = πr02 cn,
where λ is the rate of annihilation, r0 is the
classical electron radius, n is electron density
in the area of annihilation, the measurement
of τ allows one to determine n.

2. The angle of deviation of annihilation photons
from collinearity characterizes the component
of electron momentum, which is perpendicular to the direction of the scattering of these
photons. A measurement of the angular distribution of annihilation photons can provide
the density of electron momenta ρ(p). These
measurements are performed with the help of
coincidence detectors which are situated on
each side of the sample; one of the detectors
may move over the given interval of angles
(Fig. (b)).
3. Doppler broadening of annihilation lines,
which is caused by the component of electron
velocity that is parallel to the direction of photon scattering, also permits one to determine
ρ(p). High-resolution semiconductor detectors
are used for the measurements (Fig. (c)).
The method of electron–positron annihilation
allows one to ﬁnd ρ(p) and the contour of the
Fermi surface, to assess structural defects, and
to study the near-surface layers. In metals there
are no ﬁlled electron states above the Fermi level,
therefore, ρ(p) is truncated at this level. The determination of its location for various crystallographic orientations makes it possible to reconstruct the Fermi surface. In modern devices the
Fermi surface is drawn with the help of twodimensional detecting systems, which allow one to
sketch outline charts of ρ(p) and ﬁnd projections
of the Fermi surface. The distinctive feature of this
method is that the measurements are not restricted
to the case of extra-low temperatures and metals of
high purity, rather they permit ﬁnding Fermi surfaces of high-temperature phases and random alloys.
Diagnostics of defects is based on their ability to capture a positron. Centers of localization
of positrons are vacancies, aggregations of vacancies (vacancy clusters), dislocations and other
defects, which arise at the generation of localized positrons. Annihilation photons provide information on the type and concentration of
defects, as well as on characteristics of the electronic subsystem in the neighborhood of the defect. The interaction of defects, which leads to
generation of aggregations of vacancies, complexes of vacancies with impurity atoms and decorated dislocations, manifests itself by a change
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beams of variable energy permits the study of the
electronic structure of the surface and distribution of defects over the depth of the near-surface
layer. Generation of positronium is possible at the
surface of metals and semiconductors, and in the
bulk of insulators, in particular, insulating molecular crystals. The method of positron annihilation,
applicable to molecular crystals, allows studying
both crystal structure and chemical reactions with
the participation of Ps.
POTASSIUM, K (Lat. Kalium)

Block diagrams showing the principle of devices for
measurements of (a) positron lifetimes; (b) angular distribution of annihilation phonons; (c) determination of
the Doppler broadening of an annihilation line. A, ampliﬁers; ADC, analog-to-digital converter; CC, coincidence circuits; DL, delay; DS, discriminators; DT, detectors; DVF, Dewar vacuum ﬂask; MPA, multi-pulse channel analyzer; PE, positron emitter; R, recording device;
S, sample; TAC, time-to-amplitude converter.

of observed annihilation parameters. In this connection positron spectroscopy is used to investigate the evolution of the defect structure of solids,
which takes place under exposure to deformation,
irradiation, temperature and other factors. It is also
used to investigate changes in the defect structure at phase transitions, and for nondestructive
testing techniques of various materials and articles. High-energy positrons from the emitter penetrate into solids to a depth, ranging from tens to
thousands of micrometers. Creation of methods of
positron moderation and the generation of positron

Chemical element of Group I of the periodic system with atomic number 19 and atomic
mass 39.0983; it is an alkali metal. Natural potassium consists of stable isotopes 39 K (93.22%) and
41 K (6.77%) and traces of the weakly radioactive isotope 40 K (0.00118%). Outer shell electronic conﬁguration is 4s 1 . Successive ionization
energies 4.341, 31.820, 46 eV. Atomic radius is
0.236 nm; radius of K+ ion is 0.133 nm. Work
function is 2.22 eV. Potassium is very active chemically. Oxidation state is +1. Electronegativity is
0.78.
In free form, potassium is a soft silverywhite metal, quickly dimming in the air, reacting with oxygen, water vapor, and other air
components. It has a body-centered cubic lattice, a = 0.5247 nm. Density is 0.862 g/cm3
(293 K); T melting = 336.7 K, T boiling = 1033 K.
Heat of melting is 2.3 kJ/mole; heat of sublimation is 89.4 kJ/mole; speciﬁc heat cp =
29.6 J·mole−1 ·K−1 . Debye temperature is 90 K.
Electrical resistivity is 0.0623 μ·m, temperature
coefﬁcient of electrical resistivity is 5.8·10−3 K−1
(at 293 K). Hall constant is −4.2·10−10 m3 /C.
Magnetic susceptibility is χ = +0.53·10−9 . Linear thermal expansion coefﬁcient is 8.4·10−5 K−1
(at 273 to 323 K). Brinell hardness is 0.4 MPa.
Modulus of normal elasticity upon stretching is
3.5 GPa (at 83 K).
Due to its high chemical activity, applications
of metallic potassium are very limited. Liquid
alloys (at room temperature) of potassium and
sodium (containing 40 to 90% of K) can be used
as heat conductors. The mixture of peroxide K2 O2
and superoxide KO2 , used for air regeneration, is
obtained from metallic potassium.
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POTASSIUM TITANYLPHOSPHATE
This nonlinear-optical crystal KTiOPO4 crys-

tallizes in the orthorhombic space group P na1
9 ). Mohs hardness is 5, it is insoluble in wa(C2v
ter and stable with respect to acids and alkalis,
melts with decomposition at temperatures above
1300 K, is transparent from 0.35 to 4.5 μm. It
is obtained by hydrothermal synthesis at Tmax =
1000 K and pmax = 100 MPa, or from the solutions in melts at Tmax = 1150 K. Maximum
crystal dimensions are 30 × 40 × 20 mm3 . It is
easily machined and polished. It is a ferroelectric
with T C = 1205 K and P C ≈ 100 μC/cm2 ; and
above 280 K superionic conduction is observed
(see Solid electrolytes) along the c axis. Nonlinear
optical efﬁciency is 1.5 times higher than that of
lithium niobate (see Niobates) and 15 times higher
than that of potassium dihydrogenphosphate. Dispersion parameters allow second harmonic generation from radiation with λ = 1.06 and 1.32 μm,
as well as generation of the sum and difference
frequencies within the transparency window. It
is characterized by low-temperature drift of the
synchronism directions and high radiation transparency (up to 1 GW/cm at λ = 1.06 μm and
more) without any of the optical damage that restricts applications of lithium niobate. Conversion
efﬁciency for the second harmonic exceeds 80%
at the power of continuous and quasi-continuous
radiation up to 20 W at λ = 0.53 μm. Pumping
of the second harmonic from KTiOPO4 of dye
lasers provides stable tunable generation of picosecond pulses. It is a good electrooptic crystal,
three times more efﬁcient than potassium dihydrogenphosphate. It is applicable for tunable lasers
via Raman scattering of light.
POTENTIAL BARRIER

The region of space (medium) where the positive potential energy U of particles (quasi-particles) exceeds their kinetic energy E. For classical particles the region U > E is inaccessible, and
the potential barrier is impermeable. But due to
the quantum (wave) properties of particles their
penetration (tunneling) through the potential barrier is possible. The probability of particles passing through the barrier (its transparency), according to the laws of quantum mechanics, is reduced
exponentially with the increase in the height and

width of the potential barrier. In solids, there may
exist both natural (e.g., between electron states of
crystal lattice atoms in insulators and semiconductors) and artiﬁcially created potential barriers (e.g.,
in metal–oxide–semiconductor (MOS) and metal–
insulator–semiconductor structures (MIS), in tunnel junctions, etc.).
POTTS MODEL of phase transitions (R.B. Potts,
1952)
Generalization of the Ising model of an ideal

lattice to an arbitrary number of distinct states. The
variable σi is speciﬁed at each site, assuming the
values σi = 1, . . . , q.
The Hamiltonian of the Potts model has the
form H = −J ij δ(σi , σj ) − h i δ(σi , 1),
where J is the interaction energy; δ(σi , σi ) = 1,
δ(σi , σj ) = 0 if σi = σj ; and h is the “external
ﬁeld”. The summation is performed over all pairs
of nearest neighbors. For h = 0 the Potts model
displays a second-order phase transition if q  qc
and a rst-order phase transition if qc < q. It is
known that q c (2) = 4, q c (4) = 2, q c (6) = 1, and
2 < qc (3) < 3 (the dimensionality of the space is
shown in parentheses). The order parameter in the
Potts model is the diagonal traceless q × q tensor
Qαβ . The thermodynamic potential of the Landau
theory of phase transitions of the Potts model as a
function of Qαβ is invariant with respect to the
symmetry group of the hypertetrahedron with q
vertices in (q − 1)-dimensional space. For q = 2
the Potts model coincides with the Ising model, in
the limit q → 1 it describes the bond problem of
percolation theory, for q = 1/2 in the critical region it is equivalent to a dilute Ising spin glass,
and in case q = 0 it models the Kirchhoff lattice
of resistances.
The two-dimensional Potts model q = 2.3 is
exactly soluble at the Curie point T C . For the
square lattice we have
TC=

J
√ ,
k B ln(1 + q)

q = 1, 2, 3, 4.

All the correlation functions of the two-dimensional Potts model q = 2.3 at the phase transition point can be calculated exactly. There exists
the hypothesis that the critical indices of the twodimensional Potts model for q  4 are:
α=

2(1 − 2U )
,
3(1 − U )
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β=

1+U
,
12

γ =

7 − 4U + U 2
,
6(1 − U )

δ=

(3 − U )(5 − U )
,
1 − U2

ν=

2−U
,
3(1 − U )

1 − U2
,
2(2 − U )
√
q
2
U = cos−1
,
π
2
η=

where α, β, γ , δ, ν, η are the critical indices of
the speciﬁc heat, “magnetization”, susceptibility,
magnetic ﬁeld, correlation radius, and anomalous
dimensionality of the ﬁeld of ﬂuctuations, respectively. See also Two-dimensional lattice models.
POWDER MAGNET
A permanent magnet obtained by the compres-

sion of ferromagnetic micropowders with a high
coercive force. Powders of iron, of an iron-cobalt
alloy, and also of such highly anisotropic materials
as Mn–Bi, SmCo5 , etc., are used for this purpose.
Sometimes the pressing is carried out in the presence of a magnetic eld. Various bonding agents
are used for ﬁxing the particles. See also Hard
magnetic materials.
POWDER METALLURGY

All of the methods and technological processes
involved in the manufacture of polycrystalline single or multiphased materials, and of articles made
from them with the help of the dispersion of metals, of pressure and heat treatment. Three groups
of technological processes form the basis of powder metallurgy: (a) dispersion of metals in solid
or liquid states, or direct formation of the dispersed metals with the aid of chemical processes
(reduction, decomposition, electrolysis); (b) formation of powders into blanks which approach the
shape of ﬁnal products, by application of pressure
or use of ﬂuid suspensions; (c) sintering the blanks
at high temperatures and transforming the powder
conglomerate to a bound polycrystalline body possessing this or that residual porosity.

From the physical point of view, the technological operation of caking is the most complex
and important. Caking is the process of fusing a
powder into a solid mass by pressure, heat, or
water. Caking is performed at temperatures from
0.65 to 0.85 of the absolute melting temperature of the main phase. For a single-phase, and
also for many-component systems with closely
spaced component melting temperatures, caking
takes place in the solid phase and the mass transport processes have a diffusion character. If there
are low-melt components in the powder mixture,
then caking may occur in the presence of a liquid
phase and the body preserves its solid framework.
The excessive surface energy of the dispersed system, which causes the presence of capillary pressures, is the motive force of caking, so upon caking
the porous body reduces its volume and its average
density increases. The physical theory of this phenomenon is not yet fully worked out.
Powder metallurgy is the progressive highlyorganized technology which makes it possible to
control the structure and properties of the powder (caked) materials obtained with the help of
it. Metals, alloys, intermetallic compounds, highmelt compounds of transition metals with carbon,
nitrogen, boron, silicon, nonmetallic oxygen-free
high-melt compounds, and also their combinations
with oxides, glass, natural minerals, polymers are
the objects of powder metallurgy. Powder metallurgy provides the possibility of manufacturing
composite materials combining substances of different chemical natures and possessing new properties not deducible from the sum of properties
of the constituent phases (cermets, metal-glass,
metal-polymer materials, pseudoalloys etc.). Powder metallurgy plays a special role in producing polycrystalline materials based on nonmelting
(sublimating, dissociating) substances (nitrides of
silicon, aluminum, boron) or metastable high pressure phases (diamond-like phases of carbon and
of boron nitride). In addition, the powder metallurgy of amorphous alloys and materials possessing superelasticity and shape memory (see Shape
memory effect) has been developed.
POWDER METALLURGY MATERIALS
See Strength and plasticity of powder metallurgy materials.
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PRASEODYMIUM

PRASEODYMIUM, Pr

A chemical element of Group III of the periodic system with atomic number 59 and atomic
mass 140.9077, it is a lanthanide (rare earth). 32
isotopes are known, including mass numbers 121,
129, 130, 133 to 151. Natural praseodymium has
only one stable isotope 141 Pr. Electronic conﬁguration 4f 3 5d 0 6s 2 . Ionization energy 0.04 eV.
Atomic radius is 0.182 nm; radius of Pr3+ ion
is ≈0.104 nm, of Pr4+ 0.092 nm. Oxidation
state +3, less often +4. Electronegativity ≈1.14.
In a free form praseodymium is silvery-white
metal, easily oxidized in air and becomes yellow. It has two modiﬁcations: α-Pr, β-Pr. Below ≈1080 K α-Pr with double close-packed
hexagonal lattice is stable; a = 0.36723 nm, c =
1.1834 nm under normal conditions, interlacing
of hexagonal atomic layers according to the type
4 ). Above
ABAC. . . ; space group P 63 /mmc (D6h
≈1080 K up to Tmelting = 1206 K β-Pr is stable with the body-centered cubic lattice with a =
0.413 nm (extrapolated value) after hardening,
space group I m3̄m (Oh9 ). There are contradictory
reports that its polymorphous transformation to a
(possibly metastable) allotropic modiﬁcation with
face-centered cubic lattice, space group F m3̄m
(Oh5 ), precedes (at ∼860 K) the transition α-Pr →
β-Pr; a = 0.488 (extrapolated value) after hardening. Density is 6.475 to 6.770 g/cm3 (at room
temperature), Tboiling ≈ 3460 K. Bonding energy
of praseodymium at 0 K is 3.9 eV/atom. Heat
of melting ≈8.5 kJ/mole; heat of sublimation
330.8 kJ/mole; speciﬁc heat is 0.192 kJ·kg−1 ·K−1
(at 298 K), Debye temperature is ≈110 K; coefﬁcient of the linear thermal expansion of praseodymium polycrystal 6.5·10−6 K−1 (in the range
of temperatures 100 to 1073 K); coefﬁcient of heat
conductivity of α-Pr polycrystal is ≈30.4 GPa
at zero external pressure and room temperature,
Young’s modulus is ≈34 GPa at room temperature, shear modulus is 13.53 GPa, Poisson ratio is
0.305; tensile strength is 0.110 GPa, relative elongation is 12% (for cast sample at 293 K). Vickers
hardness: for cast praseodymium from ≈40 HV,
for forged praseodymium 76 HV. Activation energy of self-diffusion of atoms in β-Pr at melting temperature is 124 kJ/mole (i.e. 1.29 eV). Effective cross-section of thermal neutron trapping

is 11.2 barn. Electrical resistivity of α-Pr polycrystal is ≈670 n·m at 296 K, temperature coefﬁcient of electrical resistance is 0.00171 K−1
(at 273 K). Electron work function of polycrystal is 2.7 eV. In α-Pr at the Néel temperature
TN = 24.5 K the magnetic order–disorder phase
transition takes place from paramagnetic state to
the sine-wave modulated antiferromagnetic state
with collinear position of magnetic moments perpendicular to the principal axis 6 in only half of
the hexagonal atomic planes. There are some indications of a transition of nonequilibrium closepacked cubic modiﬁcation of praseodymium to the
ferromagnetic state at the Curie temperature TC =
8.7 K. The magnetic susceptibility of polycrystalline praseodymium ∼4000·10−6 CGS units;
nuclear magnetic moment of 141 Pr isotope is 3.92
nuclear magnetons. Praseodymium is used as an
alloying component of steels, of nonferrous metals, e.g., of magnetic alloys with nickel, cobalt,
and others.
PRE-BREAKDOWN LUMINESCENCE
See Electroluminescence.
PRECIPITATE, COHERENT
See Coherent precipitate.
PRECIPITATES in solids (fr. Lat. praecipitatus,
thrown down)

Extraneous particles within a solid, which consist of large number of molecules. Their appearance is caused by lack of phase equilibrium, e.g.,
upon decomposition of a solid solution (see Alloy decomposition). The precipitation process involves the successive appearance and growth of
particles of a second phase. Structural defects, and
in particular dislocations, are loci for precipitation.
Precipitates may consist of the matrix material, but
possess another structure. Also inclusions of other
substances, or compounds of matrix elements with
impurities, can also become precipitates. Precipitates may be present in any material – in metals,
semiconductors, ionic crystals, molecular crystals
– independently of their structural state (monoor polycrystalline, amorphous state). The initial
form of precipitates in metals is called a Guinier–
Preston zone. The shape of precipitates may be
of various types: spherical, plate-like, needle-like,

PRECURSOR
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metals (molybdenum, tungsten). Unlike aging alloys (see Alloy aging), in precipitation-hardened
materials the particles of the second phase are
introduced artiﬁcially. Usually they have a noncoherent phase interface with the surrounding
medium, and do not interact with it chemically,
so the speed of coalescence of such particles is
low. These materials reach maximum hardening at
a particle size of about 10 to 30 nm, with a narrow distribution according size, an optimum distance between them (∼50 to 100 nm), and at bulk
contents of about 10%. Nowadays precipitationhardened materials are obtained by the method
of powder metallurgy. The material based on aluminum containing about 7% of Al2 O3 and having
an ultimate strength about 300 GPa at 20 ◦ C and
a yield limit of 70 GPa at 350 ◦ C, may be cited as
an example. This material is characterized by high
corrosion resistance and radiation resistance.
PRECURSOR, forerunner

Phosphorus precipitates in germanium.

etc., depending on the system composition, and
on the conditions of precipitate formation. Precipitates are sources of internal stresses which are
minimal for spherically symmetrical shapes, and
are maximal for the most anisotropic precipitates.
Due to these stresses, precipitates inhibit the motion of dislocations thus causing so-called precipitation hardening (see Precipitation-hardened materials). The ﬁgure presents an electron microscope picture of phosphorus precipitates in germanium. Precipitates distributed within a volume are
visible due to diffraction contrast in the distortion
ﬁeld of the associated lattice. The shape of a dislocation is inﬂuenced by its retardation at a precipitate.
PRECIPITATION-HARDENED MATERIALS
Materials related to disperse structures (composites), for which hardening is caused by the
presence of particles of refractory materials (ox-

ides, nitrides, borides) or particles of high-melt

A burst of a ﬁeld that has separated from the
main part of a pulse and moves faster than it. It
arises from frequencies in the signal spectrum for
which the group velocity has the maximum value.
On the dispersion law curve these frequencies correspond to: (1) sections adjacent to the asymptotes
ω = ck, where c is the sound velocity or speed of
light in the given medium; (2) the points of inﬂection ω∗ of the dispersion law curve ω = ω(k), corresponding to the tiny, high-frequency Sommerfeld precursor (A. Sommerfeld), and the larger
and lower-frequency Brillouin precursor (L. Brillouin). The amplitude of the Sommerfeld precursor, described in the ﬁrst approximation by a ﬁrstorder Bessel function, is negligibly small due to
the smallness of the speciﬁc weight of high frequencies in the pulse spectral function, because
the latter has a peak at the carrier frequency ω0
and drops sharply at its periphery. The velocity of
the Sommerfeld precursor is equal to c. After the
Sommerfeld precursor the Brillouin precursor arrives with the velocity dω(ω∗ )/dk. Its envelope is
described by the Airy function with a tail on the
side of the fundamental signal, with its value reduced in proportion to the spacing of ω0 from ω∗ .
In the process of traversing the distance x the Brillouin precursor diffuses slower than the remaining
signal (x −1/3 instead of x −1/2 ), so at high x and
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low ω0 − ω∗ the Brillouin precursor is the highest
spike of the diffused pulse.
Although precursors were predicted in 1914,
they were not observed until the sixties with the
spreading of ultrasonic waves within a crystal, and
in coaxial lines ﬁlled by a ferromagnetic material. In 1982 the magnetostatic precursor was discovered. An exciton precursor has been described
theoretically. In nonlinear shock waves the elastic
precursor of the main front of a plastic deformation wave may be observed.
PREDISSOCIATION OF CHEMICAL BOND
See Chemical bond predissociation.
PRESSING, compaction, molding

Process of material treatment by pressure in
order to bring about its thickening (powder materials, ceramics); changing of its initial shape
(cast materials); thickening with the introduction
of polymerization processes in plastics (see Polymeric materials), rubbers. The operation of pressing is used in some technological processes: formation of products from powders in press molds
in powder metallurgy; formation of the materials
in plastics and rubber manufacturing in special
heated press molds, where cooling of the material under pressure ﬁxes the necessary shape of
the products, extrusion (squeezing out) of materials from a closed cavity through a die with the
shape of a curved hole to provide rods or tubes of
a required shape.
The widest areas of pressing applications are
the production of parts in machine fabrication, formation in powder metallurgy, and the production
of plastics and rubbers. The following processes of
pressing are used: isostatic (hydrostatic) (powder
metallurgy); dynamic hot (powder metallurgy),
explosion (composite materials; inducing phase
transitions in some compounds and alloys); hydroextrusion (squeezing out of tools of high-speed
steel), casting under pressure (obtaining cast parts
of accurate size); pressing at room temperature
and at higher temperatures (machine fabrication),
etc.
In addition, pulsed and high-energy methods of
pressing have been developed that help to solve a
number of speciﬁc problems of metal science, e.g.
hot dynamic pressing provides pore-free materials from powders with properties superior to those

of cast products: hydroextrusion provides wear resistant cutting material of high speed steel; explosion pressing converts the wurtzite modiﬁcation
of boron nitride into the densely packed hexagonal one with properties close to those of diamonds,
and it furnishes reinforced materials based on aluminum with improved mechanical properties; extrusion at elevated temperatures not only forms the
necessary proﬁle of the product, but it also improves its properties.
PRESSURE

A scalar (P ) equal to the normal component of
a force Fn per unit area S
P = lim

S→0

Fn
dFn
=
.
S
dS

The pressure characterizes the state of stress of
a continuous medium. For a medium in motion
possessing internal friction the pressure is minus
one third of the sum of diagonal components of
the stress tensor. Pressure, density and temperature are the three basic macroscopic state variables. The basic unit is Pascal (Pa) which, in
terms of fundamental units, is N/m2 . In meteorology 105 Pa = 0.987 atm, and for a mercury
column 1 mm = 133.3 Pa. In modern engineering pressures in use have the ranges: ultrahigh
vacuum (10−11 to 10−7 Pa), high vacuum (10−4
to 0.1 Pa), atmospheric (∼105 Pa), high pressure
(109 to 1010 Pa). The latter range is used for the
high pressure treatment of materials. The pressure
at the center of the earth is about 3.4 × 1011 Pa.
See also High pressure cell.
PRESSURE, HIGH
See High pressures.
PRESSURE, MAGNETIC
See Magnetic pressure.
PRIMITIVE PARALLELEPIPED, elementary
parallelepiped

A parallelepiped of minimal volume, its vertices being lattice points. For a given lattice,
a primitive parallelepiped may be selected in many
ways. To describe lattices unambiguously, one
may introduce a reduced lattice selected by symmetry considerations. For all crystal systems (with

PROGRAMMED HARDENING

the exception of monoclinic and triclinic ones), the
reduced lattice is the Bravais lattice. In other cases
the reduced lattice is usually built on the three
shortest noncoplanar lattice vectors.
PRINCIPAL AXES OF A TENSOR

Axes of a coordinate system in which a tensor is written in its simplest form. Examples are a
symmetric tensor As of rank two in diagonalized
form or an antisymmetric tensor Aa of rank two in
the form of a single-nonzero pair of components.
An arbitrary second rank tensor A = As + Aa in
any three-dimensional (e.g., Cartesian) coordinate
system can be characterized by either nine components or 3 + 1 principal values of As , Aa , and
3 + 2 angles which determine the orientation of
the principal coordinate system of As and of the
axial vector Aa , respectively. The symmetric tensor As can also be decomposed into an invariant
scalar part (its trace) and a two-component zero
trace tensor in its principal axis system.
PRINCIPAL MOMENTS OF INERTIA
Moments of inertia relative to principal axes of
inertia. In a general case, the angular momentum

L of a solid relative to a ﬁxed point is a linear
function of the components of the angular velocity
ω of solid: Lα = β Iαβ ωβ , where the summation is over β = 1, 2, 3. The quantities Iαβ form
the moment of inertia tensor. In a coordinate system ﬁxed in the body, Iαβ are constants which depend on the body mass distribution and coordinate
axes selection. With an appropriate choice of coordinate axes one can rotate the moment of inertia tensor to make the off-diagonal elements Iαβ
with α = β vanish. Then the relationship between
L and ω simpliﬁes: Lα = Iαα ωα , α = 1, 2, 3. The
quantities Iαα are called the principal moments of
inertia of the body; and the corresponding coordinate axes are called principal axes of inertia.
PRINCIPAL SECTION OF A CRYSTAL
See Crystal optics.
PRISMATIC DISLOCATIONS

Planar dislocation loops with Burgers vectors
directed along the normal to the plane of the
loop position. Prismatic dislocations may appear
upon the collapse of a vacancy disk of single-atom
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thickness, located along a close-packed plane (vacancy prismatic dislocations), or upon the formation of a disk of interstitial atoms of single-atom
thickness (interstitial prismatic dislocations). Such
dislocations are energetically more favorable than
corresponding pores or inclusions of interstitial
atoms when the following condition is satisﬁed:

 1/3

R
GB −2/3
2R
,
>
(1 − ν)−1 ln
π
b
12γ
b
where R is the radius of the prismatic dislocation,
b is the modulus of the Burgers vector, ν is the
Poisson ratio, G is the shear modulus, and γ is
the pore surface energy. For γ ≈ Gb/10, ν ≈ 1/3.
A prismatic dislocation is stable for R > 1.3b.
Prismatic dislocations are observed at oversaturation of point defects, mainly vacancies, which appears during quenching, irradiation, plastic deformation, etc. The interaction of the rectilinear segment of a screw dislocation with a prismatic one
during a slip process can lead to the formation of a
helical dislocation.
PRISM, POLARIZING
See Polarizing prisms.
PROBE

See Electrical probes, Electron probe, Microprobe.
PROGRAMMED HARDENING

One of the procedures used to harden crystalline bodies. It is based on the processes of diffusion and microshear stress relaxation, which are
responsible for improving the degree of structural
perfection of the lattice. The distinct features of
programmed hardening as compared to deformation hardening are that it achieves a noticeable
hardening by virtue of a low degree of residual
strain (up to 0.2%), while lowering the critical internal energy and increasing the specimen thermodynamic and mechanical stability as a result.
All these effects are accompanied by simultaneous growth of the specimen strength and plasticity. The basic prerequisite for implementing programmed hardening is to load the specimen at
a low rate, following a certain temperature and
load routine, while maintaining an equality between the growing external forcing and the internal resistance of the material to deformation. In

1056

PROJECTION OPERATOR

that case the spectrum of weak lattice sites opens
up step by step, and they harden due to diffusion processes that develop in them (see Diffusion).
Also local microshears occur around stress concentrators (see Stress concentration) without violating the specimen continuity. Among the principal mechanisms of programmed hardening are
changing the individual properties of dislocations
(their segment length is shortened), and the degree of their splitting (energy of stacking faults
is lowered by aggregation of impurity atoms at
dislocations). Also both the conﬁguration and the
density of the attachments of dislocation centers
change. Dislocations redistribute at their accumulation areas near obstacles, and their overall density decreases. Pores and submicrocracks heal and
dissolve. The principal parameters of loading in
the course of programmed hardening are the temperature, rate of loading and the end value of the
stress. The achieved programmed hardening then
persists during various subsequent tests within a
wide temperature range. The hardening may also
result from thermal, radiative, electromagnetic actions that follow certain programs. Steel may also
be tempered, that is toughen hardened by softening it and then reheating it to a temperature below
the eutechtoid temperature.
PROJECTION OPERATOR

An operator P deﬁned on a linear space, that
possesses the property P · P = P . The inverse operator P −1 does not exist. An expansion of either a vector or a tensor ﬁeld into invariant components carried out with the aid of projection
operators plays an important role in the physics
of solids. The simplest projection operator is the
x-axis projector: P r = ix. These operators are
employed to compute the resonance absorption
line shape for a paramagnetic system with a
multicomponent magnetic resonance spectrum.
The projection operators Pα , Pβ isolate that part
of the spin tensor Q which has its matrix elements only between the functions |α, |β, so that
=

Q
α
β Pα QPβ . Thus a speciﬁc resonance
line is selected from the total spectrum, and its
shape is calculated.
To compute the band structure of a solid by the
pseudopotential method one may use projection

operators to select the nonlocal part of the potential acting on band electrons. Expanding the potential into components invariant with respect to
the eigenvalues of the orbital angular momentum l
Pl ) makes it possible to separate the
 = l Pl V
(V
so-called local part (independent of l) from the
nonlocal part (dependent on l) of the potential.
Within the theory of irreversible processes the
method of projection operators is used to develop
the kinetic equation for the density matrix of a dynamic subsystem, σ , from the Liouville–von Neumann equation for the density matrix of the whole
system, ρ. To arrive at the description of the behavior of a dynamic subsystem the projection operator is used to separate either the “signiﬁcant”
part from the tensor ρ, which is diagonal in the coordinates of the dissipative subsystem (R. Zwanzig
technique, 1960), or the quasi-equilibrium part of
the statistical operator. All these operators have
been shown to be equivalent to each other.
PROMETHIUM, Pm

A radioactive chemical element of Group III of
the periodic system with atomic number 61. It belongs to lanthanides. There are 23 isotopes known
with mass numbers 132 to 154. 145 Pm is the most
stable (half-life T1/2 = 17.7 years), but it is quite
rare, and 147 Pm (T1/2 = 2.6234 years) is of the
greatest practical signiﬁcance since it forms in
considerable quantities in nuclear reactors. Electronic conﬁguration is 4f 5 6s 2 . Atomic radius of
promethium is 0.182 nm; radius of Pm3+ ion is
0.106 nm; oxidation state is +3. Electronegativity
is ≈1.17.
Promethium is a light-yellow metal. Metallic promethium possesses a double hexagonal
close-packed crystal lattice; a = 0.365 nm, c =
1.165 nm. Density is 7.26 g/cm3 , Tmelting ≈
1400 K, Tboiling ≈ 3470 K. Heat of melting is
8.8 kJ/mole; speciﬁc heat 27.592 J·mole−1 ·K−1 .
Linear thermal expansion coefﬁcient is
9·10−6 K−1 .
147 Pm is introduced into luminescent materials
of long-term (several years) persistence, and it is
used as a source of radiation in atomic batteries.
A promethium battery with the dimensions of a
button provides the nominal output power 20 mW;
and is not sensitive to variations of temperature,
pressure and other external effects.

PROTON MICROSCOPY

1057

PROPORTIONALITY LIMIT of stress

PROTON MICROSCOPY, proton diffractometry

Limiting stress producing elastic strain of a
solid below which the applied stress and the relative strain caused by it are still proportional to each
other, i.e. Hooke’s law is still valid. The limit of
proportionality may coincide with the elastic limit
or it can be below it, when for stresses close to the
elastic limit, the deviation from the linear dependence between the applied stress and the relative
elastic strain is observed. The basic unit of measurement is the pascal (Pa), which equals 1 N/m2 .

Technique for studying atomic structure with
the use of accelerated proton beams. It is based on
the existence of two types of orientation effects observed during the interaction of a beam of charged
particles with a crystal: channeling of the proton
beam in directions of low Miller indices (see Crystallographic indices), that is in the directions of
dense packing, and the blocking (see Channeling
of ion beams) or shadow effect in the same directions.
The scattering of a channeled particle in the direction of an atomic row results in a blocking effect that simulates the appearance of characteristic minima of intensity (shadows) in the angular
distribution of the proton beam exiting the crystal. Particle outputs in directions with low Miller
indices are always lower than in the directions
with lower packing density. The appearance of a
shadow in the direction of a crystallographic axis
(axis shadow) is explained by deviation of the protons that had initially travelled in that axis direction due to the internal atomic electric ﬁeld of the
particles. Flat shadows characterize ranges of lowered scattering intensity for protons propagating
in crystallographic plane directions and have the
shape of straight lines.
Channeling effects and shadows are observed
with the help of a proton microscope consisting of
a proton accelerator (from 200 keV to 5–10 MeV),
a goniometer crystal holder, and a detector of scattered protons. If a photographic plate replaces a
detector in the beam path, the so-called proton image of a crystal may be obtained by exposing and
then processing that plate. It yields a shadow image over a wide solid angle. Dark direct lines in it
are the lines along which crystallographic planes
of the irradiated monocrystal cross the plane of
the photographic plate, while spots (points where
dark lines cross) are points where the axes with
different {hkl} indices cross that plane. The distribution of lines and spots in the proton image depends on the crystal structure and the geometric
layout of the experiment. The intensity distribution within a single shadow (either an axial or a
plane) is determined by many factors, for example the composition and structure of the crystal,
the type and energy of the particles, the type and
number of defects in a crystal. Hence the proton

PROTACTINIUM, Pa

A radioactive chemical element of Group III
of the periodic system with atomic number 91; it
belongs to the actinides. All the protactinium isotopes (19 are known) are radioactive. 231 Pa (halflife T1/2 = 3.276·104 years) is the most widely
spread in nature, its atomic mass is 231.0359; laboratories of the world have about 150 g of 231 Pa.
In addition 234 Pa (T1/2 = 1.17 min) and its nuclear isomer 234 Pa (T1/2 = 6.70 h) are contained
in negligible quantities in uranium ores. Among
artiﬁcial isotopes β-radioactive 233 Pa (T1/2 =
27.0 days) formed by the transformation 232 Th →
β−

(n, γ ) 233 Th → 233 Pa has the widest application.
Electron conﬁguration is 5f 2 6d 1 7s 2 . Atomic radius is 0.163 nm. Radius of Pa3+ ion is 0.113 nm,
of Pa4+ is 0.098 nm, and of Pa5+ is 0.089 nm.
Oxidation states are +3, +4, +5. Electronegativity is 1.30.
Protactinium is a silvery-gray metal existing in
two modiﬁcations (α-Pa, β-Pa). Below 1443 K
α-Pa is stable with tetragonal crystal lattice; a =
0.3931 nm, c = 0.3236 nm. Above 1443 K it
transforms to β-Pa with body-centered cubic lattice; a = 0.5019 nm. Density of α-Pa is
15.32 g/cm3 (at room temperature), of β-Pa
12.13 g/cm3 ; Tmelting ≈ 1848 K, Tboiling ≈
4640 K. Heat of melting is 12 kJ/mole, heat
of evaporation is 552 kJ/mole, speciﬁc heat is
27.6 J·mole−1 ·K−1 , resistivity is 0.12 μ·m, below 2 K it is superconducting; temperature coefﬁcient of linear expansion is 11.2·10−6 K−1 . Hardness of metallic protactinium is close to that of
uranium. 231 Pa is very toxic. Of potential practical
signiﬁcance is the formation of ﬁssile 232 U, a nuclear fuel, by β − -decay of 233 Pa which has 232 Th
as a source material.
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image may yield information on the type of crystal lattice, its spatial orientation (to an accuracy of

0.1◦ –0.5◦ ), on the degree of perfection of both the
bulk and surface layers of the crystal. When studying polycrystals or textures with the help of that
technique one may simultaneously obtain proton
images from two or three adjacent monocrystals,
and deduce their mutual orientation.
PROUSTITE (after J. Proust, 1754–1829)

Ferroelectric-semiconductor, the main representative of the chalcogenide family of the type
AI3 BV CVI
3 , which combines sulfur salts of silver
– proustite Ag3 AsS3 and pyrargyrite Ag3 SbS3
known as light- and dark-red silver ores, and
also Ag3 AsSe3 and AgSbSe3 , together with sulfur salts of copper – tennantite Cu12 As4 S13 , tetrahedrite Cu12 Sb4 S13 , and also Cu12 As4 Se13 and
Cu12 Sb4 Se13 . Synthetic monocrystals of proustite
and of its closest isostructural analog pyrargyrite
were obtained in the ﬁrst half of the sixties.
At room temperature, the crystallographic space
6 ); the
symmetry group of proustite is R3c (C3v
unit cell contains two formula units. The weak
bond of Ag+ ions with groups (AsS3 )3− forming the crystalline frame determines the presence
of mixed ion–electron electrical conductivity of
proustite and of the members of its family. Pliability and polarization due to the dimensional and
electronic properties of Ag and S atoms predetermines the presence of high values of nonlinear
optical, acousto-optic and electrooptic coefﬁcients
of proustite and pyrargyrite. With the reduction
of temperature in Ag3 AsS3 phase transitions are
observed, the sharpest being the rst-order phase
transition near 24 to 28 K associated with the symmetry reduction to C1 , accompanied by the stepwise variation of structural and phase parameters.
Low-temperature phase transitions are also observed in Ag3 SbS3 and in Ag3 AsSe3 . Monocrystals of proustite and of pyrargyrite have a broad
window of transparency, from −0.6 to 13 μm at
the band gap optical width ∼2 eV. The following applications of synthetic proustite monocrystals are known: optical frequency mixing, transformation of IR radiation into visible, and detection of picosecond radiation pulses of a CO2 laser.
At low temperatures, due to the high value of the
pyroelectric coefﬁcient (see Pyroelectric effect) to

speci c heat ratio, the crystals of Ag3 AsS3 and
Ag3 SbS3 may be used as materials for highlysensitive pyroelectric radiation detectors in the IR
band with operating temperatures of 6 and 11 K,
respectively.
PROVOTOROV THEORY (B.N. Provotorov, 1961)
A theory of nuclear magnetic resonance that,
in contrast to earlier theories (see Kubo–Tomita
method, Bloch–Red eld theory), does not assume

weak saturation a of spin system by a radiofrequency magnetic ﬁeld, B1 , and generalizes the
concept of spin temperature (see Level population) to the case of several heat sinks: the Zeeman Hamiltonian HZ = gμB B 0 ·I and the reservoir Hamiltonian of spin–spin interactions, Hd . It
is also assumed within this theory that the quasiequilibrium temperatures of these reservoirs may
not necessarily coincide with each other, while
the quasi-equilibrium density matrix has the form
σ = Z −1 exp[−βZ HZ − βd Hd ]. Saturation by the
radio-frequency magnetic ﬁeld B1 (t) results in a
coupled evolution of the two inverse temperatures,
βZ = 1/(kB TZ ) and βd = 1/(kB Td ). Equations
for β̇Z and β̇d are called the Provotorov equations. Solving these equations yields a satisfactory description of the change in magnetization
and line shape for the magnetic resonance in a
specimen saturated by the high amplitude ﬁeld
B1 < (gμB )−1 Hd .
PROXIMITY EFFECT in superconductors

Weakening (suppression) of the superconducting properties of a superconductor in the vicinity of its contact with a normal metal, or the appearance of superconductivity in a normal metal
situated near a superconductor. The proximity effect also refers to superconducting ﬂuctuations induced in a normal metal in contact with a superconductor. This effect appears in a thin layer with
a thickness of the order of a coherence length ξ
near the interface of a superconductor with a normal metal, or in thin lms with a thickness d ∼ ξ .
Owing to this effect, in the superconductor the order parameter and the bandwidth of the spectrum
of quasi-particles decrease, while in the metal a
gap of ﬁnite width is induced. In the vicinity of the
critical temperature T c , the proximity effect can be
described with the help of the Ginzburg–Landau
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equations (see Ginzburg–Landau theory of superconductivity) by applying the appropriate boundary conditions.
PSEUDOALLOYS
Alloys which cannot be prepared by melting together their components; e.g., silver (or copper)
and tungsten (or molybdenum) are almost mutu-

ally immiscible in both the liquid and solid states.
The methods of powder metallurgy make it possible to produce pseudoalloys that combine the
hardness and strength of W and Mo with the
electrical conductivity and thermal conductivity of
Ag and Cu. Some pseudoalloys acquire a texture after plastic deformation, and a corresponding
anisotropy of properties. For example, the electrical conductivity of pseudoalloys in a direction parallel to the strain direction is larger than the corresponding transverse conductivity. This feature
is used to produce contacts in relay switches and
other instruments. Another group of pseudoalloys
combines metals with noble gases. The latter are
practically insoluble, however, ion implantation of
metals makes it possible to obtain metastable substitutional solid solutions of He, Ne, Ar, Kr and
Xe in various metals. The heating of pseudoalloys
results in the decomposition of highly oversaturated solid solutions (see Alloy aging), accompanied by the formation of microcrystals of the inert
gas. While free Kr has a melting temperature of
116 K, its microcrystals in nickel only melt within
the interval 825–875 K because of the high pressure they produce in the matrix. Heating pseudoalloys beyond that temperature results in the generation of the gas phase. Pseudoalloys containing
micropores (see Pores) with inert gas in them display anomalous thermal conductivity during the
transition of that gas from its liquid to its gas
phase. Further heating results in the swelling of
pseudoalloys. Triple and quadruple pseudoalloys
of such systems as Al–Ar–O and Al–Mn–Ar–O
have found their practical application as materials with controlled thermal properties, and also as
materials for producing gaskets that feature higher
plasticity than sintered aluminum alloys due to
greater dispersion of their oxide phase.
PSEUDODEGENERACY

The presence of two or several electron states
of different energy that are appreciably mixed by
the vibronic interaction (see Jahn–Teller effect).

Overlap of electron states in adjacent energy bands producing a pseudogap; truly localized states are shown
hatched.

PSEUDOELASTICITY
See Superelasticity.
PSEUDOGAP of density of electron states, Mott
pseudogap (N.F. Mott, 1966).
A minimum in the density of electron states

found in the region of the electronic spectrum
of a disordered condensed medium, which corresponds to overlaps between the valence band and
the conduction band. Structural perturbations produce tails in the density of states, and a combination of levels in the band gap that correspond to localized states of electrons, all this resulting in the
appearance of a pseudogap, i.e. yielding a nonzero
density of states. The position of the pseudogap is
ﬁxed by the mobility edges, Ec and Ec , that separate the localized and the delocalized states of the
carriers from each other (see Fig.). See also Elementary excitation spectra of disordered solids,
Amorphous semiconductors.
PSEUDOMONOCRYSTAL (fr. Gr. ψευδoς ,
deception, mistake, and monocrystal)

A crystalline sample presenting a combination of monocrystals of a single phase, such that,
to the accuracy of a displacement, their mutual
orientation corresponds to transformations of a
point group of symmetry of another phase (matrix). Pseudomonocrystals form in the process of
structural phase transitions (atomic ordering, peritectoidal and eutectoidal reactions, decay of supersaturated solid solutions, martensitic transformations, etc.). A precondition for the formation
of a new phase consists in having a relatively
defect-free crystallite (monocrystal) of the matrix phase (see Monocrystal growth). Single phase,
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two-phase, etc. pseudomonocrystals may be identiﬁed. An example of a single-phase pseudomonocrystal is a fully ordered phase with oriented
domains present. A two-phase pseudomonocrystal is exempliﬁed by tempered steel containing
martensite and the untransformed matrix (residual austenite). In terms of the degree of structural
similarity between the matrix and the new phase,
and also in terms of the character of the mutual
orientation of their crystal lattices, the reciprocal
lattice of a pseudomonocrystal may be described
by the vectors commensurable to the axial vectors
of the reciprocal lattice of the matrix that formally
corresponds to a monocrystal, or by incommensurable vectors approaching the reciprocal lattice of
a textured polycrystal (see Texture). A random or
an orderly domination of the relative share of crystals of the new phase is possible in several speciﬁc
orientations, which may result in conversion of the
pseudomonocrystal into a twin or into a monocrystal itself (in the limiting case).
PSEUDOPOTENTIAL METHOD

One of the methods used to solve the problem
of determining the spectrum of electronic states
in a potential produced by a nucleus (nuclei) and
screened by electrons. Formally, the pseudopotential method is based on the fact that the spectrum
of intrinsic states does not specify a well-deﬁned
potential, so that one may ﬁnd a (weak) potential (the so-called pseudopotential) such that its
spectrum coincides with the spectrum of the actual potential (which is quite strong close to the
nuclei). The weakness of the pseudopotential permits one to apply to this case the powerful apparatus of perturbation theory. The pseudopotential method ﬁnds its widest use in the band theory of solids (J.C. Phillips, L. Kleinman, 1959).
The most comprehensive such method involves orthogonalization of the wave functions of valence
electrons ψv with respect to wave functions of
the electrons of the ion core ψc . Speciﬁcally, the
pseudopotential of orthogonalized plane waves,
called the Phillips–Kleinman pseudopotential, is
deﬁned as the sum of the true potential and the
operator W that acts upon ψv according to the
equation W ψv (r) = c (Ev − Ec )ψc (r)ψc |ψv ,
where the index c enumerates the electron states
of the core. If one treats W as a nonlocal energydependent potential then it is always repulsive, i.e.

it compensates the attractive potential of the ion.
The spectrum of the Hamiltonian with an added
potential W coincides with the actual spectrum of
valence electrons. The eigenfunctions of such a
Hamiltonian are called pseudowave functions. If
ϕ is a pseudowave function of the Hamiltonian of
orthogonal plane waves, then the wave function
ψ = ϕ(r) − c ψ(r)ψc |ϕ is an eigenfunction of
the true Hamiltonian. The pseudopotential of the
orthogonalized plane waves is rarely used in practice. More often empirical model pseudopotentials
are used with the operator W (r) of a simple (often
local) form. Moreover, it depends on several parameters that are selected to obtain a correspondence
of certain calculated values with experiment, e.g.,
cross-sections of the Fermi surface, elastic moduli,
etc. An important characteristic of pseudopotentials is their transferability. Transferability is considered high when the pseudopotential, adjusted
for a given element in a given compound, and
for certain properties of that element, describes
well the same element in other systems with other
physical properties. To improve the transferability
one often utilizes an “incomplete” pseudopotential, a “bare” one, i.e. an unscreened pseudopotential. When calculating the electronic structure of a
given system one can adapt a model pseudopotential screened in the spirit of linear response theory
(which is permissible because of the weakness of
the pseudopotential), usually with the aid of the
dielectric constant of a homogeneous electron gas.
The best known model pseudopotentials are:
1. The Ashcroft pseudopotential (N.W. Ashcroft),
or empty core pseudopotential:
*
0,
r < Rc ,
Wps (r) = − z , r > R ,
c
r
where Rc is a model parameter.
2. The Heine–Abarenkov pseudopotential
(V. Heine, I.V. Abarenkov, 1964):
*
−Al , r < Rc ,
z
Wps (r, l) =
− , r > Rc ,
r
where Rc and Al are model parameters. This
pseudopotential variously affects electrons with
differing angular momenta.
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3. The Shaw pseudopotential (R.W. Shaw, 1968):
⎧ z
⎪
⎨ − , r < Rl ,
Rl
Wps (r, l) =
⎪
⎩−z,
r > Rl .
r
A separate class of pseudopotentials comprise resonance pseudopotentials. They are used
for transition metals in which the scattering of
d-electrons by the ionic potential has a resonance character. In contrast to common pseudopotentials, these are not weak. The corresponding
pseudopotential wavefunction is deﬁned by the
transformation:


ψc |ϕψc −
ψd |ϕψd
ψ =ϕ−
c

+

 ψd |Δ|ϕ
d

(Ed − E)

d

ψd ,

where d denotes the d-electron states and Δ is the
so-called hybridization potential. The most popular are the so-called ﬁrst-principle pseudopotentials (also called nonempirical potentials) that preserve their norm. They are based on density functional theory, and are constructed according to the
following scheme: a full calculation is made for
some system, usually an isolated atom; then an
inverse problem is solved, i.e. a pseudopotential
is constructed that yields the energy spectrum for
the valence electrons under an additional condition that the wave functions and the pseudowave
functions coincide for all radii r > Rc (where
Rc , so-called core radius, is a free parameter). It
is then assumed that the newly found screened
potential is a sum of the bare pseudopotential,
a Coulomb (Hartree) potential (pseudopotential)
of the valence electrons, and their exchangecorrelation potential (Hartee–Fock). Starting from
this basis the bare pseudopotential is determined
self-consistently. The resulting pseudopotential is
then used to calculate the electronic structure and
total energy of a given element in ions, molecules and solids. A pseudopotential may be utilized with exchange-correlation functionals different from those used to initially construct the
pseudopotential. First-principle pseudopotentials
feature high transferability and high accuracy, particularly when calculating energy characteristics.
Since the pseudopotential method naturally takes
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into account the nonsphericity of a crystal potential, the ﬁrst-principle pseudopotential has been
applied within the framework of density functional
theory to calculate the stability of crystal structures, their electrical properties, and their phonon
spectra.
Pseudopotentials may be constructed in a similar manner within the Hartree–Fock method, and
generally within any method used to describe multielectron systems.
PSEUDO-STARK SPLITTING
See Stark effect at impurity centers.
PULSED ANNEALING OF SEMICONDUCTORS

A high temperature treatment of semiconductor specimens and instrumental structures which
is characterized by sharp fronts of heating τ h and
cooling τ c , in practice without holding the temperature at the maximum value. Values τ h and
τ c vary over a wide range. As a rule, they are
set by the conditions of conserving the bulk properties, without any noticeable diffusion of impurities, and this provides the possibility of fusing
surface layers while conserving the crystal structure of the bulk. In practice, the term “pulsed annealing of semiconductors” covers process durations from 10−12 s to several seconds. For pulses
shorter than a few microseconds the most efﬁcient
results are achieved with exciting pulse energies
(light, electrons, ions and SHF) sufﬁcient for melting the surface layer. For longer pulses the target
heating is almost uniform due to thermal conductivity. Particularly important results were obtained
by combining pulsed annealing with ion implantation of impurities. The nonequilibrium introduction of impurities together with nonequilibrium
annealing is the most efﬁcient technique for obtaining highly doped, structurally perfect semiconducting layers, including those saturated by impurities above the ultimate solubility limit. The pulse
annealing method is widely used for the restoration of a crystal structure disturbed (down to amorphization) during ion bombardment. The pulse annealing of semiconductors stimulated the development of prospective technological methods such as
pulse crystallization and pulse synthesis. An advantage of the former is the possibility of growing
monocrystalline layers on nonoriented substrates;
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the latter method provides the opportunity to synthesize compounds from components which differ
greatly in vapor elasticity.
PULSE EXPOSURE

A short-time external action upon a material,
usually with a duration less than seconds. There
are ultrasonic, impact (mechanical), electronic,
magnetic pulse, electric spark and other kinds of
pulsed exposure. It can cause acoustic, thermal,
elastoplastic, plasma and shock wave effects. Various kinds of structural and phase modiﬁcations occur in materials subjected to pulse exposure; their
nature being determined by the type, strength and
duration of the exposure. Pulse exposure is applied
as a processing technique (pulse treatment of metals, pulse heating of semiconductors, pulsed annealing). Phase transitions under pulse exposure
exhibit features involving the kinetics of transformations under conditions of short-time heating. For example, pulse heating in semiconductors is used for restoring the surface structure of
monocrystals after the amorphization induced by
ion implantation. The amorphous layer in Si is
as thick as 0.5 to 1 μm. Pulse annealing in the
range 10−2 –10−8 s at a pulse energy density
100–1 J/cm2 causes solid-phase epitaxy or liquidphase epitaxy where the impurity atoms occupy
positions at lattice sites and become electrically
active. Comparison of relaxation times of all processes running under the interaction of radiation
pulses with a semiconductor (electronic subsystem excitation, electron–phonon interaction, electron–hole plasma recombination) shows that for
pulses of duration longer than 10 ns in monocrystalline Si (or exceeding 0.1 ns in amorphous Si),
the phase or structural transformations can be described using a thermal model in accordance with
the phase diagram, taking into account the transformation rate.
The ﬁgure shows the free energy change of
amorphous (A), crystalline (C) and liquid (L)
bodies. For T < TA (where TA is the amorphous
phase melting temperature), transition A → C
(crystallization) is possible. At the same time, since
the time to initiate crystallization is t0c > 10−5 s,
the amorphous phase heating for pulses t p <
10−5 s transfers it to the temperature range T >

Pulse exposure.

T A . To start melting, the time t0m < 10−8 s is sufﬁcient (transition A → L, i.e. melting). The forming
melt
is
supercooled
at
T < T M (where T M is the crystal melting temperature) and then crystallizes (transition L → C).
The released latent heat of crystallization can induce self-maintained crystallization in a residual
amorphous phase. If the time needed for nucleation of a critical liquid phase is less than t0 , one
can obtain an overheated amorphous phase (A )
or an overheated crystal (C  ). At t p ∼ 10−8 s, solidiﬁcation occurs at the rate 10 to 20 m/s, and
either an L → C or L → A transition occurs, unless the atomic structure ordering has time to coalesce and establish long-range order (see Longrange and short-range order). At shorter pulses,
vitri ca tion in the melt with the short-range liquid
order retained (L ) may occur. At T > T M , transition A → L takes place much faster than transition A → C  → L, with times in silicon ∼1 fs
and 1 ns, respectively. The temperature distribution in a layer and its variation during the pulse
heating are described by the thermal conductivity
equation with sources and sinks that are radiators,
including latent heat, heat removal, and intrinsic
radiation. At t p < 10−6 s the surface heating is
adiabatic so melting the layer of 1 μm thick does
not cause changes in lower lying layers. The phase
diagrams like that in the ﬁgure change under the
action of external forces and internal stress, and
depend on the rate of heating that stimulates a partial relaxation of strain energy and defects. Shifts
of curves A and C affect the values T A and T M .
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For amorphous Si of various origins, various experiments yield T A = (0.7–0.9)T M .
PULSE HEATING

A rapid (compared to characteristic times of internal processes) heating of a specimen, or a part
or component of it. The concept of pulse heating
is used when considering diffusion or recrystallization processes in solids. It is here that pulse heating
proves to be an efﬁcient instrument to control the
processes. Pulse heating is performed using various energy sources: light and electron beams, lowinertia ovens, UHF sources, passage of electric
current through conducting solids, etc. All these
methods provide large temperature gradients down
from the solid surface (up to 109 deg/cm using
laser pulses). Pulse heating is particularly signiﬁcant in semiconductor electronics technology due
to the high sensitivity of the structural, electrical
and physical properties of semiconductors to the
character of the external action. Particular features
of pulse heating under extra short pulses are described by the plasma model of pulse heating.
PULSE SPECTROMETRY

An optical spectrometry of defects induced by
short pulses of radiation. High-current pulsed electron accelerators with pulse duration τ to 1 ns,
or lasers with τ to 10 ps, serve as the radiation
sources.
There exist pulse spectrometric methods which
utilize simultaneous or sequential excitation of
crystals by electron or laser pulse ﬂuxes. This allows one to produce, e.g., controlled pre-decay
states of excitons necessary for gaining insight into
the mechanism of the exciton decay into pairs of
point defects.
The application of pulse spectrometry to radiation physics of solids can provide direct information on the processes of radiation-induced defect formation, in contrast to the post-effect studies typical of CW (non-pulsed) research. As a
rule (in particular, at high enough temperatures to
delocalize primary defect pairs), the structure of
spectra induced by the radiation pulse is simpler
than that in case of CW irradiation. This is due
to the low probability of complex center creation
with the participation of diffusion processes. However, metastable electronic excitation, such as selflocalized excitons in alkali halides, may manifest

themselves in short-time absorption spectra. The
appearance of some new bands absent in CW spectra characterizes short-time stages of the defect nucleation processes. Pulse spectrometric methods
helped to establish that the decay of electronic excitation into structural defect pairs in alkali-halide
crystals takes 10−11 –10−10 s. Primary excitation
decay products could be both neutral and charged
defect pairs. The efﬁciency of defect formation is
high in many materials (in particular, in quartz).
However, the stability of radiation-induced defects
with respect to annihilation is low, which explains
the high radiation resistance of quartz.
PULSE TREATMENT of materials

A treatment of materials by short-time action
of various heat, force and energy sources. Particular features of a pulse treatment are high rates of
elastic strain and plastic deformation (to 105 s−1 ),
signiﬁcant temperature gradients (108 deg/cm),
and high rates of heating and cooling (to
1010 deg/s). Impact (mechanical), ultrasonic, electron beam, laser, magnetic pulse, electrical hydropulse, electric spark, explosion, and other kinds
of pulse treatment are used. The treatment could
be accompanied by phase transitions (including
fusion and evaporation), and it is characterized
by modiﬁcation of the physicochemical properties of materials and their structure. To produce
a pulse regime when processing material with the
help of an electron beam, one interrupts either the
heater current or supply voltage to the emitting
electrode. The pulse duration varies from 10−6 to
10−1 s and its power density reaches 108 W/cm2 .
Pulse treatment is applied for welding, milling
and engraving a surface, making small-diameter
holes in plates made of hard materials. For a
high-voltage pulse discharge in a liquid the pulse
treatment is effected by rapid expansion of the
channel under the action of high pressure and
temperature, accompanied by emission of a pressure pulse (i.e. the compression wave). The discharge channel plasma is characterized by a pressure 103 to 104 atm, and its life time is 10−5 to
10−4 s. Electrical hydro-pulse treatment is used
for forging, punching, stretching, reﬁning casts
of pivotal and molding materials, rock crushing,
cleaning wires of scale, etc. Laser treatment pulse
duration is 10−3 to 10−8 s at a power density

1064

PUMPING, LOW-TEMPERATURE

of 105 –106 W/cm2 . Laser treatment is used for
strengthening metals, for welding, milling, and
punching holes in hard materials. In the case of
electric spark pulse treatment, the spark gap is 10–
200 μm, the pulse duration is 10−6 s. This kind of
pulse treatment is used for electric spark alloying,
surface strengthening, making the holes etc. The
pressure at an explosion treatment is 10–104 MPa,
and the process duration is 10−6 to 10−3 s; it
is used for punching, welding, co-pressing, calibrating, engraving, strengthening of materials, etc.
Under conditions of pulse treatment, e.g., vacuum
impact welding with a deformation rate above
1 s−1 , the rate of mass transport in solid metals
and alloys increases signiﬁcantly.
Depending on the kind of migrating atoms,
either substitutional or interstitial solid solutions
appear under pulse treatment. In substitutional
solid solutions the ultimate solubility shifts toward
greater concentrations, and there is an absence of
intermetallic compounds. In interstitial solid solutions chemical compounds like carbides form in
addition to the solid solution; and for the case of
insoluble impurities (e.g., krypton in aluminum)
the main metal dissolves in the matrix. The greatest mobility of atoms at mass transfer is observable
in substitutional solid solutions. The mass transfer
process is of a bulk type, and depends weakly on
the temperature.
PUMPING, LOW-TEMPERATURE
See Low-temperature pumping methods.
PURIFICATION

A process of preparing a material (host) with
a minimal impurity content (see Impurity atoms).
Methods of puriﬁcation include physicochemical
and chemical ones. In physicochemical methods
the separation is due to the difference in physicochemical properties between the host and the
impurity. Classed among these methods are crystallization from melts (see Zone re nement), distillation, redistillation, crystallization from a gas
(vapor) phase, thermodiffusion, and annealing in
a high vacuum. In chemical methods, the separation is based on the difference in chemical interaction of the host and the impurity with any additional component of the system. These methods
include crystallization from solutions with the involvement of coprecipitants or complex-formers,

sorption, ion exchange (see Ionites), extraction,
synthesis of metal-organic compounds, selective
oxidation or reduction of impurities, electrolytic
reﬁning, and chemical transport reactions.
In order to prepare materials of extra high purity, integrated methods of puriﬁcation are used.
Thus, indium of extra high purity was successfully
obtained with the help of the synthesis of indium
monochloride, ﬁne puriﬁcation of indium monochloride by rectiﬁcation and zone recrystallization,
the isolation of indium from its monochloride in a
disproportionation reaction, and then zone recrystallization.
PYROCERAMICS
See Glass ceramics.
PYROELECTRIC CURRENT

Electric current, which arises in a circuit involving a pyroelectric crystal in the direction of
the polar axis, as the temperature of the crystal is
changed. The magnitude of pyroelectric current is
related to the spontaneous polarization of the pyroelectric material (see Pyroelectricity) by the equation J = A(dPs /dt), where A is the area of electrodes at opposite faces of the pyroelectric crystal, which is shaped as a parallel-sided plate, with
the spontaneous polarization vector Ps directed
between the electrodes. Current arises when electrodes absorb periodically modulated or pulsed radiation, as well as when the pyroelectric comes
into thermal contact with an alternating or pulsed
source of heat. The magnitude of the pyroelectric
current is determined by the value of the pyroelectric coefﬁcient (see Pyroelectric effect), the area of
electrodes, the rate of temperature change in the
pyroelectric, or by the density of the absorbed radiation ﬂux. When related to the incident radiation
power, the pyroelectric current is expressed as the
ampere–watt sensitivity of the pyroelectric radiation detector.
PYROELECTRIC DETECTION

Detection of electromagnetic radiation by application of the pyroelectric effect. The method of
pyroelectric detection consists in determining the
power or the energy of the radiation, which is incident upon the pyroactive sensing element of the
detector, by measuring the output electric signal.
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Three types of pyroelectric detection are distinguished: pyroelectric detection of continuous radiation, detection of narrow pulses of radiation,
and heterodyne detection. Recording continuous
radiation ﬂux calls for modulation of the incident
ﬂux, and the best capability for detecting the radiation is achieved at low modulation frequencies.
Pulse-type detection can take place when the time
constant of the pyroelectric receiver and the input
circuit is less than the duration of the pulse of the
radiation. In the process of heterodyne detection,
the mixing of two optical signals occurs at the
surface of the pyroelectric sensitive element: the
weak input signal and the strong heterodyne signal. The beating at these optical frequencies results in the heterodyne-ampliﬁed difference frequency, which provides information on the signal
under investigation. Since the signal to be studied
is coherent with the heterodyne input, it is ampliﬁed to a considerably greater extent than the incoherent Johnson and thermal noise that accompanies it. The upper limit of the detecting ability of the pyroelectric receiver is set by thermal
noise, which is related to the static nature of the
heat exchange between the sensitive element of
the detector and the environment. For the receiving
area of 1 mm2 at room temperature, the threshold
of sensitivity is 5.55·10−12 W·Hz−0.5 . Sensitivity thresholds attainable under real conditions are
an order of magnitude lower. Theoretically, the efﬁciency of the heterodyne technique is 106 –107
times higher than that of direct detection. See also
Pyroelectric radiation detectors.
PYROELECTRIC EFFECT

Generation of a charge on the faces of a crystal, cut perpendicular to the polar axis, when it
is heated or cooled. The total pyroelectric effect
occurring in a uniformly heated or cooled crystal is a complex function of its interrelated electrical, thermal, and mechanical properties. When
measured under constant stress, so the crystal may
change its shape freely, the pyroelectric effect consists of the primary (“true”) pyroelectric effect
and the secondary (“pseudo”) pyroelectric effect.
The primary pyroelectric effect is due to the direct exchange of thermal energy of the crystal lattice subject to conservation of its shape and volume (ideally mechanically clamped crystal). The

secondary pyroelectric effect is related to the free
strain of the crystal. The pyroelectric effect may

arise in crystals which feature no spontaneous
polarization (see Ferroelectricity), in the case of
nonuniform heating. The generation of a temperature gradient may affect the symmetry (see Crystal symmetry) of crystals, which have not shown
pyroelectric properties before heating, in such a
way that they become pyroactive. The pyroelectric effect arising in this case is referred to as the
tertiary pyroelectric effect (“pseudo” pyroelectric
effect of the second kind). The pyroelectric coefﬁcient is an index of the magnitude of the pyroelectric effect exhibited by a given material at a
given mechanical pressure, electric ﬁeld strength
and temperature. The pyroelectric coefﬁcient is
determined by the density of charge for a change
of temperature by one degree. The following ferroelectrics exhibit the highest pyroelectric coefﬁcients: strontium–barium niobate, triglycinesulfate,
lithium tantalate, and ferroelectric ceramics (see
Ceramics) like lead titanate–zirconate within the
region of a phase transition. For triglycinesulphate
at room temperature, the pyroelectric coefﬁcient is
3.5·10−4 C·m−2 ·K−1 . In the case of a bulk sample, the temperature at which the pyroelectric coefﬁcient and dielectric constant have maxima, coincides with the phase transition point. The effect
observed in thin-layer ferroelectrics consists in a
shift of the temperature of the maximum pyroelectric coefﬁcient relative to the temperature of the
dielectric constant maximum.
The pyroelectric coefﬁcient may be determined
using dynamic or static methods. Its value may
vary over a wide range, particularly for ferroelectric ceramics, depending on the method of measurement. The pyroelectric coefﬁcient measured
by application of a static method depends upon
both the “fast” and “slow” components of the total
polarization. When the dynamic method of pyroelectric coefﬁcient determination is used, the major contribution to the coefﬁcient comes from the
fast polarization processes.
PYROELECTRICITY

Generation of electric charges at the faces of a
number of pyroelectric crystals, which lack a center of symmetry (see Pyroelectric effect) on heating or cooling. The term “pyroelectricity” was in-
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Table 1. Comparative characteristics of pyroelectric materials
Material
name

Detecting
capacity,
arb. units

Noise
equivalent
power,
arb. units

Coefﬁcient
of performance
of pyrovidicon,
arb. units

Coefﬁcient
of performance
of point source
receiver

Triglycinesulphate
Triglycinesulphate with alanine
Lithium tantalate
Polyvinylﬂuoride
Lithium sulphate monohydrate
Barium strontium niobate
Lead/lanthanum
zirconate/titanate ceramic

1.00
1.18
0.91
0.18
0.64
0.28
0.14

1.00
1.04
2.20
4.15
3.15
8.3
14.3

1.00
1.60
0.03
0.01
0.01
0.005
0.015

1.00
1.68
0.16
–
1.00
0.5
0.33

troduced by D. Brewster (1824). Of 21 noncentrally symmetric crystal classes, 10 have a principal polar axis and exhibit pyroelectric properties. Pyroelectrics are spontaneously polarized in
the absence of external actions such as an applied
electric ﬁeld. However, the spontaneous polarization under ﬁxed environmental conditions cannot
be detected by the presence the charges on the
crystal faces, for these charges are compensated
by the free carriers due to bulk and surface conductivity, and from the environment. Nevertheless,
since the spontaneous polarization is temperature
dependent, its change may be detected during the
process of heating or cooling the crystal.
The highest pyroelectric activity is exhibited
by ferroelectric (see Ferroelectrics) monocrystals
and ceramics in the regions of phase transitions.
The temperature dependence of the pyroelectric
activity of these materials is nonlinear. The thinlayer ferroelectrics undergo an increase of coercive ﬁelds and become harder. The anomalous behavior of the pyroelectric coefﬁcient dies out in
the phase transition region, and the ferroelectric
degenerates into a linear pyroelectric as the layer
thickness decreases.
PYROELECTRIC, LINEAR AND NONLINEAR
See Linear pyroelectric, Nonlinear pyroelectric.
PYROELECTRIC MATERIALS

Pyroelectric materials, such as ferroelectric
barium titanate, tourmaline and cane sugar, which
develop a small potential difference across their

crystals when they undergo a change in temperature. Pure triglycinesulfate is taken as a primary standard of pyroelectric materials. The detecting capacity (D) and noise equivalent power
(NEP) of this substance are respectively
D ≈ 1.1·109 cm·Hz1/2 ·W−1 and NEP =
4.8·10−11 W·Hz1/2 . The comparative characteristics of some basic pyroelectric materials are given
in Table 1.
Pyroelectric materials are capable of providing
a temperature resolution of up to 0.1 ◦ C under the
conditions of television resolution, the data integration time per frame being less than 200 μs. The
time resolution obtained when recording high-rate
processes is 1 ps, within the range of measurable
power density from μJ/cm2 to kJ/cm2 .
Pyroelectric materials are widely used in equipment for thermal physics measurements, to provide panoramic thermal imaging for various
scientiﬁc and engineering purposes (including manufacturing), and for medical diagnostics. These
materials have been employed as uncooled targets
for television camera tubes which convert IR radiation into visible radiation (pyrovidicons), and as
nonselective receiving elements of point and linear
detectors (see Pyroelectric target).
PYROELECTRIC PYROMETERS

Devices for measuring temperature using a
sensitive element made of a pyroelectric material.
The operation of pyroelectric pyrometers is based
on the pyroelectric effect, which consists in the
change of spontaneous polarization of pyroelectric

PYROELECTRIC TARGET

crystals with a change of temperature. The magnitude of the polarization charge is proportional
to the volume-averaged temperature of the pyroelectric material. In the typical pyroelectric crystal
tourmaline the ﬁeld of 400 V/cm arises from a
temperature change of 1 K. The pyrometer rate of
response depends on the density and speci c heat
of the material, and attains 10−7 s. A pyroelectric material in an electric circuit plays the role
of a variable-capacitance transducer, so the determination of the temperature involves measuring
its capacitance (ordinarily using the compensation
method).
Pyroelectric pyrometers are used for a noncontact measurement of temperature (see Pyrometry), for controlling thermal processes of short
duration, and for recording thermal radiation.
PYROELECTRIC RADIATION DETECTORS

Receivers that depend for their operation on the
pyroelectric effect. Pyroelectric radiation detectors

belong to the class of rapid-response thermal detectors of radiation. Their sensitive elements are
capacitors, which may be given complex shapes
in order to attain high values of receiving area.
In distinction to bolometers, pyroelectric detectors
require no additional power sources for their operation. These radiation detectors have a sensitivity
and time constant that may be changed by many
orders by varying the load resistance. Their output
signal is proportional to the derivative of the temperature with respect to time, so these devices exhibit a high rate of response which is comparable
to that of photodetectors. Featuring high detection
capability, pyroelectric radiation detectors are the
only high-speed thermal radiation detectors capable of working at room temperature.
When operating by self-absorption in the IR region, the limiting time of pyroelectric detectors is
determined by the phonon relaxation time, and lies
within the range of 10−11 –10−13 s. In the event
that radiation is absorbed by an electrode, the pyroelectric response time is determined by the thermal diffusion time, and amounts to 10−6 –10−8 s.
The “detecting ability” of pyroelectric radiation
detectors is 109 cm·Hz0.5 ·W−1 .
Pyroelectric radiation detectors are used within
the spectral region ranging from ionizing radiation
wavelengths to millimeter waves (10−3 –104 μm).
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There are many types of pyroelectric radiation detectors, with the planar single-element detectors
the most common type. The area of a sensitive detector element may range from 10−3 to 100 mm2 ,
with a high degree of uniformity and sensitivity
maintained over this range. See also Pyroelectric
detection.
PYROELECTRIC TARGET

The sensitive element of a pyrovidicon, i.e. a
transmitting cathode-ray tube which converts IR
radiation into visible radiation. The pyroelectric
target is a pyroactive crystal, which is cut perpendicular to the polar axis. The target is given a layer
of conducting coating on the side to be irradiated,
a layer of electron beam resistant dielectric coating on the opposite side, and is mounted on metallic rings. The IR image under study is projected by
a lens on the pyroactive target, thereby creating a
thermal pattern which is transformed via the pyroelectric effect into a charge pattern, which in turn
is read by the scanning electron beam. The signal generated in this process modulates the brightness of the developer of the television-type image. The pyroelectric target exhibits low values of
transverse thermal conductivity, speci c heat, dielectric constant, and has a high pyroelectric coefﬁcient. To increase their sensitivity pyroelectric
targets are constructed in the form of 15–20 μm
thick plates; the targets must be stable, retaining
the single-domain state responsible for their uniform band sensitivity. Of the materials used as
working media in pyroelectric targets the highest
sensitivity is exhibited by triglycinesulfate and substances isomorphic to it, in particular by deuterated triglycinesulfates and triglycineﬂuoroberyllate. Lead germanate and titanate-zirconate, as
well as polymeric ﬁlms based on polyvinylﬂuoride and polyvinylidenﬂuoride are less commonly
used. Pyroelectric targets are given a cellular
structure (mosaic crystals) to decrease the diffusivity. Intercellular gaps of structured pyroelectric
targets are ﬁlled with a material that has a low
temperature conductivity factor, e.g. with araldite,
and then the target is ground to a 15 μm thickness.
Methods of laser and photolithographic generation
of a mosaic structure have been developed.
The material used as dielectric coatings to be
applied on the backside of a pyroelectric target
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is a mixture of arsenic selenide and tellurium selenide. In pyrovidicons, which convert the IR radiation without scanning, the pyroelectric target is
the principal part, determining the major parameters. Pyrovidicons are very promising IR–visible
radiation converters since they are faster, and
have a higher sensitivity than evaporographs, edgeographs, and liquid crystal converters.
PYROMAGNETIC EFFECT
An analog of the pyroelectric effect, based on

the temperature dependence of the spontaneous
magnetization of certain materials. A pulse of radiation incident on a pyromagnetic material changes
the magnetization of the sample because of the
heating. The electric signal that arises in a detecting coil placed in the magnetic ﬁeld of the sample is proportional to the pyromagnetic coefﬁcient,
and the rate of the change of the sample temperature. The pyromagnetic effect may be used for detecting radiation over a broad spectral range. Pyromagnetic radiation receivers, developed on the
basis of the pyromagnetic effect, are high-speed
temperature detectors, with a time constant ranging from 10−6 to 10−9 s. These radiation receivers

use ferromagnetic materials (see Magnetic materials) as working media. The method of pyromagnetic detection has not gained wide acceptance in
IR and laser engineering.
PYROMETRY (fr. Gr. πυρ , re and μετρω , am
measuring)
Method of determining the temperature of bodies by measuring their thermal radiation. The cor-

responding devices are referred to as pyrometers.
Pyrometry has its origins in the relationship between the intensity of heat radiated by bodies and
their temperature. The quantities measured in pyrometry are the intensity of monochromatic radiation from the object (brightness pyrometry), the
ratio of the radiation intensities of a body at two
different wavelengths (color pyrometry), or the total radiant intensity (radiation pyrometry). At high
temperatures (103 –104 K) brightness pyrometers
are effective, and at low temperatures (∼100 K)
radiation ones are preferable (also called total radiation pyrometers). Sensitive receiving devices in
pyrometry are thermocouples, bolometers, photoelectric and pyroelectric radiation detectors.

Qq
QUADRUPLE CRITICAL POINT

QUADRUPOLE HAMILTONIAN
See Nuclear quadrupole interaction.

See Tetracritical point.

QUADRUPOLE INTERACTION
See Nuclear quadrupole interaction.

QUADRUPOLE

A system of charged particles that has zero net
electric charge and no electric dipole moment; it
is a multipole of the second order. The main characteristic of a quadrupole is its quadrupole moment Q. For the quadrupoles shown in the ﬁgure, Q = 2ela, where e is the absolute value of
electron charge, and l is the size of the component dipoles. At large distances R from the
quadrupole the strength E of its electric ﬁeld
decays in inverse proportion to R 4 . The traceless quadrupole tensor has three principal components QZZ = −(QXX + QY Y ), with principal
axes chosen so QZZ has the largest magnitude.
For lower than axial symmetry (|QXX | < |QY Y |)
we deﬁne the dimensionless asymmetry parameter
η = (QXX − QY Y )/QZZ , where 0  η  1, and
η = 0 for the common case of axial symmetry. The
quadrupole moment determines the energy of the
quadrupole in an external smoothly nonuniform
electric ﬁeld, such as an electric ﬁeld with a uniform gradient ∂E/∂x.

QUADRUPOLE MOMENT
See Nuclear electric quadrupole moment.
QUADRUPOLE RELAXATION
See Nuclear quadrupole relaxation.
QUADRUPOLE RESONANCE
See Nuclear quadrupole resonance.
QUADRUPOLE SPIN SYSTEM
See Nuclear quadrupole spin system.
QUADRUPOLE SPLITTING

The splitting of energy levels caused by the interaction of the electric quadrupole moment (see
Quadrupole) of a paramagnetic center or of a nucleus with a crystal eld gradient. Sometimes this
is referred to as an initial splitting or a zero-ﬁeld
splitting (i.e. with no external ﬁelds present). The
resonant absorption (or radiation) of electromagnetic energy for transitions between the resulting
levels is referred to as quadrupole resonance, and
sometimes it is called zero-ﬁeld resonance (see
Nuclear quadrupole resonance, Zero- eld magnetic resonance).
QUALITATIVE ANALYSIS

Identiﬁcation (detection) of the components of
a substance under analysis. Qualitative analysis
may be an independent aim of a study, or may
merely precede a quantitative analysis. The qualitative analysis can be elementary, molecular, functional, isotopic, phase analysis. To detect the components, one uses chemical, physicochemical, and

(a) Transverse quadrupole, (b) axial quadrupole.
1069

1070

QUANTITATIVE ANALYSIS

physical methods. Depending on the quantity of
the substance being analyzed, we can distinguish
macro (>0.1 g), semi-micro (0.01–0.1 g), and micro (0.001–0.01 g) methods of qualitative analysis.
The detectable quantity of a component is characterized by its detection limit (cmin ), i.e. the least
quantity (or concentration) which can be measured
in a sample.
QUANTITATIVE ANALYSIS

Determination of the amount of individual
components (or their ratios) in a specimen. Several types of analysis are: elemental, molecular,
functional, isotopic, and phase analysis. Quantitative analysis is based on the dependency of an
analytical signal (mass, volume, electrode potential, etc.) on the content or concentration of a component. One possible classiﬁcation of analytical
methods is based on the type of analytical signal:
gravimetry (see Gravimetric analysis), titrimetry,
potentiometry, etc. The trend in quantitative analysis is the development of automated instrumental
methods. Quantitative analysis can be conventionally divided into determining a main component
(1–100% of the sample mass), a micro-component
(0.01–1%), and a trace amount (<0.01%). It is
characterized by the following parameters: accuracy, reproducibility, range of component distribution, and errors at separate stages of analysis.
QUANTIZATION OF ELECTRON ENERGY in
crystals

Formation of a system of alternating allowed
and forbidden bands of electron energies characterized by discrete quantum numbers (band number) and continuous quantum numbers (quasimomentum of electron). The physical foundation
for establishing the energy bands is the motion of
electrons in a periodic potential of ions forming the
crystal lattice; the allowed bands arise as a result
of the splitting of the electron energy levels corresponding to individual atoms. In a narrower (but
more accepted) sense, the term “quantization of
electron energy” in crystals is applied to the motion of free current carriers in metals and semiconductors in external ﬁelds (electric or magnetic
ﬁelds) or potentials created by impurities, defects,
or boundaries of crystals.
The most important case of such quantization is Landau quantization in a strong magnetic

ﬁeld causing a great variety of phenomena: diamagnetism of conduction electrons, quantum oscillations of thermodynamic and kinetic coefﬁcients of metals and degenerate semiconductors
(de Haas–van Alphen effect, Shubnikov–de Haas
effect), Azbel–Kaner cyclotron resonance in metals, cyclotron (diamagnetic) resonance in semiconductors, etc. In thin lms of metals and semiconductors the size quantization of the energy of
the free current carriers occurs. Size quantization
in semiconductors determines the features of electron spectra in superlattices and quantum wells,
and in combination with Landau quantization in
a magnetic ﬁeld perpendicular to the surface of a
semiconductor, it provides the conditions for the
observation of the quantum Hall effect.
A rather peculiar manifestation of electron
state quantization in solids is the interference of
closed electron orbits formed during consecutive
elastic scattering of electrons from impurities in
“dirty” metals or alloyed semiconductors (phenomenon of weak localization). See also Quantum
interference phenomena in metals.
QUANTIZATION OF FLUX in superconductors

A phenomenon of superconductivity occurring
in multiply connected samples (e.g., rings, hollow
cylinders) whereby the amount of magnetic ﬂux Φ
in a region can take on only discrete values
Φ=

A dl +

mc
ns e 2

j s dl = nΦ0 ,

where n is an integer. Here A is the vector potential of the external source ﬁeld, m the is electron
mass, e is its charge, j s is the superconducting
current density, ns is the concentration of superelectrons (Cooper pairs), and Φ0 is the ux quantum. The integration is carried out over a closed
contour. In bulk superconductors the current
den$
sity is equal to zero, and the ﬂux Φ = A dl enclosed within the contour is equal to an integer
number of ﬂux quanta Φ = nΦ0 . In thin-walled
cylinders and rings (d < λ, d is the thickness of the
walls and λ is the penetration depth of magnetic
e ld) the quantization of ﬂux displays itself in the
appearance of a circulating super-current ﬂowing
on the sample surface, with its magnitude and direction changing as a function of Φ with a period
of Φ0 . The direct consequence of the ﬂux quan-
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tization in such systems is a periodic changing
of the superconducting transition temperature with
an applied magnetic ﬁeld (Little–Parks effect). The
quantization of ﬂux is a macroscopic quantum
phenomenon exhibited by the Aharonov–Bohm effect, and by the existence of long-range magnetic
order (see Long-range and short-range order). The
quantization of ﬂux was predicted by F. London
(1950) and discovered by R. Doll and M. Näbauer,
as well as by B.S. Deaver Jr. and W.M. Fairbank
(1961). The value Φ0 = h/2e found in experiments conﬁrmed the main assumption of the theory of superconductivity, namely that the supercurrent is carried by Cooper pairs.
QUANTIZING ELECTRIC FIELD

An electric ﬁeld that leads to quantizing the
motion of a band electron in a crystal. Under
the effect of the electric ﬁeld E, in the general
case, the electron traverses a complex trajectory in
k -space. If interband tunneling is neglected, and
the electron motion within the crystal is considered along some constant direction with the lattice
constant a, the electron performs periodic motion
in k-space following Newton’s equation. During
this motion, e.g., along the x coordinate axis, in
the reduced band scheme the component kx of the
wave vector varies from some value k0x to π/a,
where the electron experiences reﬂection with a
change of kx to −π/a, whereupon it again begins
to move from −π/a to π/a, and so on. As a result,
its spectrum takes on the form
εn (k ⊥ ) = eEan +

a
2π

π/a



ε(k) dkx ,
−π/a

where, for a crystal with a center of symmetry,
the quantity 
ε(k) is the energy of an electron in
this band, and n = 0, 1, 2, . . . . The dispersion law,
εn (k⊥ ), and the wave functions

ϕn,k ⊥ (r) =

π/a


a 1/2
dkx ψk (r)
2π
−π/a

*
× exp

i
eE

kx


εn (k ⊥ ) −
ε(k) dkx ,

where ψk (r) is a Bloch function (see Bloch theorem), were ﬁrst found by E.O. Kane (1959). The
discrete energy levels are often referred to as the
Wannier–Stark ladder. The latter name becomes
clearly understandable, if one schematically depicts the energy band in an electric ﬁeld as a function of the x coordinate in the shape of an inﬁnite
tilted band: corresponding to each lattice site will
be an energy level, these levels making up steps
of height eEa. The electric ﬁeld in a semiconductor should be sufﬁciently strong to be a quantizing one, since an electron must reach the top of
an allowed band before being scattered, i.e. the
criterion eEa/ > ν (ν is the characteristic frequency of collisions) should be satisﬁed. There
are several experimental situations under which
the quantized nature of electron motion makes
its appearance. For instance, the phenomenon of
electric phonon resonance exists, similar to the
phonon magnetic resonance under Landau quantizing conditions (see Quantizing magnetic eld).
QUANTIZING MAGNETIC FIELD

A sufﬁciently strong magnetic ﬁeld capable
of changing the electron energy spectrum of a
semiconductor or a metal, and thereby causing
various oscillation effects, such as the de Haas–
van Alphen effect, the Shubnikov–de Haas effect,
and others. The quantum mechanical problem of
electron motion in a uniform magnetic ﬁeld was
solved by L.D. Landau (1930). In the case of a
quadratic dispersion law of electrons in a crystal
ε = p2 /2m∗ (where p is the quasi-momentum,
m∗ is the effective mass of an electron) in the presence of a uniform magnetic ﬁeld B = {0, 0, B},
the electron energy spectrum assumes the form
εν = (n + 1/2)ωc + pz2 /(2m∗ ) (disregarding the
electron spin), where ωc = |e|B/m∗ is the cyclotron frequency, ν = {n, pz }, n = 0, 1, . . . . This
spectrum describes the quantum nature of the
transverse (relative to B) orbital motion of an electron (harmonic oscillator) and its free longitudinal motion along B. The energy εν represents a
set of sublevels pz2 /(2m∗ ) spaced by the value
ωc , referred to as Landau levels or sublevels. The
electrons in a crystal collide with phonons, impurities, and one another, which causes the broadening of the Landau levels. For the quantization
to actually take place, the electron has to make
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several (or many) revolutions in a cyclotron orbit between two consecutive collisions; therefore,
the cyclotron frequency must be much greater than
the average electron collision rate with scatterers.
In addition, the strong quantization condition requires that a greater number of electrons must be at
the lower Landau levels (for degenerate electrons,
counted from the Fermi level), i.e. k B T < ωc .
The case k B T  ωc is referred to as the quantum
limit. Hence, there is a limit on the value of a magnetic ﬁeld for it to be a quantizing one. The most
favorable conditions for this are attained in pure
crystals with a small electron effective mass at low
temperatures when collisions are sufﬁciently rare
and k B T < ωc .
QUANTUM ACOUSTICS

Acoustical investigations of various phenomena in solids which are theoretically interpreted
using concepts and principles of quantum mechanics. Among them there are investigations of
hyper-sound waves in insulators at low temperatures when the mechanism of sound absorption
in crystals involves the three-phonon process of
scattering of hyper-sound quanta off long-lived
phonons; as well as hyper-sound investigations
of the electron energy spectrum structure and
the electron–phonon interaction on the basis of
acoustic paramagnetic resonance. This ﬁeld includes acoustic nuclear magnetic resonance, investigations of magnetically-ordered crystals by

acoustic methods based on hyper-sound, investigations of magnetoacoustic resonance, and the
softening of the phonon modes at orientational
phase transitions.
QUANTUM AMPLIFIER, maser

A device with extremely low level inherent
noise which ampliﬁes electromagnetic waves based on the effect of induced radiation. The term
“quantum ampliﬁer” or maser (acronym for Microwave Ampliﬁcation by Stimulated Emission of
Radiation) refers to devices operating in decimeter, centimeter and millimeter wavelength bands.
The ampliﬁcation of the input signal in a quantum
ampliﬁer proceeds via the interaction of an electromagnetic wave with the active substance where
an energy level population inversion takes place
(see Level population). As active substances one
uses insulator crystals with paramagnetic impurities, among which the most popular are corundum Al2 O3 and rutile TiO2 with impurities of
Cr3+ or Fe3+ , as well as beryl Al2 Be3 Si6 O18
and andalusite Al2 SiO5 with impurities of Cr3+
or Fe3+ , respectively. In thermal equilibrium
n01 < n02 < n03 . The population inversion for a pair
of levels 1 and 2 (see Fig.) is produced by a pumping ﬁeld which equalizes the populations of levels 1 and 3 due to saturation effects. The essential
characteristic of the active substance is its inversion coefﬁcient J = −(n2 − n3 )/(n02 − n03 ), where
ni and n0i are the populations of the levels i un-

System of three energy levels (a) in an equilibrium state, and (b) in the presence of a pumping ﬁeld, where E is the
energy, n is the level population, νp and νs are the pumping and signal (observed) frequencies; and the dashed lines
indicate equilibrium populations.
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der the pumping ﬁeld action, and in the thermodynamically equilibrium state, respectively. The coefﬁcient J depends on the energy level splitting
(arising from intracrystalline electric and external magnetic ﬁelds acting on the impurity center),
on the relationship between probabilities of relaxation transitions, processes of cross-relaxation in
the spin system, and other factors. The possibility of J being large (J > 10 was achieved) is determined by checking crystals using the electron
paramagnetic resonance method. Since the intrinsic probabilities of transitions being initiated by
the signal input ﬁeld from level 1 to 2 and from
level 2 to 1 are equal (W12 = W21 ), and since
n1 > n2 under pumping conditions, it follows that
the number of downward transitions 1 → 2 per
unit time W12 n1 (emission) exceeds the number
of upward transitions 2 → 1 per unit time W21 n2
(absorption). As a result, an input signal at the frequency ν s is ampliﬁed. To improve the ampliﬁcation one can increase the time of interaction of
the input wave with the active substance. To do
this the active substance is placed in a system of
the linked resonators or in a particular type of
waveguide (slow wave system).
The successful operation of a quantum ampliﬁer (in particular, ensuring a low inherent noise
level) calls for cooling the active substance to liquid helium temperatures, which severely restricts
the applicability of these ampliﬁers. At present
microwave quantum ampliﬁers (masers) are used
in systems of long-range space communications
and in radio astronomy where the extremely high
effectiveness of ground-based radio-receiving devices is required. The development of the principles of quantum ampliﬁer operation had preceded
and inspired the creation of lasers which are analogous light ampliﬁers.
QUANTUM-CHEMICAL SIMULATION

Computer simulation of the dynamics of atomic processes in non-metallic materials, used primarily for solids with covalent chemical bonds.
The quantum-chemical simulation in its original
version was based on using effective interatomic
interaction potentials constructed by extrapolation of a number of phenomenological parameters to the domain of large displacements of atoms
from their equilibrium positions. The equations

of atomic motion were written and solved using
interatomic interaction potentials. The quantumchemical simulation is typically performed in the
cluster approximation using the pairwise additive
approximation.
In distinction from the classical version of
quantum simulation, in the case of quantumchemical simulation the reﬁnement of the angular
and radial wave functions of the cluster atoms, and
the calculation of corrections to the interatomic interaction potential, are carried out at every step of
the computer simulation. The quantum-chemical
simulation is used to describe dynamic and static conﬁgurations of defects in covalent structures
arising during the damaging of materials by radiation and other inﬂuences.
QUANTUM CHEMISTRY of solids

Applications of computational methods developed in the quantum mechanics of atoms and
molecules to the theory of solids. These numerical computations are sometimes carried out from
ﬁrst principles (e.g., by solving the Schrödinger
equation for systems of electrons and nuclei forming the solid), and sometimes they employ semiempirical methods such as the Hückel method (see
Hoffmann method), the Roothan et al. method, and
others. Typically the scope of the calculations does
not involve the entire crystal, but rather only part
of it (a cluster), often including some defects and
interstitial and substitutional impurities.
While in classical solid state theory one often
considers only one or two electrons of a defect,
and the overall crystal is treated as a “medium”
including a periodic potential (frequently excluded
via the effective mass method) with screening of
the defect potential (typically by dividing the potential by the dielectric constant), in the quantum chemistry approach the problem of ﬁnding the wave function and energy levels of the
multielectron system of a cluster is stated and
solved. Typically the system of Hartree–Fock
equations (see Hartree–Fock method) is solved,
and the individual wave functions of electrons
ψi (r) plus the corresponding energy eigenvalues are found. These equations follow from the
variational principle with the multielectron wave
function ψ(r1 , . . . , rn ) found as a determinant
of individual spin-orbitals ψ(r). On the basis of
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Koopmans theorem the change of the whole system energy resulting from the replacement in the
determinant of one of the functions ψi (r) by an
i (r) is equal to the difference of the
excited one ψ
corresponding energies: E = 
εi − εi . To simplify the problem the exchange operator in the
Fock equation is replaced by an exchange potential which has a common form for all electrons.
One commonly employs the Slater exchange potential (see also Exchange interaction) which is
proportional to ρ 1/3 , where ρ(r) is the electron
density given by ni=1 |ψi (r)|2 .
The methods of Green’s functions and density
functional theory have been used with increasing
frequency in quantum chemistry.
An advancement over the self-consistent eld
method is the many-con guration approximation,
whereby the function ψ(r1 , . . . , rn ) is found in
the form of a linear combination of some determinants, i.e. a superposition of different conﬁgurations of electrons. If these conﬁgurations are
equal or very close in energy, a so-called quantum resonance appears. The lowering of the total energy in comparison to the energy of a oneconﬁguration approximation is brought about by
the ∗ off-diagonal matrix elements Mij =
ψi H ψj dτ , where ψi and ψj are many-electron
wave functions corresponding to different conﬁgurations. In semiempirical theories the resonance
energy plays the role of a parameter of the theory,
and it can be estimated from experimental results.
QUANTUM CHEMISTRY INTEGRALS, molecular
integrals

Speciﬁc matrix elements of operators of the energy of electrons interacting with each other and
with atomic nuclei. Quantum chemistry integrals
typically emerge during computations of the energy states of many-atom (many-electron) systems
as components of more complicated matrix eleψj dV , where ψk
ments of the form Mij = ψi∗ H

and H are many-electron wave functions and the
Hamiltonian, respectively, and V is the domain of
integration. If ψk is represented by a linear combination of products of one-particle (atomic) func is represented by a sum of one- and
tions, ϕ, and H
two-particle interactions 
h, then one can represent
Mij as a linear combination of elementary oneand two-electron integrals, the latter being called

quantum chemistry integrals. A general expression
for the one-electron integral has the form

(1)
(2)
[ab|c] = ϕa (ν)
hc (ν)ϕb (ν) dVν ,
where ν is the coordinate of the νth electron; a, b
and c are the coordinates of nuclei on which the
functions ϕ and the operator 
h (superscript indicates the possibility of different forms of the
ϕa functions) are centered. The Coulomb operator of the interaction between electron ν and nucleus c is designated by 
hc (ν). In this case the
integral is usually referred to as a direct integral.
If the operator 
h is independent of ν, the integral
 (1)
(2)
S = ϕa (ν)ϕa (ν) dVν is called an overlap integral. One-electron integrals are triple integrals.
A general expression for a two-electron integral
has the form

(1)
(2)
(3)
h(ν, μ)ϕc (μ)
[ab|cd] = ϕa (ν)ϕb (ν)
(4)

× ϕd (μ) dVν dVμ .
The Coulomb interaction between electrons ν and
μ is an example of 
h(ν, μ). In this case the integral is called a repulsion integral. Two-electron
integrals are sextuple integrals.
Integrals are also classiﬁed as to their centering. If all positions a, b, c, and d are different,
we have a four-center integral, if there are three
positions, the integral is a three-center integral.
In a similar way, there may be two-center integrals and one-center integrals. The three and fourcenter ones are known as multicenter integrals.
Particular two-center integrals are the Coulomb
[aa|bb], the hybrid [aa|ab], and the exchange
[ab|ab] integrals. Accordingly, the three-center
integrals include Coulomb-hybrid [aa|cd] and
hybrid-exchange [ab|ad] integrals.
As distinct from the elementary integrals, there
are quantum chemistry integrals with ϕ and 
h represented by a linear combination of functions or
operators. Thus, the matrix elements of the effective one-electron complete Hamiltonian 
heff introduced in the LCAO method (Linear Combination
of Atomic Orbitals) are as follows:

heff (μ)ϕj (μ) dVμ .
mij = ϕi (μ)
Here the so-called group integral mij is called
a Coulomb integral for i = j , and a resonance
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integral for i = j . When using group theory to
deal with symmetric systems, it is convenient to
utilize symmetrized functions that transform according to a particular irreducible representation
of the symmetry group, and are linear combinations of atomic functions of ligands. In this case
the matrix element mij is called a group integral. A special
case is the overlap group integral

S group = ϕi sym (μ)ϕj sym (μ) dVμ . One can express the Coulomb, resonance, and group integrals
through elementary integrals.
The evaluation of one- and two-center integrals
involves no special difﬁculties. They can generally
be expressed in a so-called closed form, i.e. as a ﬁnite linear combination of elementary and special
functions. For a long time no one has succeeded in
expressing multicenter integrals in a similar way.
Therefore, these integrals are evaluated with the
help of approximation formulae, representing expansions in inﬁnite series; on the basis of semiempirical expressions; by the method of integral
transformations; by the use of Gaussian functions;
and by direct numerical integration of the initial expression. The most natural, exact analytical calculations lead to closed-form expressions
that are difﬁcult to evaluate. This is related both
to the absence of a general systematic approach
for the evaluation of multicenter integrals, and to
the cumbersome nature of the analytic procedures.
Only in recent years, owing to the development
of methods for the calculation of multicenter integrals, and the use computer algebra, have solutions for some of these integrals been attained,
including the most complicated four-center quantum chemistry types. These quantum chemistry integrals underlie the microscopic theory of atoms,
molecules, and condensed media.
QUANTUM CRYSTALS
Crystals in which the translational and rota-

tional motion of the constituent atoms and molecules cannot be properly described in the classical
approximation, but is determined by quantum-mechanical laws. The existence of quantum crystals is a consequence of Heisenberg’s uncertainty
principle, according to which the indeterminancies of positions of particles lead to the presence
of ﬁnite kinetic energies in the ground state. The
ground state translational and rotational motion

energies are comparable with the potential energies of their central ε and non-central εϕ interactions. Quantitative features of a quantum crystal are the dimensionless quantum parameters of
translational motion λt = /[σ (mε)1/2 ] (de Boer
parameter) and rotational motion λr = 2 /(I εϕ )
(where m, I , and σ are the mass, moment of inertia and diameter of the particles), which to a ﬁrst
approximation are proportional to the potential energy. Some known values of these translational parameters are: 3 He (λt ≈ 0.5), 4 He (λt ≈ 0.4), H2
(λt ≈ 0.3), HD (λt ≈ 0.25), D2 (λt ≈ 0.2). Classical calculations give imaginary frequencies for
at least one and in some cases all of the acoustic
branches of the energy spectrum of these crystals.
Examples of rotational motion parameters are:
H2 (λr ≈ 5), HD (λr ≈ 4.5), D2 (λr ≈ 4), CH4
(λr ≈ 1).
Dynamic crystal lattice features of quantum
crystals are anharmonicity (see Anharmonic vibrations) of translational and orientational vibrations
even at T = 0 K, and the coordinated motion of
neighboring particles in the lattice (short-range
correlations). These features change the relations
between particle parameters and macroscopic equilibrium properties, but the properties themselves
only undergo quantitative changes.
The large amplitude of zero-point vibrations
and low potential barriers result in a comparatively
high tunneling probability (see Tunneling phenomena in solids) of particles to nearby sites in the
crystal, or to equivalent orientational positions at
the same site. This leads to the translational and
orientational delocalization of particles, and the
former causes defects of the crystal (impurities,
vacancies) to transform into quasi-particles (impuritons, vacancions). Some important effects in
quantum crystals (quantum diffusion, localization
in solutions of 3 He in 4 He, crystallization waves,
nuclear, magnetic ordering in 3 He) are associated
with tunneling processes.
The rotation of the molecules in the crystals
(or in sublattices, as with CH4 ) is almost unrestricted. A consequence of this is the signiﬁcant inﬂuence of the total nuclear spin of molecules on the spectrum of their rotational motion.
As a result, the different nuclear-spin modiﬁcations of quantum molecular crystals differ dramatically in their properties. This circumstance, together with the tunneling processes, leads to the
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strongest manifestation of the quantum properties
of these crystals, quantization relative to the rotational motion of molecules (quantum diffusion in
hydrogen, negative thermal expansion in methane,
etc.). The quantum nature decreases as the pressure rises.
QUANTUM CYCLOTRON RESONANCE

Resonant absorption of an electromagnetic
wave by a metal in a magnetic ﬁeld B parallel
to the surface of a sample. It occurs because the
quantization of electron energy levels by the magnetic ﬁeld produces a well-resolved discrete spectrum of cyclotron frequencies Ωn (n = 1, 2, . . .),
spaced at a value τ −1 , on the Fermi surface
(τ is the characteristic electron lifetime). The values Ωn = (εF , pzn ), where Ω(εF , pzn ) is the
cyclotron frequency corresponding to the given
value of the longitudinal momentum pz of the
electron, εF is the Fermi energy, and pzn are
the values of pz on the Fermi surface, are determined by the Lifshits–Onsager quantization rule
S(εF , pz )/(eB) = 2π(n + 1/2), where S is the
area of the Fermi surface section. This means that
the separation between neighboring Ωn is of the
order of δΩ = (eB/S0 )Ω0 , where Ω0 and S0
are the characteristic values of Ω and S. Typically, δΩ  (10−3 –10−4 )Ω. If δΩ
τ −1 , then
narrow windows of resonant absorption appear
|Ω − lΩn |  τ −1 (Ω is the frequency of the
electromagnetic wave, l is the multiplicity of the
resonance). Pertinent to quantum cyclotron resonance are the particular giant quantum oscillations
of impedance in B −1 with period slowly changing with B, the characteristic value of the latter
being ∼e/S0 . At δΩ  τ −1 , the amplitude of
quantum cyclotron resonance oscillations is exponentially small, and the ordinary case of classical
cyclotron resonance takes place. The smearing of
the Fermi distribution edge also causes damping of
the oscillations according to the exponential law
exp[−2π 2 k B T /(Ω)] (the parameter Ω ∼ Ω0 ).
The observation of quantum cyclotron resonance
in ﬁelds B ∼ 10 T on the main electron groups of a
typical metal requires values τ  108 s. Quantum
cyclotron resonance was predicted by I.M. Lifshitz
in 1961.

QUANTUM DIFFUSION
Low-temperature diffusion occurring under

conditions for which quantum tunneling is signiﬁcant (see Tunneling phenomena in solids). It
can occur when defects interact with each other,
with phonons, and with other defects. It was predicted by A.F. Andreyev and I.M. Lifshitz (1968)
and observed experimentally by V.N. Grigoryev,
B.N. Yeselson, V.P. Mikheyev and Yu.E. Shulman
(1972).
The coefﬁcient of quantum diffusion has an
anomalous temperature dependence, and is very
sensitive to the concentration of impurities. For
a small defect concentration the delocalization of
the diffusing particle occurs as the temperature decreases; and it transforms to the state of band motion when its mean free path is determined by
the interaction with phonons, and the coefﬁcient
of quantum diffusion D ∼ T −9 , where T is the
absolute temperature of the crystal. If the concentration of defects is considerable then at T = 0 K
the localization of the diffusing particle occurs in
the inhomogeneous elastic ﬁelds of defects, and
its motion is possible only due to the interactions
with phonons, and hence D ∼ T 9 . A similar temperature and concentration dependence of quantum diffusion is observed in helium for 3 He atom
transport in a solid 4 He matrix.
Quantum diffusion sometimes occurs along
particular lines in a crystal containing dislocations,
acquiring thereby a one-dimensional character. It
is observable in deformed solid hydrogen.
QUANTUM ELECTRONICS
See Solid-state quantum electronics.
QUANTUM FERROELECTRICS
Ferroelectrics with their Curie points at lowtemperatures where zero-point vibrations domi-

nate. The term has been introduced to stress
that the temperature corresponding to the stability limit of the ferroelectric phase is determined
by the balance between long-range dipole–dipole
forces (see Dipole–dipole interaction) and shortrange repulsive forces associated with zero-point
vibrations. Quantum ferroelectricity may be induced by the experimental introduction of a small
amount of impurities or by applying pressure.
Low-temperature phase transitions were induced
in a range of virtual ferroelectrics by impurities

QUANTUM HALL EFFECT

(K1−x Lix TaO3 , KTa1−x Nbx O3 , Pb1−x Gex Te,
x > x c , x c  0.01 is the critical concentration),
or by axial pressure P (KTaO3 , P > P c , P c ≈
0.56 GPa is the critical pressure). The shift of
T c to the quantum range was obtained in normal ferroelectric materials in some range of hydrostatic pressure P > P c where ∂T c /∂P < 0
(P c ∼
= 1.3 GPa for KH2 PO4 ). Dielectric, hypersound and pyroelectric measurements show that a
characteristic feature of quantum ferroelectrics is
their dependence on T and P : T c ∼ (y − y c )1/2 ;
P  (T = 0 K) ∼ (y − y c )1/2 ; ε−1 (T = 0 K) ∼
y − y c , where y is the impurity concentration or
pressure, y c is its critical value, P  is the polarization, and ε is the dielectric constant. The properties of quantum and normal type ferroelectrics coincide outside the temperature range of the quantum domain.
QUANTUM GENERATOR
See Solid-state quantum electronics, Laser,
Solid-state laser, and Optical parametric oscillator.
QUANTUM GYROSCOPE

A device for determining the angular speed of
rotation relative to a speciﬁed axis. Its operation
is based on the quantum-mechanical properties of
particles forming the working material of a sensor. One distinguishes two groups of quantum gyroscopes: devices oriented by the ﬁeld lines of external magnetic ﬁelds (interplanetary and Earth’s),
and devices oriented relative to an inertial coordinate system. To the ﬁrst group belong nuclear
and electronic quantum gyroscopes whose sensitive element is the precession frequency of intrinsic magnetic moments (nuclear or electronic spin)
depending on the angle of the device axis relative
to the external magnetic ﬁeld strength vector. The
second group comprises optical and superconducting quantum gyroscopes with their working
principle based on the difference of the transit time
of electromagnetic waves and quasi-particle excitations (see Quasi-particle) moving along a closed
circuit (ring resonator) to meet each other in the
rotating coordinate system (analogue of Michelson’s experiment). At this there is a mixing of the
oscillations arriving at the oscillator from opposite directions, and their difference frequency is
proportional to the rotation speed of the ring resonator. In optical quantum gyroscopes one uses
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lasers as oscillators, and in superconducting gyroscopes one uses Josephson junctions.
QUANTUM HALL EFFECT

A quantum phenomenon of the transverse
(Hall) conductivity σxy ≡ σH and its inverse
the transverse (Hall) resistance ρxy ≡ RH in a
two-dimensional electron gas, or 2D-electron gas
(e.g., in the inversion layer of semiconductor e ldeffect transistors (M–O–S structures like metal–
SiO2 –Si) and in heterostructures (as GaAs–
Ga1−x Alx As)), present in a strong transverse
magnetic ﬁeld B  z with the intensity B  10 T
(100 kG) at low temperatures T  1 K. The effect
was discovered by K. von Klitzing et al. (1980).
The integer (normal) quantum Hall effect
(QHE) is the series of plateaus observed on the
dependence RH or σH on B, or the surface concentration of 2D-electrons Ns (see Fig.) when values of RH or σH correspond to integer values of
the ﬁlling factor ν = Ns /N0 , where N0 = eB/ h is
the number of states on Landau levels (see Quantizing magnetic eld) per unit area and plateau,
σH = (e2 / h)n (n = 1, 2, 3, . . .), e is the electron charge, h is Planck’s constant. The deep minima (practically to zero) of diagonal components

Quantum Hall effect in a silicon metal–oxide–semiconductor ﬁeld-effect transistor (MOSFET) showing the
dependence of the transverse Hall resistance RH (upper
curve) and the longitudinal resistance Rx (lower curve)
on the voltage Vg applied to the gate. This voltage Vg is
proportional to Ns . The magnetic induction B = 18.9 T,
and T = 1 K.
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of the conductivity tensor σxx and the resistance
2 + σ 2 ) = R correspond
tensor ρxx = σxx /(σxx
x
xy
to all the plateaus, so RH = 1/σH = h/e2 n =
R0 /n. The quantity R0 = h/e2 = 25,812.8056 ,
called the quantum of resistance, or the Hall resistance, is expressed through the fundamental physical constants h and e. The qualitative interpretation of the integral quantum Hall effect is based
on concepts concerning the structure of the singleparticle electron spectrum of a degenerate 2Dsystem in a transverse magnetic ﬁeld when a random potential from defects (impurities) is present.
Due to this potential all the states in the gaps
of the discrete spectrum En = ωH (n + 1/2) are
localized, where ωH = eB/m∗ is the cyclotron
frequency, m∗ is the effective mass,  = h/2π ,
and n = 0, 1, 2, 3, . . . (see Anderson localization).
Delocalized (extended) states remain only in the
vicinity of Landau levels. Under the inﬂuence of
the electric ﬁeld E  x these states carry the Hall
current jy = σH E (in the y direction) and the dissipative current jx = σxx E (in the x direction),
if the Fermi level is near one of the Landau levels. When Ns or B changes, the Fermi level shifts
into the region of localized states, and the dissipative conductivity disappears (σxx = 0, ρxx = 0
at T = 0). These facts explain the deep dip in
the dependence of Rx = ρxx on Ns (see Fig.). In
this case σH = 0, since due to the drift of carriers in the crossed ﬁelds E and B the delocalized
states on the totally full Landau levels below the
Fermi level contribute to σH = 1/RH . The quantum drift arises from the mixing (hybridization) of
wave functions of neighboring Landau levels under the inﬂuence of the electric ﬁeld E. The ﬁlling
of localized states does not change when the Fermi
level is shifted into the localized states (in gaps
between Landau levels), so the value σH remains
constant in the corresponding regions where B or
Ns change. This explains the presence of plateaus
on the dependences of RH on B and on Ns .
The fractional quantum Hall effect was was
discovered by D.C. Tsui, H.L. Störmer and
A.G. Gossard (1982). This effect is characterized
by the presence of anomalies (breaks) in the dependences RH (B) and RH (Ns ) at fractional values
of the ﬁlling factor ν = p/q, where p and q are
integers, and q is an odd number (q = 3, 5, 7, . . .).
According to modern conceptions, the fractional

quantum Hall effect results from electron–electron
interactions, forming new phases in the 2D electon
system, the so-called incompressible Fermi liquid
(see Fermi liquid), having ﬁnite energy gaps in
the spectrum of elementary excitations. These excitations involve so-called intermediate statistics,
i.e. they are anyons. The fact that q is an odd
number is associated with the asymmetry of the
wave functions of the 2D-system degenerate state
in a magnetic ﬁeld. The requirement of translation and gauge symmetry (invariance) restricts the
possible occupation numbers of Landau levels to
the discrete multiplicity of the rational numbers.
The fractional Hall quantum effect is observed in
perfect 2D-structures, where the effects of interelectron correlation involve the scale of energies
e2 /ελ (ε is the dielectric constant, λ = (/eB)1/2
is the magnetic length, i.e. the orbit radius of the
lowest Landau level) which exceeds the quantum
uncertainty of energy /τ (τ is the relaxation
time), related to electron scattering by defects, and
causing the appearance of localized states.
The quantum Hall effect is used in metrology
as the source of an absolute standard of resistance,
and also for a more accurate determination of the
constants h and e (if an independent accurate resistance standard is available).
QUANTUM INTERFERENCE PHENOMENA
in metals

The aggregate of macroscopic effects determined by the interference of quasi-classical electron waves scattered at static centers, or on the surface of a sample. One should distinguish two main
types of quantum interference phenomena in normal metals, those in disordered metals and those
in pure metals.
The ﬁrst type involves quantum interference
phenomena in disordered metallic structures,
which arise from the interference of quasi-classical
electron waves scattered off randomly dispersed
impurities. Two main spatial scale sizes exist: the
size of the sample L and the phase coherence
length Lϕ – the distance over which the electron
diffuses during the time of quasi-classical electron
wave phase loss due to inelastic scattering, or electron spin- ip scattering, i.e. Lϕ is the characteristic size of the domain in which all the impurities
take part in forming a composite interference pattern. In the case Lϕ  l (l is the mean free path)
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the phase coherence is totally destroyed, and the
kinematics of the metal are described on the bal
sis of a classic kinetic equation. For L Lϕ
small quantum-interference additions to classical
kinetic coef cients arise. These additions depend
strongly on the frequency, external ﬁeld, temperature, and weak magnetic ﬁeld, and therefore, they
can be detected on a background of the main effect. The quantum interference addition to the static conductivity σ is always negative, i.e. the interference leads to the enhancement of a metal’s
resistance. The theory describing the properties of
σ is referred to as the theory of weak localization. In low-dimensional samples the value of σ
can become of the order of the conductivity itself.
In this case one talks about strong localization
L the in(Mott–Anderson localization). At Lϕ
terference pattern is formed by all impurities and
essentially depends on the conﬁguration of their
distribution. This leads to strong dispersion of
physical properties of samples prepared in a similar manner, i.e. kinetic characteristics become selfaveraging quantities. The last statement relates not
to microscopic objects, but to systems consisting
of many atoms. This branch of the physics of metals is referred to as mesoscopics.
The second type of quantum interference in
pure metals arises, ﬁrst, in the presence of a magnetic breakdown as a result of interference of
quasi-classical electron waves scattered off the
centers of the magnetic breakdown (called coherent magnetic breakdown); and second, at the multichannel specular reﬂection from the surface of a
sample, where they are determined by the interference of quasi-classical waves of different channels
of the multichannel specular reﬂection. The anomalous sensitivity to weak external inﬂuences which
do not change the classical dynamics of electrons,
but rebuild the interference pattern, is characteristic of quantum interference phenomena in pure
metals. It involves a broad range of non-linear effects (for more details see Magnetic breakdown,
Quantum size effects).
QUANTUM KINETIC EQUATION

An equation of quantum statistical physics describing the time evolution of the distribution function ρα (t) of the probabilities of occupancy by

the particles of the full set of states with quantum numbers α. This equation for the diagonal elements of the statistical operator (see Density matrix) of the system, called the master equation, has
the form

d
(ρβ Wβα − Wαβ ρα ),
ρα (t) =
dt
β

where Wαβ is the intensity of transitions of particles per unit time from state α to state β. W. Pauli
initially derived this equation by perturbation
theory for the interaction of particles on the assumption that the phases of the unperturbed system during their evolution in time are incoherent.
This assumption is analogous to the molecular
chaos hypothesis used by L. Boltzmann for deriving the classical kinetic equation (see Boltzmann
equation). In this sense the quantum kinetic equation has the same physical meaning as the Boltzmann equation; i.e. it connects changes of probabilities ρα (t) in a small time interval with the
balance of the probability ﬂux entering the quantum state α and exiting from it. Another approach
for describing the evolution of nonequilibrium
quantum systems of many bodies has been developed on the basis of the idea of a reduced description introduced by N.N. Bogolyubov. In the
framework of this approach a method has been
created that allows the construction of quantum kinetic equations describing the time evolution of a
single-particle distribution function in the form of
asymptotic series in powers of a small parameter.
In particular, if the small parameter is the ratio of
the interaction radius to the mean de Broglie wavelength, then in the ﬁrst non-vanishing approximation the kinetic equation for a gas of quasiparticles appears, which plays an important role
in solid state physics, and which, in addition to the
Boltzmann equation, accounts for pair-only collisions:
dfp (t)
dt

+
 2
Tpp
=π
 ,p p  (εp + εp )
p  ,p1 p1

1 1

× δ(εp + εp − εp1 − εp )
1

× fp1 fp (1 ± fp )(1 ± fp )
1


− fp fp (1 ± fp1 )(1 ± fp ) .
1
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Here εp is the energy spectrum of quasi-particles,
+
Tpp
 ,p p  is calculated on the mass surface scat1 1

tering matrix depending on the momenta of collided and departing quasi-particles, and the signs +
and − correspond to Bose–Einstein statistics and
Fermi–Dirac statistics, respectively. This equation
agrees with the Pauli equation if the intensities
Wαβ are calculated in representations of occupation numbers, and the transitions associated with
pair collisions are taken into account.

In a Fermi-liquid with attractions between particles, coupled states of two particles are created
(Cooper pairs) below some temperature. These
pairs are described by Bose statistics, and after
their appearance the quantum liquid transforms to
a superconducting state. The coupling may occur
with zero-valued (see Superconductivity) and nonzero orbital angular momenta (super uid phases of
3 He).
QUANTUM MAGNETOMETER
See Magnetometry.

QUANTUM LIQUID

The special state of a liquid at which the de
Broglie wave length for the thermal motion of its
constitutent particles becomes comparable with
the distance between them. This is possible only
at very low temperatures (see Low-temperature
physics) when the existence of the liquid state is
associated with quantum effects (zero-point vibrations). If the zero-point vibrational energy is comparable with the energy of particle interactions
then the body will remain liquid until an inﬁnitely
low temperature. This condition (due to the weakness of the atomic interaction and the small atomic
mass) is satisﬁed for the stable isotopes 3 He and
4 He of helium. According to the statistics of its
particles, a quantum liquid is a Bose u id (4 He),
a Fermi liquid (3 He, conduction electrons in normal metals, neutron liquids), or a mixed type liquid (3 He–4 He solutions).
A quantum liquid possesses a number of speciﬁc properties, the most remarkable of which
is super uidity. This is typical of a Bose-liquid,
and is associated with the phenomenon of Bosecondensation (see Bose–Einstein condensation)
resulting in the appearance of a superﬂuid condensate in a quantum liquid. These results were explained by the phenomenological theory of quantum liquids (in particular, the two-ﬂuid hydrodynamics of a quantum liquid) constructed by
L.D. Landau, and by the microscopic theory of
a Bose quantum liquid developed by N.N. Bogolyubov.
A Fermi quantum liquid can be either superﬂuid or normal (non-superﬂuid). The distinctive
feature of a normal type is the possibility of propagating undamped zero sound (oscillations of the
Fermi surface relative to its equilibrium value).

QUANTUM MECHANICS in solid state physics

Basic theory introduced in the early 20th century which explains the physics of condensed systems consisting of a huge number of particles
(∼1022 per cm3 ). The quantum theory of crystals
has been developed in detail, while that of amorphous bodies is more qualitative (see Amorphous
state).
One of the main results of this quantum approach was the concept of quasi-particles. The
energy of an excited state of a crystal which is
close to its ground state can be represented as a
sum of the energies of individual quasi-particles.
This allows one to introduce the concept of a
“gas” of quasi-particles, and to use the methods
of the kinetic theory of gases, for investigating
thermal, magnetic and other properties of solids.
The macroscopic characteristics of solids are expressed through those of quasi-particles (mean
free path, speed, etc.). Quasi-particles do not exist
in free space, but they are present in a crystal lattice whose structure is reﬂected in the properties of
quasi-particles. Applications of the quasi-particle
approach for the description of excited states of
amorphous materials has not been very successful.
There are several characteristic features of
solids considered as physical objects containing
many particles.
1. Atoms, molecules, and ions are the structural
units of a solid, and their interaction energy
is small compared to the energy needed to destroy the structural unit itself. At the same time,
this interaction energy is not small compared to
their energy of thermal motion, hence a solid
body is a system of strongly interacting particles.
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2. Classically the mean energy of thermal motion of particles is ∼k B T . At high temperatures
the thermal energy of a solid is ε ∼ 3Nk B T ,
where N is the number of particles. When lowering the temperature the energy of a solid
decreases faster than expected from classical
physics since the discrete (quantum) character
of the energy spectrum leads to “freezing out”
motion at T → 0 K. The greater the energy
separations between the levels, the higher the
temperature of the “freezing-out” of the corresponding motion, so different motions in solids
freeze out at different temperatures.
3. Because of the variety of forces acting between
the particles, properties associated with gases,
liquids and plasma are all displayed in crystals under particular conditions. For example,
a metal can be considered as an ionic lattice
immersed in an electron liquid; a ferromagT c behaves as a gas of magnetic
net at T
arrows (the magnetic susceptibility of a solid
paramagnet has same temperature dependence
as a gaseous paramagnet); under the action of
a high-frequency electromagnetic ﬁeld an electron gas of a metal or semiconductor behaves
like a plasma (see Solid-state plasma).
4. The motions of atomic particles are diverse, especially in view of their diversity of masses.
Since ions are a thousand times heavier than
electrons, the speeds of ions are small compared those of electrons. In some approximations (e.g., adiabatic approximation) when considering the electron motion the ions may be
assumed to be stationary at their equilibrium
positions.
5. All motions of atomic particles in solids may
be divided into four types.
A. Diffusion of intrinsic and foreign atoms.
During the course of vibrations, uctuations
can cause the kinetic energy of a particle to move it beyond the range of the
potential well which conﬁnes it, and the
particle is able to “break away” from its
equilibrium position. The probability W of
such a process at room temperature is extremely small, and rises with the temperature: W = ν0 exp[−U/(k B T )] where ν0 ∼
1012 –1013 s−1 , and U is the order of the
binding energy per particle. The life time
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of an atom at its site is much longer than
the time of its transit, so it makes rare and
random jumps. The diffusion coef cient is
proportional to W . It rises near the melting temperature and depends on the condition of the crystal surface. Plastic deformation “loosens” a crystal, reduces potential
barriers separating equilibrium positions of
atoms, and enhances the probability of their
“jumps”. Diffusion is a rare example of
classical motion of atoms in solids.
B. In particular cases, in e.g., solid He under pressure, the tunneling “percolation” of
atoms from one equilibrium position to another is possible (see Tunnel effect). This
process, which is referred to as quantum
diffusion, involves a diffusion coefﬁcient
that is not equal to zero at T = 0 K. The
possibility of tunneling converts impurity
atoms and vacancies into unusual quasiparticles (vacancions, impuritons) which
determine the properties of so-called quantum crystals.
C. There exist collective motions of particles
on an atomic scale such as crystal lattice
vibrations. The simplest such motion is a
wave with a particular wave vector and corresponding frequency. Another example of
collective motion on an atomic scale is the
electronic excitation of an atom (e.g., by absorption of a photon or at an increase in
temperature) which is not localized at a particular site of the crystal lattice, but rather
jumps from site to site (Frenkel exciton).
The energy of this process is of the order of
the excitation energy of an individual atom.
Collective motions on an atomic scale have
a discrete structure; e.g., the energy of
atomic vibrations associated with the frequency ω can be equal to ω, 2ω, etc. The
quasi-particles that can be used to describe
atomic vibrations are called phonons. In
ferromagnets and antiferromagnets close to
T = 0 K deviations from magnetic order
can propagate in the form of a wave (spin
wave), and the resulting quasi-particle is a
magnon. Different types of particle motion
in solids are typically uncoupled, but sometimes there is a resonant interaction between unrelated wave processes, and their
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frequencies coincide. This leads to “mixing” of the motions; e.g., atomic vibrations (sound) can be excited by precessing
atomic magnetic moments in an alternating
magnetic ﬁeld, and a sound wave can spontaneously transform to a spin type (see Magnetoacoustic resonance).
D. At low temperatures (e.g., close to T = 0 K)
many metals become superconducting (see
Superconductivity). The conduction electrons in a superconductor attract each other
in pairs through the intermediary of an
electron–phonon interaction, and couple together as so-called Cooper pairs which
form a Bose condensate. The escape from
the condensate requires some energy to
overcome an energy gap which makes the
superconducting motion stable. The superconducting state is characterized by the total absence of electrical resistance, and by
anomalous magnetic properties (absolute
diamagnetism).
6. To describe various phenomena and properties of solids one uses the concept of quantum gases of quasi-particles. For example, the
thermal motion of atoms of a crystal lattice is
described by phonons, and the electrical conductivity by a gas of conduction electrons and
holes. The electrical resistance of metals and
semiconductors is determined by the scattering
of conduction electrons and holes at phonons
and lattice defects (see Current carrier scattering). All quasi-particles (especially phonons)
transfer heat, and according to the kinetic theory of gases the contribution of each gas to
the thermal conductivity can be written as κ =
βclv, where β is a numerical coefﬁcient; c,
v, and l are the speci c heat, mean thermal speed, and mean free path of the quasiparticles, respectively. Magnons contribute to
magnetic and thermal properties of magnetic
materials. The temperature dependence of the
magnetization of ferromagnets and of the magnetic susceptibility of antiferromagnets at T <
T C results from the “freezing out” of spin
waves as the temperature decreases. Light absorption in semiconductors and insulators results from the presence of Wannier–Mott excitons.

7. At a particular temperature all degrees of freedom of atomic particles in a solid can generally be subdivided to two groups. For one group
the interaction energy U in is small compared
to k B T , while for another group it is large. If
U in  k B T , then the corresponding degrees of
freedom behave as an aggregate of gas particles, and if U in k B T , then the corresponding
degrees of freedom are ordered, and the motion may be described by a system of quasiparticles weakly interacting with each other.
Therefore, in both limiting cases the “gas approximation” is valid. A good example is the
magnetic moments of atoms: at T > T C they
are a gas of magnetic arrows localized at crystal lattice sites, at T < T C they form a gas of
magnons. Close to a second-order phase transition the “gas approximation” is inapplicable.
The solid body behaves as a system of strongly
interacting particles or quasi-particles, with the
motions of atomic particles (atoms) correlated.
The correlation has a special (not power law)
nature: the probability of collective motion is as
large as the probability of individual motions.
It is displayed by the growth of ﬂuctuations in
anomalies of the speci c heat, magnetic susceptibility, and others. Due to the variety of
motions inherent to the particles of a solid, the
temperature dependence of most characteristics is very complicated, and becomes further
complicated at phase transitions, which are followed by abrupt changes of many quantities
(speciﬁc heat, for example).
QUANTUM OF ACTION
The same as Planck constant.
QUANTUM RADIO-FREQUENCY GENERATOR

A device producing electromagnetic waves on
the basis of the induced radiation effect. The physical processes taking place in quantum-mechanical
generators are similar to those in quantum ampli e rs, and the principal distinctive feature of
these devices is the presence of positive feedback.
Quantum generators are characterized by high frequency stability of the generated signal, which justiﬁes their application as quantum frequency standards, devices to obtain electromagnetic oscillations with a frequency that is stable in time.
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QUANTUM SIZE EFFECTS

Change of thermodynamic and kinetic properties of a crystal when at least one of its geometrical
sizes is comparable with the de Broglie wavelength of electrons. In metals one ﬁnds macroscopic effects in lm s determined by the quantization of the ﬁnite motion of conduction electrons
across the ﬁlm (size quantization). I.M. Lifshitz
and A.M. Kosevich predicted quantum size effects (1955), although the inﬂuence of size quantization on the electronic speci c heat of metals
had been noted earlier by Fröhlich (1937). The
ﬁrst experimental report was in 1966. Size quantization leads to the splitting of an energy band
of conduction electrons into two-dimensional subbands εn (P  ) (n is the band number) depending
on the longitudinal component P  of the electron quasi-momentum relative to the surface of the
ﬁlm, and conserved in reﬂection. The characteristic distance between subbands is δε ∼ v F /L
(L is the ﬁlm thickness, v F is the electron speed
at the Fermi surface). In the simplest case of
single-channel specular reﬂection of electrons
from the metal surface, when on the isoenergetic
surface ε(P ) = E (where ε(P ) is the dispersion law of electrons) there are only two quasimomenta P 1,2 with the given projection P  , the
length P (E, P  ) of the segment connecting
P 1 and P 2 is quantized: P = 2π(n + γ )/L
(the dimensionless constant γ ∼ 1). Due to the
anisotropy and periodicity of the dispersion law,
2m (m  2) quasi-momenta on the Fermi surface
correspond to the given P  . In such a case multichannel specular reﬂection arises: an electron incident on the boundary of a metal transforms to
a quantum superposition of m  2 states with a
given energy and P  value.
Most quantum size effects are based upon oscillations (on L and other external parameters) of
the electron density of states g(εF ) on the edge
of the Fermi distribution at εF . These oscillations have the same nature as in the de Haas–
van Alphen effect. For a single-channel specular
reﬂection the oscillation mechanism involves the
fact that the size quantization terms En (P  ) cross
the Fermi level εF sequentially as L (or another
parameter) changes. When this takes place g(εF )
passes through a sharp maximum every time εF
coincides with an extremal value of one of the

functions En (P  ). As a result all thermodynamic
and kinetic features of a metal ﬁlm oscillate together with g(εF ). Their periods along L are equal
to L = 2π/Δext , where Δext are the extremal
values of P (εF , P  ). The amplitude of the size
oscillation is small in accordance with the quasiclassical parameter /LP F  1 (P F is the Fermi
momentum). Thermal broadening at the edge of
the Fermi distribution decays according to the exponential law exp(−k B T /Δ), where the parameter Δ ∼ δε. Size oscillations also exist for the case
of multichannel specular reﬂection (in spite of the
disorder in the size quantization spectrum).
The imperfections of the sample surface which
are responsible for the diffuseness of electron scattering also diffuse the levels of a size quantized
spectrum, and hence a weakening of the quantum
size effects takes place. The volume electron scattering on impurities, dislocations, and phonons
causes the same effect. These quantum size effects are most pronounced in semimetals where
the electron wavelength is greater than interatomic
distances. To observe these effects in metals either a high perfection of the sample surface or a
small thickness of the ﬁlm is required (l ≈ 10 nm).
Quantum size effects have also been observed in
ﬁlms of semiconductor alloys. In a good metal (tin)
quantum size oscillations of the superconducting
transition temperature were detected.
Quantum size effects give important information regarding features of the electron energy spectrum in ﬁlms, and concerning the nature of electron scattering from the boundary of a sample (see
also Size effects).
QUANTUM STATES OF CHANNELED
PARTICLES

The main result of the quantum theory of
channeling which characterizes the motion of

channeled particles in a periodic one-dimensional
(plane channeling) or two-dimensional (axial
channeling) continuous potential. By analogy with
the band theory of crystals the particle motion
is described by Bloch wave functions associated
with discrete one-dimensional or two-dimensional
energy bands. The observed values depend essentially on the populations of the quantum states of
the channeled particles, which are determined by
the angle of incidence of the particle on the crystal,
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and the transitions between different states which
depend on the extent to which the actual interaction potential deviates from being continuous. The
speciﬁc channeling emission is a result of radiative
transitions of channeled particles.
QUANTUM VORTICES

Topologically stable extensive (linear) defects
in macroscopic quantum systems (including solids)
with spontaneous symmetry breaking and a complex (sometimes multi-component and anisotropic)
order parameter with a coherent phase (see Macroscopic quantum coherence) in an axial vector
gauge-invariant ﬁeld slowly changing in space and
time. The following systems are relevant: superﬂuid helium (4 He and 3 He) in a rotating container
(see Super uidity, Super uid phases of 3 He), a
type II superconductor in an external magnetic
ﬁeld, superﬂuid nuclear matter in rapidly rotating neutron stars (pulsars) possessing superstrong
magnetic ﬁelds, the ground state (vacuum) of nonlinear (non-Abelian) gauge ﬁelds, and others.
Quantum vortices are represented by stretched
or curved ﬁlaments with a normal state core of radius r ∼ ξ (coherence length), inside which the
order parameter is suppressed, and outside it the
undamped encircling super current or superﬂuid
ﬂux circulates, localized in a domain with radius
r ∼ λ > ξ . For instance, in type II superconductors λ corresponds to the penetration depth of magnetic e ld. The quantum vortices (see Abrikosov
vortices) due to the repulsion of the encircling currents form a hexagonal vortex lattice.
A single quantum vortex in a superconductor carries one ux quantum with the value Φ0 =
h/2e = 2.0678·10−15 T·m2 , and in superﬂuid
helium – one quantum of velocity circulation.
In non-homogeneous (heterogeneous) superconducting systems with weak Josephson bonds (see
Josephson effects), in particular in layered crystals and ceramics (referred to as Josephson media), in weak magnetic ﬁelds Josephson vortices can exist which are quantum vortices of a
macroscopically large radius. In systems with an
anisotropic and multicomponent order parameter
(3 He, nuclear matter) the structure and conﬁguration of quantum vortices can be quite complex.

QUANTUM WAVES

Electromagnetic waves propagating in a metal
in the presence of a strong magnetic ﬁeld B. Quantum waves can appear in pure metals (ν  Ω)
in the ultra-quantum limiting case k B T  Ω
(ν is the relaxation frequency of the electrons,
Ω = eB/m is the cyclotron frequency), when
the quantization of electron levels in a magnetic
ﬁeld (Landau levels) becomes manifest. The onset of quantum waves is closely connected with
the phenomenon of giant quantum oscillations of
a collision-free absorption. The spectrum of the
quantum waves is acoustic, and they can be treated
as “electron sound” in a degenerate electron gas.
L. McWhorter and M.G. May ﬁrst pointed out
the possibility of quantum waves (1964). Transverse quantum waves have a small phase velocity,
while longitudinal ones have a speed of the order
of the Fermi velocity (v F ). The spectrum of longitudinal quantum waves, in contrast to the transverse one, does not depend on the electron concentration.
QUANTUM WELL of a semiconductor structure
A semiconductor heterostructure including a
thin (comparable to the effective quasi-particle de

Broglie wavelength) layer of semiconductor with
a small band gap sandwiched between wider-gap
materials. In this case a potential well is created
in the conduction band (as well as in the valence
band, or in only one of these bands (see Fig.))
in which the transverse motion of the charge carriers is quantized, while their motion along the
layer remains free. In addition to such cases, a
more complicated energy spectrum can be realized. For example, if the conduction band bottom of the quantum well appears lower than valence band extrema of the neighboring layers
(a situation realized in GaSb–InAs–GaSb), then
a two-dimensional semimetal could be present,
and by decreasing the quantum well thickness
a semimetal-to-semiconductor transition can take
place. In the case of a quantum well with nonsymmetric barriers the spin degeneracy of the energy spectrum is removed, and along with the
kinetic energy p2 /2m a contribution linear in
the two-dimensional quasi-momentum p appears.
One often experimentally investigates the structure of quantum wells. If the distance between the
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Energy diagrams for two types of heterostructures (a, b), where E C and E V are the edges of the conduction and valence
bands, respectively.

atoms is sufﬁciently small so that the tunneling between size-quantized levels begins, then another
type of heterostructure – a superlattice – is formed.
The formation of a quantum well requires the production of herojunctions which lack any appreciable surface charge so the band bendings caused by
the electric potential are small. This is possible for
materials with a small disparity of the lattice constant d (for the structure GaAs–Alx Ga1−x As the
lattice constants differ by only 0.3%) using modern methods of heteroepitaxy. If the difference between values of d is larger (up to 5%, making
many more materials available), then one can realize only thin quantum wells (or superlattices) in
which the disparity of lattices is compensated by
the deformation of layers without the generation
of dislocations at phase boundaries.
Modern technology not only provides sharp
heterojunctions, but also can change the proﬁle
of the content of a superconductor alloy, e.g., to
produce a parabolic or triangular quantum well.
These possibilities have prompted the onset of a
new semiconductor materials science – band engineering – ways to intentionally alter the content
and geometry of a material to obtain a needed energy spectrum. The simplest feature of a quantum
well energy spectrum based on GaAs consists in
enhancing the energy gap by size quantization. In
this case the edge of the region of optical transitions shifts to red or near-infrared frequencies.
Based on such a structure, a visible band injection
laser is produced, matched with ﬁber light guides
(see Fiber optics), and used in modern systems

of information processing and optical communications (on the basis of Inx Ga1−x As). The successes
of quantum wells suggests creating other semiconductor devices, in particular integrated electron
and optoelectronic circuits.
The selective alloying of a quantum well (when
donor impurities are in the wide-band material
remote from the heterojunction so “two-dimensional” electrons are ineffectively scattered) enables considerably enhanced low-temperature mobility of electrons in such structures. The enhancement of mobility up to (2–8)·106 cm2 ·V−1 ·s−1
permits the use of such structures, as well as
those of isolated heterojunctions with selective alloying, for new physical investigations of twodimensional electron systems and their applications. The fractional quantum Hall effect was discovered on this system. Field-effect transistors
based on heterostructures with selective alloying
possess high switching speed, as well as enhanced
high frequency and noise parameters.
QUANTUM YIELD

Ratio of the number of products of photoreactions (e.g., electrons of a photoeffect, quanta of
photoluminescence) to the number of photons that
enter the irradiated medium.
QUASI-AMORPHOUS STATE

The latent crystalline state of a solid where the
long-range order (see Long-range and short-range
order) cannot be resolved by accepted methods of
structure studies. Depending on the physical principle and resolving apparatus (optical or electron
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microscopy, electron diffraction or X-ray diffraction,
neutron diffraction, etc.), one can detect internally
ordered grains of solid phase from 103 to 1.0 nm
in size. Accordingly, the line of demarcation between evidently crystalline and quasi-amorphous
materials will shift. Only the highest-resolution
apparatus enables one to assert reliably that the
body under study is really amorphous. Still, some
macroscopic properties (isotropy of mechanical
properties, character of fracture) and microrelief
sometimes can reveal the ﬁne structure of a substance. The quasi-amorphous state is especially
typical of thin lms obtained by condensation from
molecular and ionic-molecular beams, as well as
from plasma on cold substrates. With fast particles
(energy 10–100 eV and higher) present in the condensing ﬂux, the implantation of the high-energy
component into forming grains occurs alongside
the surface-diffusion mechanism of structure formation, which is typical of growth from uncondensed phases. As a result, secondary structure
with block sizes of the order of 1–10 nm forms
inside the grains with diameters of the order of
102 –103 nm, which complicates the structural diagnostics of the ﬁlms. In contrast to the truly amorphous state, the quasi-amorphous one is rather stable even in the case of metallic ﬁlms, and ﬁnds its
use in microelectronics.
QUASI-BRITTLE FAILURE
Type of failure of a solid, intermediate between
ideally brittle failure and tough failure. Quasi-brittle
failure is most common for metals with a body-

centered cubic lattice at low temperatures. An ideally brittle (with no traces of plastic deformation)
failure of metals never takes place, since the emergence of the failure source itself, a nucleating
crack, the creation of a group of lagging dislocations in the active slip band, is required. In the
framework of the microspalling model, the quasibrittle failure of solids is describable with a quantitative criterion j = KVe . Here, j = σ I /σi is the
strained state rigidity, KVe = RMSe /σe is the viscosity coefﬁcient for iron or steel, plastically deformed to the deformation extent e (σ I is the major principal stretching stress, σi is the intensity
of the stress, RMSe is the microspalling resistance,
and σe is the ﬂow strain of a material deformed
with the extent e). This criterion is met in iron

and steel with a body-centered cubic lattice with
a moderate amount of deformation e ≈ 0.5–0.8.
At a higher level of deformation the plastic failure
arises through the merging and growing of pores
that form a viscous crack at the failure site. Such
a crack is observable in the neck of plastic metals
immediately before the moment of rupture.
QUASI-CHARACTERISTIC RADIATION

Electromagnetic radiation of a fast charged
particle moving in a monocrystal, which arises
from radiation transitions between different energy levels (zones) of lateral or transverse motion. Charged particles moving in a monocrystal
under the conditions of planar and axial channeling are characterized by energy levels (bands) of
bound transverse motion. Such quasi-bound motion in the regime of planar or axial channeling
can be considered as a one- or two-dimensional
atom. In the coordinate system moving relative
to the laboratory one at the longitudinal component of the particle speed β = p c/E, radiation transitions between levels (bands) of different
parity are accompanied by electromagnetic emission at a frequency equal to the difference between two energies of the transverse motion. In
the laboratory coordinate system the frequency of
quasi-characteristic radiation is determined in accordance with the Doppler effect formula
#
1 (En − Em ) 1 − β 2
,
ωnm (θγ ) =

(1 − β cos θγ )
where En and Em are the energies of the initial
and ﬁnal states of the transverse motion of the particle, and θγ is the emission angle. The mechanism
associated with these radiation emission transitions has a number of special features. The maximum of the spectral distribution depends markedly
on the energy of the incident particles. If the particles move parallel to crystallographic planes the
radiation is linearly polarized, and the emission
takes place within a narrow cone close to the direction of the incident particle momentum. The
intensity of the radiation into a unit increment of
solid angle Ω and frequency ω is much higher
than that of Bremsstrahlung. It will be noted that
the radiation characteristics (intensity, angular and
frequency distribution, polarization) are functions
of the crystal structure, and the parameters of the
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charged particle beam. This quasi-characteristic
radiation has several important properties from the
viewpoint of a source of radiation: the distribution
of photon energy, its monochromatic nature, linear
polarization, directivity within a narrow cone, and
high intensity compared to other radiation sources
for energies above 10 keV.
QUASI-CHEMICAL REACTIONS in solids
Reactions with the participation of point defects: impurity atoms, vacancies, and interstitial
atoms of the host material. They comprise the

formation of point defects, their rearrangement,
including segregation of point defects, creation
of clusters, pores; sticking (trapping with subsequent thermal release), trapping at extended defects; and recombination reactions (annihilation
of complementary defects). Quasi-chemical reactions in solids have a number of typical features.
For one, components of quasi-chemical reactions
can be vacancies as well as atoms. Then the reaction of creating a Frenkel defect in a crystal is
an analogue of creating an atom–antiatom pair in
a vacuum, but differs from it by the smallness
of the amount of energy involved (one to several
eV), and the high probability of a reaction occurring through thermal mechanisms or excitation by
high-energy particles. Therefore, quasi-chemical
reactions in solids often occur with a variable total
number of particles or reaction components.
Quasi-chemical reactions include not only
those that change the chemical composition of a
defect, but also those that change the positions of
an atom in a crystal lattice. For example, transitions of a particular atom between substitutional
sites in different sublattices of binary or multicomponent crystals, between positions at lattice sites
and interstitial sites of different types (tetrahedral,
octahedral, hexagonal), etc. Such transitions often
cause changes in the atom mobility, and the efﬁciency of different channels of quasi-chemical reactions.
A potential barrier exists between components
of many quasi-chemical reactions in solids due to
the deformation of the closest atomic surroundings of a defect. This leads to a considerable reduction of the effective cross-section σ of the interaction of nearby defects, compared to the geometrical cross-section and its additional (caused
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by diffusion of a defect) strong dependence on
the temperature: σ ∝ exp[−ε/(k B T )], where ε is
the energy barrier height. In nonmetallic crystals,
the barrier height can vary considerably due to a
changing charge state of a defect. Due to small values of σ determined by the presence of the barrier
many cases feature, along with reactions limited
by the diffusion of reagents, those limited by an elementary act of trapping. A frequent distinction of
the kinetics of quasi-chemical reactions in solids is
the essential role of unstable Frenkel pairs. Due to
their relatively small spatial separation, the components of such a pair have an enhanced probability of recombination by ﬁrst-order kinetics compared to the probability of quadratic recombination (with the involvement of “another” pair of
defects). In some nonmetallic crystals, the quasichemical reactions take place under the action of
low-energy excitations of the electron subsystem.
Due to the wide variety of impurity atoms and
intrinsic defects in real crystals, there is quite a
large number of quasi-chemical reaction channels.
Their relative effectiveness depends on the concentration of point and extended defects in the
particular sample, on the temperature and external
factors, and it varies with time as the defects are
created (see sample aging or degradation under irradiation).
QUASI-CLASSICAL APPROXIMATION in
quantum mechanics, Wentzel–Kramers–Brillouin
(WKB) approximation

A method of approximate solution of the Schrödinger equation in the case when the de Broglie
wave length of a particle λ is much smaller than
the characteristic length for the variation of the potential U (r). In the one-dimensional case the stationary state Schrödinger equation has the form
d2 ψ
+ k 2 (x)ψ = 0,
dx 2

(1)

where ψ is the wave function of a particle,
k 2 = p2 /2 , and p(x) = {2m[E − U (x)]}1/2
is the classical momentum of a particle with
mass m and energy E. The solutions of Eq. (1)
for k 2 = const prompt the substitution of the form
ψ(x) = exp[iϕ(x)]. Then the quasi-classical condition is the slowness of changes in the phase ϕ in
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accordance with the inequalities


dp
 p2
dx

and

1 dλ
 1.
2π dx

(2)

To ﬁrst order in the small parameter determined by
inequality (2), the solution of Eq. (1) is given by



C±
i
ψ(x) = √
exp ±
p(x) dx ,
(3)

p(x)
where C± are constants.
The motion of a particle in a potential well is
described as follows. The wave functions are calculated by Eq. (3) in the regions where U (x) < E
and U (x) > E, and are joined at the turning points
determined from the equation U (x) = E. Outside the region of classically admissible motion
(i.e. for U (x) > E), the wave functions must decay. At the joining, one should take into account
that condition (2) fails to hold near the turning
points; therefore, one has to track the variation of
the wave function phase during passage through
these points. To do this, the approximate solutions to the left and right sides of the turning
points can be compared to the exact solutions of
Schrödinger equation in the neighborhood of these
points. Thus, two expressions can be obtained for
the wave function in the region U (x) < E (from
joining at the turning points), which should coincide with each other. The last leads to the following condition:
b
a


1
π.
p(x) dx = n +
2


(4)

Here a and b are the turning points (where the potential U (x) is regular), and n = 0, 1, 2, . . . is the
quantum number identifying the energy levels En
found from Eq. (4).
In some cases (harmonic oscillator, hydrogen
atom, and others) the expressions for En obtained
from Eq. (4) coincide with the exact values derived from the Schrödinger equation. The integer n is equal to the number of zeros passed
through by the wave function, and the distance
between zeros is of the order of λ; so the quasiclassical criterion is satisﬁed for values of n that
are not too small. The condition (4) is referred
to as the Bohr–Sommerfeld quantization rule. In

1913, N. Bohr postulated this rule to interpret the
absorption spectra of hydrogen atoms.
The quasi-classical approach also provides a
satisfactory explanation for the tunneling of a particle through a potential barrier (see Tunnel effect, Interband tunneling), which is forbidden for
a classical particle. In 1928, G. Gamow used this
approach to explain α-particle decay. This quasiclassical method is easily generalized to cases with
many degrees of freedom.
QUASI-CRYSTALS

Solids which, like crystals, possess long-range
order (see Long-range and short-range order), but
have a point group of symmetry that is not allowed for a periodic lattice. They were discovered
by D. Shechtman et al. (1984) in the cooled melt
of composition Al0.86 Mn0.14 . At present, scores
of quasi-crystals are known, they are mostly intermetallides of aluminum (see Intermetallic compounds).
Quasi-crystals exhibit unusual properties in
X-ray or electron diffraction patterns (see X-ray
structure analysis, Electron diffraction analysis).
The diffraction pattern, similar to that of a crystal,
consists of distinct spots positioned with a symmetry forbidden for crystals, e.g., that of a regular
decagon (ten-sided polygon; see Crystal symmetry). Being spatially uniform phases, quasi-crystals
differ from symmetrical twin crystals (see Twinning of crystals) that may yield the same types of
diffraction patterns.
The majority of known quasi-crystals are metastable, and may be obtained only under highly
nonequilibrium conditions (e.g., during extra fast
cooling from the melt, laser melting, incomplete
annealing of metallic glasses, or alloy decomposition). The size of quasi-crystal particles formed under these conditions is of the order
of 0.1 to 1 μm. However, there are stable quasicrystals, e.g., substances of the compositions:
Al65 Fe15 Cu20 , Al6 CuLi3 , Al6 CuMg4 . The grains
of these quasi-crystals, grown under conditions
close to equilibrium, have well-deﬁned facets, a
size of the order of 1 mm, and icosahedral symmetry which is forbidden for crystals.
The theoretical concept of the structure of
quasi-crystals dates back to the so-called Penrose
lattices (see Fig.). Whereas this lattice is not a periodic one, the Fourier image of a function deﬁned
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of brittle materials (see Brittle fracture). The electrical conductivity of quasi-crystals is low and increases weakly with increasing temperature, as is
the case for amorphous metals. The similarity to
glasses may be explainable by the high density of
defects in real quasi-crystals; and because of the
latter, the long-range order persists over distances,
not exceeding 20 to 60 nm.
QUASI-EXPANDED UNIT CELL
A segment of a crystal which is selected for

Sketch of a Penrose lattice.

at its sites consists, like that of a periodic function, of sharp δ-function peaks. The Penrose lattice (R. Penrose) is a particular case of patterns
resulting from the limitation of periodic structures
within a space of a larger dimensionality to a twoor three-dimensional cross-section of the latter. If
in this case the intersecting hyperplane transforms
into itself for some transformations from the point
group of the symmetry of the multidimensional
periodic crystal lattice, the corresponding symmetry persists in the cross-section as well. For instance, the symmetry of the cyclic permutation
of the basis vectors of a ﬁve-dimensional cubic
lattice transforms (with a rotation by 72◦ ) some
two-dimensional planes into themselves. Accordingly, the section of the periodic structures by
this plane produces quasi-crystalline patterns with
rotation symmetry of the ﬁfth order, in particular, the Penrose lattice. The majority of known
quasi-crystals have the icosahedral symmetry that
appears in the three-dimensional cross-section of
a six-dimensional crystal lattice, although quasicrystals are known with symmetry axes of orders 8, 10 and 12. In their physical properties,
quasi-crystals are closest to metallic glasses. Dislocations that exist in them apparently cannot
move under the effect of elastic stresses, so that
quasi-crystals are incapable of plastic deformations and fail with a conchoidal fracture, typical

ease of computing the electronic structure of the
crystal in the cluster approximation. A particular
case of a quasi-expanded unit cell is the periodic
cluster model which uses cyclic boundary conditions. It ensures the equality of equivalent atoms
inside the volume of the molecular fragment, and
on its boundary. The quasi-expanded unit cell is
used for computations of a system corresponding
to the region of a Bravais lattice with a volume
which is an integer times that of a primitive unit
cell.
QUASI-GAP in vibrational spectrum

A feature in the frequency spectrum of crystal lattice vibrations in the presence of a considerable concentration of point defects, which arises
when an isolated defect creates quasi-local vibrations. It manifests itself by the appearance near the
frequency of a quasi-local vibration of a frequency
range in which the vibrations of a plane wave type
having particular values of the wave vector cannot
propagate. Then the dispersion law of those longwavelength crystal vibrations that have the form
of slightly damped plane waves possesses a forbidden frequency gap that is a quasi-gap. The frequencies that fall in the quasi-gap may correspond
to local vibrations fortuitously arising from clusters of point defects. The quasi-gap appears also
in spectra of other types of elementary excitations
(magnons, electrons) when the energy of an isolated defect falls inside the continuous spectrum
of elementary excitations, and the concentration of
impurities is sufﬁciently large.
QUASI-HARMONIC APPROXIMATION
An approximation involving the crystal lattice
dynamics of slightly anharmonic crystals, when
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the anharmonic terms in the Hamiltonian are replaced by effective harmonic terms, and the coefﬁcients of the latter are found in a self-consistent
way. In particular, the quasi-harmonic approximation is used to describe displacive ferroelectric
phase transitions. An example is a Hamiltonian of
the type
H=

 1
l


1
1
V  ξl ξl  . (1)
aξl2 + bξl4 −
2
4
2  ll
ll

The variable ξl describes the displacement of an
active atom in cell l, Vll  is the interaction potential of atoms located in different cells (a and
b are constants). The quasi-harmonic approximation corresponds to the substitution ξl3 → 6ξl ξl2 ,
where ξ 2  is the statistical average. Such an approximation corresponds to disregarding the interaction of the Fourier components of ﬂuctuations
with different wave vectors. The equation of motion for the Fourier components ξ(q) and a particle
of unit mass (m = 1) assumes the simple harmonic
form (see Harmonic approximation):
ξ̈ (q) = −Ω 2 (q)ξ(q)

(2)

with the quasi-harmonic frequency Ω
 
Ω 2 (q) = a + 3b ξl2 − V (q).

(3)

The self-consistent formalism is closed with the
equation

 2
1 
ξ(q)ξ(−q)
ξl =
N q
=




Ω(q)
,
cot
2Ω(q)
2kB T
q



(4)

where q is the wave vector of a vibration. Here
the statistical average is taken with the harmonic
Hamiltonian H =
Ω(q)Cq+ Cq , and Cq+ Cq
are the operators for the creation and annihilation
of phonons. Eqs. (2)–(4) in the quasi-harmonic approximation determine the frequency of the soft
mode as a function of temperature.

QUASI-LOCAL VIBRATIONS

The vibrations of a real crystal, which are related to a point defect or an extended defect. Ordinarily such vibrations spread across the entire
crystal, but here the amplitude of the defect vibration is much greater than that of atoms in the
bulk. The frequencies of quasi-local vibrations, in
contrast to those of local vibrations, lie within the
frequency bands of an ideal crystal. Their positions are usually close to the edges of these bands,
where the density of vibrations of a defect-free
crystal is small. In the case of a point defect, the
density of vibrations has a narrow resonant peak
at the quasi-local frequency.
QUASI-MOMENTUM

A characteristic of a particle (or a quasiparticle), moving in the periodic ﬁeld of a crystal,
which corresponds to the momentum of a free particle p = k, where k = 2π/λ (λ is the de Broglie
wavelength); and k also deﬁnes the wave function
of a free particle, ψk = exp(ik·r), where r is the
coordinate. For a particle in a periodic ﬁeld, k is a
quasi-wave vector; it deﬁnes the wave function of
a particle ψk = uk (r) exp(ik·r), where uk (r) is a
periodic function with a period equal to the crystal
lattice constant (see Bloch theorem). In both cases,
the force F acting upon an electron is found via
the derivative of k (or p) with respect to time t :
F =

dk
dp
=
,
dt
dt

while the velocity of the particle equals v =
−1 ∇k E(k) = ∇p E(p), where E is the particle
energy. In view of the periodic dependence of
E(k), it sufﬁces to consider the energy spectrum
of the particle for k values within the ﬁrst Brillouin
zone. However, the conservation law of momentum, which expresses the uniformity of space, is
replaced in the periodic ﬁeld with that of quasimomentum: changes of k by an amount G are
allowed, where G is a reciprocal lattice vector. The
concept of quasi-momentum is applicable not only
to electrons in the framework of band theory, but
also to any elementary excitations in the crystal,
including those interacting with each other.
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QUASI-ONE-DIMENSIONAL CRYSTALS

Compounds with a chain or ﬁlament structure
(see Thread-like crystals) with weak overlapping
of the electron wave function of atoms (molecules) in adjacent chains. The electronic spectrum of quasi-one-dimensional crystals is highly
anisotropic: the conduction band width for the motion of an electron along the chains is signiﬁcantly
greater than in the case of motion perpendicular to
them. Quasi-one-dimensional crystals include several classes of compounds:
(1) Flat-square complexes with variable valence
of the type of K2 Pt(CN)4 Br0.3 ·3H2 O, where
the motion of electrons across the band formed
by atomic wave functions of Pt (extended
along the chain) proves to be almost free, but
electron jumps between the chains of Pt atoms
are hindered due to the large inter-chain separation;
(2) crystals of polymers, e.g., of polyacetylene (–CH=CH–)x and of polysulphurnitride
(SN)x with conjugated bonds;
(3) ion-radical salts with charge transfer, which
consist of stacked ﬂat organic molecules of
the type of tetracyanquinodimethane (TCNQ),
tetrathiofulvalene (TTF) or tetramethyltetraselenofulvalene (TMTSF); stacks of charged
molecule-anions TCNQ− alternating with
those of molecule-cations TTF+ (see Fig. 1);
the conjugated chains within the molecules,
and the overlapping of the π -electron wave
functions of neighboring molecules, allow
electrons to move freely along the stack, but
the electron jumps between the stacks are hindered because of the large distance between
the electrons;
(4) trichalcogenides of transition metals (TaS3 ,
NbSe3 ) with the cotton wool type ﬁlament (ﬁbrous) structure and with a quasi-one-dimensional large anisotropy of electronic properties.

Fig. 1. (a) Structural formulae of the molecules
tetrathiofulvalene (TTF) and tetracyano-p-quinomethane
(TCNQ); (b) side view of the stacks of the molecules.

Many quasi-one-dimensional crystals are metals at room temperature, but they transform to the
insulating state with decreasing temperature. This
may result from a Peierls transition with the emergence of a charge density wave (CDW) or a spin
density wave (SDW), and with the appearance of
an energy gap in the band gap at the Fermi surface
(see Fig. 2). Another reason can be the Anderson

Fig. 2. The one-dimensional band of electrons in the
presence of Peierls displacements with period π/k F . The
energy gap is shown at the Fermi surface, i.e. at the
points with wave numbers k = ±k F .
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localization of electrons due to the disordering of

the structure, or due to the strong Coulomb electron repulsion (Hubbard transition, see Hubbard
model).
A Peierls transition with the emergence of a
charge density wave has been detected in many
organic crystals (e.g., TTF-TCNQ) or in trichalcogenides (TaS3 ). There are quasi-one-dimensional
compounds that are Peierls insulators already at
room temperature, e.g., platinum complexes and
polyacetylene. The transition with the formation
of a SDW was detected, e.g., in (TMTSF)2 PF6 .
Still, some quasi-one-dimensional crystals with
weak anisotropy remain metals at any temperature, and may transform to the superconducting state upon cooling (see Superconductivity).
Classed among such systems are organic conductors and superconductors, e.g., (TMTSF)2 CeO4 ,
(SN)x compounds, and TaSe3 . Quasi-one-dimensional crystals which are Peierls insulators exhibit
speciﬁc electron excitations, or solitons. They may
carry a charge without a spin or a spin without
a charge. It is these excitations that determine,
e.g., electronic kinetic and magnetic properties of
polyacetylene. Peierls insulators exhibit electrical conductivity related to the motion of a CDW
with respect to the host crystal lattice in strong
electric ﬁelds (Fröhlich conductivity). Conduction
of such types is accompanied by generation of
low-frequency noise, which was also observed in
trichalcogenides. In an alternating high-frequency
electric ﬁeld the dipole active mode of the CDW is
observed (so-called Fröhlich collective mode), its
existence leading to the abnormally high dielectric
constant of a Peierls insulator, to strong nonlinear
effects in high-frequency conductivity, etc.
QUASI-PARTICLE

A concept in the quantum physics of condensed state of matter which includes the quanta
of elementary excitations of macroscopic systems of particles with strong interactions: crystals
and quantum liquids. In a condensed medium the
atoms, which are the structural units of a body,
cannot serve as structural units of its energy. Indeed, in solids and liquids the total energy does not
even approximate the sum of the kinetic energies
of particles that make up the body. A condensed
body (especially a solid) in a slightly excited state

can be treated as a system of elementary excitations (quasi-particles) above a background of the
ground (unexcited) state. The excitation energy
approximates the sum of the quasi-particle energies, and a system of strongly interacting particles is reduced to one of weakly interacting quasiparticles, with the macroscopic properties of bodies described in terms of a gas of quasi-particles.
The similarity of a gas of quasi-particles to one of
particles permits the use of concepts and terms of
statistical thermodynamics and kinetics of gases,
considering the cross-sections of various scattering processes, mean free path, etc., for the calculation of thermodynamic (see Thermodynamic potentials) and kinetic properties (see Kinetic coef cients) of solids.
Dynamical properties of quasi-particles. The
motion described by an elementary excitation involves all the particles of a body. Typical elementary excitations (quasi-particles) are a wave
of displacements of atoms from their equilibrium positions (phonon); a wave of moving optical excitation of a molecule through the crystal
(Frenkel exciton); electrons and holes in a semiconductor or metal, and others. The periodicity of
the ground state of crystals (and the homogeneity of the ground state of quantum liquids) allows characterizing the elementary excitations by
quasi-momentum (in quantum liquids – by momentum). This makes elementary excitations similar to quantum particles in a vacuum, their state
being speciﬁed by the momentum, so elementary
excitations are often referred to as single-particle
excitations. The mathematical formalism for expressing the transition from elementary excitations
to quasi-particles is second quantization which introduces the occupation numbers nλ of elementary
excitations in state λ to describe the body state.
The index λ ≡ (s, p) includes, in addition to the
quasi-momentum p, the designation s of the type
of elementary excitation.
Like quantum particles, the elementary quasiparticle excitations are of two types: boson (nλ =
0, 1, . . . – any integer) and fermion (nλ = 0 or 1).
Every fermion has an antiparticle (the term antiquasi-particle is not used) with which it can annihilate. Boson quasi-particles appear (are created)
and disappear individually, while fermion quasiparticles do so in pairs (particle plus antiparticle).

QUASI-PARTICLE

An example of a fermion antiparticle is a hole –
the antiparticle for an electron in a metal or semiconductor. The total energy near the ground state
(with energy E0 ) is approximately equal to

εsp nsp ,
(1)
E = E0 +
s,p

where εsp is the energy of the sth quasi-particle in
a state with quasi-momentum (or momentum) p.
The similarity between a quasi-particle and a
particle is underscored by the fact that the velocity
of a quasi-particle can be written v sp = ∂εsp /∂p.
Hence, the energy εsp has a meaning similar to the
kinetic energy of a particle. The energy of an antiquasi-particle with a certain value of p does not
equal that of a quasi-particle with the same p. This
is one of the main distinctions between “actual”
particles and quasi-particles.
According to Eq. (1), to describe the energy spectrum of a body, one needs to know
which quasi-particles can exist, whether they are
fermions or bosons, as well as the dependences
of the energies of quasi-particles on the quasimomentum (dispersion laws). The values of the
energy of quasi-particles in crystals are conﬁned
to ﬁnite intervals (energy bands). Therefore, the
theory of energy spectra of solids is referred to as
band theory. The energy of atomic particle motion in condensed bodies is only approximately reducible to the sum of elementary excitation energies. The expression (1) fails to account for the
interactions of elementary excitations (collisions
of quasi-particles). The decays and transmutations
of quasi-particles are possible through their collisions. The quasi-particles under nonrelativistic
conditions resemble high-energy elementary particles. The energy and quasi-momentum conservation laws hold in the collisions of quasi-particles.
In collisions with the defects of a crystal (or with
impurities in a quantum liquid), quasi-particles
typically experience elastic collisions. However,
transmutations are possible as this takes place.
The statistics of quasi-particles. The mean
number of quasi-particles in a state λ is described
by Bose–Einstein statistics for bosons, and by
Fermi–Dirac statistics for fermions. The chemical
potential of the gas for the same type of quasiparticles is zero. This is a corollary of the absence
of a conservation law for the number of particles:
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there are no quasi-particles in the ground state (at
T = 0), and their number grows as the temperature
rises. If the energy of a quasi-particle ελ k B T ,
then quasi-particles are described with the formulas of classical statistics taking into account, however, the fact that their number is not conserved.
At low temperatures, the main role in the statistical thermodynamic properties of condensed bodies is played by those quasi-particles that have zero
mean minimal energy (Goldstone excitations).
The nature of quasi-particles. The ground state
of a condensed system (T = 0) is the vacuum for
quasi-particles. This representation makes quasiparticles closer to ordinary (elementary) particles, if one treats them as the quanta of excitations of a physical vacuum. From this point of
view, the principal difference between a quasiparticle and a particle lies in the properties of
the space where they reside: quasi-particles – in
macroscopic bodies (crystals, quantum liquids),
particles – in a physical vacuum. If macroscopic
vibrations (waves) with wave vector k and frequency ω(k) can be excited in a condensed system, then there should exist boson quasi-particles
with quasi-momentum k and energy ω. Their
aggregation in the state with a particular k provides for the classical nature of the wave motion.
Electrons moving in condensed media are fermion quasi-particles. An elementary excitation of
the electron subsystem is affected by the transition of an electron from an occupied state to a free
one. Then, two quasi-particles appear, a conduction electron and a hole.
The introduction of quasi-particles is based on
singling out the types of motion or degrees of freedom that are approximately independent of one
another, e.g., lattice motion, i.e. motion of atoms
at lattice sites, and that of electrons (orbital and
spin separately), and this is an approximate procedure. Resonant mixing of heterogeneous elementary excitations often permits introduction of
new quasi-particles (polaritons, e.g., the result of
mixing bosons – an optical phonon with a photon). The interaction of fermion quasi-particles
can cause new types of quasi-particles to appear.
An example of the interaction of a fermion with
bosons is an electron plus induced lattice polarization forming a polaron. A particularly striking
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illustration of a quasi-particle interaction is the rearrangement of the energy spectrum at the transition of metal to the superconducting state (see Superconducting phase transition). The conduction
electrons are attracted to one another by phonon
exchange and form Cooper pairs. The existence of
a Bose condensate of Cooper pairs and a gap in
the electron energy spectrum of the metal (a gap
due to the binding energy of a Cooper pair, see
Energy gap in superconductors) underlies the transition of a metal to its superconducting state. Indeed, the coherent motion of the electrons cannot,
due to this gap, dissipate by passage to the thermal motion of the quasi-particles. Similarly, the
photon–roton spectrum in He II provides a possibility of superﬂuid motion of He atoms without
viscosity (see Super uidity). Although some properties are common, various quasi-particles differ
signiﬁcantly from each other in their dispersion
laws ε = εs (p), lifetimes τsp (see below), and
their role in the behavior of condensed bodies.
Quasi-particles and defects. The role of defects
in the dynamics of quasi-particles is not limited to
the scattering of the latter by them. Tunneling of
defects (vacancies, in particular) in quantum crystals transforms them to quasi-particles such as defectons, vacancions, impuritons. The ever present
defect of any solid – its boundary – gives rise to
two-dimensional surface quasi-particles: Rayleigh
waves and Tamm levels. Along linear defects such
as dislocations one-dimensional sonic waves propagate (one-dimensional phonons), and in magnetic
substances – one-dimensional magnons.
Phase transitions and quasi-particles. At phase
transitions the energy spectrum of a condensed
system changes; hence, its constituent quasi-particles change also. Sometimes the phase transition proceeds as if prepared by quasi-particles: the
soft mode arises in the phonon spectrum of the
crystal on approaching a second-order structural
phase transition, the energy of one of the phonons
changes sign at the transition point, and the phase
loses its stability.
Limits of quasi-particle concept. Explanations
involving the dynamical properties of gases of
quasi-particles can be informative, although their
interactions with each other and with defects are
relatively weak, and the lifetime τλ of an individual quasi-particle lasts long enough so that
ελ τλ

.

(2)

In the neighborhood of the ground state (e.g., at
a low temperature), the number of quasi-particles
in a body is small, the mean distance between
them is large, and they rarely collide. Thus condition (2) holds and Eq. (1) is valid to a high accuracy, so quasi-particles can be treated as close
to an ideal gas. As the temperature rises, their
number and their interaction becomes stronger.
The highest temperatures where the concepts of
quasi-particles are still valid differ for different
condensed media, and also for different quasiparticles types of the same material. A gas of
magnons can be treated as almost ideal only at
temperatures far below the Curie point or Néel
point, while phonons interact with one another
slightly under almost all conditions in a solid
body. There are situations when a transition from
strongly interacting particles to quasi-particles
fails to provide any simpliﬁcation, such as close
to a second-order phase transition (in the critical region), or in the case of disordered solids
for short-wavelength elementary excitations (see
Amorphous state, Vitreous state of matter). Nevertheless, some aspects of condensed matter do not
lend themselves to a quasi-particle descriptions,
such as the diffusive motion of an atomic particle
at high temperatures which is better treated classically without resorting to the concept of quasiparticles.
The quasi-particle concept has also had applications in nuclear physics, astrophysics, plasma
physics and turbulence of liquids. If one proceeds
from the idea that particles are the quanta of excitation of a physical vacuum, then it becomes clear
that quasi-particle is a more general concept than
particle.
QUASI-PHASE DIAGRAM

A diagram that characterizes the state of a solid
as a function of (changing) external parameters,
and is drawn in the coordinates of a state variable
versus a kinetic parameter (as distinct from a compositional phase diagram drawn against a thermodynamic parameter such as, for example, a pressure versus temperature diagram).
As quasi-phases in contrast to ordinary phase
states, one can consider nonequilibrium (including disordered) structure forms, different types
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of crystal faceting and their morphological features, nonuniform distributions of impurities, nonequilibrium defects, etc. Quasi-phase diagrams are
of an approximate nature since kinetic ranges of
quasi-phase formation are usually diffuse, and the
stronger they are the farther the process stays
from equilibrium. Examples are the conditions of
epitaxial growth, as well as polycrystalline and
amorphous condensation from molecular or ionmolecular beams. Sometimes the collective mechanism of ordering only provides the conditions of
local equilibrium, even if the overall process is a
highly nonequilibrium one. Thus, under the said
condensation from beams with the relative oversaturation as high as 1010 and more, the role of
a collective ordering factor is played by a “twodimensional gas”, namely the ensemble of mobile
particles on the surface of a growing crystal or a
ﬁlm. The two-dimensional gas density is characterized by a number of critical values separating
nonequilibrium structural-morphological states of
a ﬁlm, which correspond to values associated with
kinetic phase transitions. The latter may be similar to an ordinary rst-order phase transition and
second-order phase transition. First-order kinetic
phase transitions can be exempliﬁed by the development of grains of the “second phase” in the formation of a crystal from the gaseous phase or from
beams; those of second order – by the changes
in the structure of the crystallization front during
the growth from the melt. In their turn, changes
of the front can affect all parameters of the growing crystal. Since quasi-phase diagrams are plotted with allowance for the nonequilibrium nature
of real processes, they are important indicators for
selecting conditions for the synthesis of solids (see
Crystallization, Crystal morphology, Epitaxy).
QUASI-TWO-DIMENSIONAL CRYSTALS

Layered compounds with very strong anisotropy of the electronic spectrum, when the movement of electrons along two directions (in the
plane of the layers) is close to free motion, and
is strongly hindered along the third direction (perpendicular to layers) due to the relatively large distance between the layers, with the energy of the
electron weakly dependent on the projection of the
quasi-momentum along this direction. Quasi-twodimensional crystals include, e.g., layered crystals of dichalcogenides of transition metals (of

Sketch of the structure of layered crystals MX2 in the
direction along the layers: (a) without intercalation, and
(b) after intercalation with molecules of octadecylamine.

the type NbSe2 , TaS2 ), intercalated compounds
of these crystals of the type TaS2 -(pyridine)1/2 ,
organic conductors of the type (BEDT-TTF)2 I3
(BEDT-TTF is abbreviated notation for the molecule bis-diethylenedithio-tetrathiofulvalene), cuprate metal-oxide compounds of the type of
La2 CuO4 , and others. Crystals of dichalcogenides
of transition metals are built of close-packed layers, each of them being a sandwich of two layers
of halogen atoms X with a monatomic layer of a
metal M between them. There is a strong covalent
bond between atoms M and X in the sandwich,
whereas MX2 layers are bound within the crystal by weak van der Waals forces (see the ﬁgure).
Electrons move freely along MX2 layers, but the
overlap of electron wave functions between adjacent layers is small. Anisotropy of the electrical
conductivity (ratio σ /σ⊥ of conductivity along,
σ , and across, σ⊥ , the layers) in dichalcogenides
of transition metals is as high as several dozen.
It is possible to introduce large organic molecules between the layers of dichalcogenides, e.g.,
the cyclic molecules pyridine or octadecylamine,
which draw apart the MX2 layers from 0.3 nm to
1.2 nm or 5.6 nm, respectively. The compounds
obtained in such a way are called intercalated (see
Intercalated structures). The inserted molecules
hinder the jumping (tunneling) of electrons between the layers still more, and the anisotropy of
the conductivity grows up to hundreds of thousands (σ /σ⊥  105 ). The conducting layers in
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organic crystals (BEDT-TTF)2 I3 are composed of
ﬂat molecule-cations BEDT-TTF+ that are separated by layers of anions I−
3 , where the density of
conduction electrons is low, and the anisotropy of
the electrical conductivity there σ /σ⊥ ∼ 102 .
Structural phase transitions of the charge density wave (CDW) type are observed in many layered metals upon their cooling. The ions of the
lattice under these transitions are periodically displaced off their old equilibrium positions. This
produces an energy gap at the Fermi surface (or
at part of it), which lower the electronic energy
of the system. The quasi-two-dimensional nature
of the electronic spectrum promotes the formation of the CDW state. The origin of the CDW
transitions is believed to involve the matching of
sections of the Fermi surface; it is at these sections that the energy gap appears. Many layered
metals are superconductors, and the quasi-twodimensional nature of their electronic spectrum
leads to a strong anisotropy of their superconducting properties (e.g., London penetration depth of
magnetic eld, upper and lower critical magnetic
ﬁelds). In the limit of very strong anisotropy, the
theory predicts the transition to a qualitatively new
behavior of layered superconductors, to a Josephson interaction of the layers (see Josephson effects). The CDW state and superconductivity may
coexist within the same crystal, with their interaction being antagonistic. Application of pressure
at the coexistence stage reduces the temperature of
the CDW transition (due to the convergence of layers) and the value of the energy gap, and this raises
the superconducting phase transition temperature.
In layered cuprate metal-oxide compounds hightemperature superconductivity is observed with
critical temperatures Tc ≈ 90 to 130 K.

properties become strongly anisotropic, but there
are no qualitatively new effects. In the other limiting case one can speak about the Josephson interaction between the layers (see Josephson effects)
with such new effects as the appearance of Josephson vortices (lacking a normal state core) and
Josephson oscillations in an electric ﬁeld. Strong
anisotropy of electronic properties is observed in
layered compounds of dichalcogenides of transition metals of the type of NbSe2 and TaS2 and
of their intercalated compounds; in graphite intercalated with metallic atoms; in organic conductors and superconductors based on the molecules
BEDT-TTF, and in high-temperature superconductors such as YBa2 Cu3 O7 (see High-temperature
superconductivity). The closest approach to Josephson junctions between the layers are dichalcogenides of transition metals, intercalated by large
organic molecules of the pyridine type.

QUASI-TWO-DIMENSIONAL
SUPERCONDUCTORS

QUENCHED (FROZEN) ORBITAL ANGULAR
MOMENTUM
Orbital angular momentum L with an aver-

Superconducting compounds with layered
structures (see Quasi-two-dimensional crystals) and
strongly anisotropic electronic properties. The electronic anisotropy in them is associated with weakly
overlapping electronic wave functions in alternating layers. If the corresponding width of the band
for the electron motion transverse to the layers signiﬁcantly exceeds the superconducting transition
temperature energy k B T c (see Critical temperature of superconductors) then the superconducting

QUASI-WAVE VECTOR

One of two quantum numbers which characterize, according to the Bloch theorem, the single
particle states in a periodic potential. The quasiwave vector equals the quasi-momentum of a particle up to a factor (Planck constant). A corollary
of the Bloch theorem is the fact that a quasiwave vector is deﬁned to an accuracy of a reciprocal lattice vector. The term “quasi-wave vector” is
sometimes taken to mean, in a narrower sense, the
quasi-wave vector within the ﬁrst Brillouin zone. It
should be noted that it is not accepted terminology
in band theory to denote as degenerate those electron states with different quasi-wave vectors and
the same energy. Here the term degenerate refers
only to states with the same quasi-wave vectors,
but with different band numbers.

age quantum-mechanical value close to or equal
to zero. The concept of quenched orbital angular
momentum is used when considering an atom or
ion (usually of the iron group) introduced into the
crystal. If the ground state energy term is an orbital
singlet arising from raising the orbital degeneracy
by the crystal e ld, then the orbital angular momentum is frozen, and the magnetic properties become determined by the spin degeneracy. In other

QUENCHING OF LUMINESCENCE

cases, one can speak about partial quenching of
the orbital angular momentum, depending on its
contribution to different properties.
QUENCHING, also called hardening
Heat treatment of materials (metals, alloys,

glasses, etc.) that consists of heating them to temperatures above critical points and holding (if necessary) at these temperatures, with a subsequent
fast cooling (quenching). The purpose is to obtain a high-temperature state that is metastable
at low temperatures (quenching without polymorphic conversion) or an intermediate transitional
state differing from both the low temperature
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and the high-temperature one (quenching with
polymorphic conversion). The quenching without
polymorphic conversion is exempliﬁed by quenching of duralumin or some brands of steel with the
aim of obtaining a supersaturated solid solution.
The quenching of carbon steel to a new transitional state is an example of quenching with polymorphic conversion. The metastable structures obtained by quenching tend to decompose upon subsequent heating.
QUENCHING OF LUMINESCENCE

See Luminescence quenching.
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Rr
with respect to some crystallographic plane (or
axis), it interacts coherently with all atoms found
in a certain zone of radiation formation. In the
case of relativistic particles, the formation zone is
large relative to the interatomic distance. Therefore, the details of the arrangement of atoms along
this length are immaterial, and one can replace the
actual atomic arrangement by an averaged one, i.e.
introduce the averaged (plane or string) potential.
The energy of transverse motion of a particle in the
averaged potential is proportional to the square of
the angle between the incident particle momentum
and the crystal plane (or axis). Before the entry
into the crystal, this energy is positive. Zero energy of transverse motion corresponds to a charged
particle travelling precisely parallel to a crystallographic plane or axis. This particle begins populating states belonging to levels (bands) of quasibound motion (subbarrier occupation) and to continuum bands (superbarrier occupation).
Radiative transitions between different energy
states of a charged particle determine the electromagnetic radiation intensity

RADIATION-ABSORBING MATERIALS
Materials featuring high absorption coef cients
(either linear or mass absorption types). Absorp-

tion indices of materials depend on their characteristics and the type of incident radiation. That
dependence prescribes the choice of materials for
radiation protection screens.
RADIATION BY CHARGED PARTICLES
Photon emission during the motion of charged

particles. Every time a charged particle undergoes
an acceleration, that is changes either the magnitude or direction of its velocity, the so-called
electromagnetic Bremsstrahlung (braking radiation) arises. A charge undergoing uniform rectilinear motion in vacuo does not radiate. There
also exists a class of phenomena where the radiation is caused by an alteration of the properties
of the medium through which the charged particle
moves. Here, the particle velocity can remain constant both in magnitude and direction. If a charge
(electric monopole or magnetic dipole) moves with
a constant velocity v exceeding the phase velocity
√
of light c/ ε in the medium with relative dielectric constant ε, this gives rise to Cherenkov radi√
ation departing at the angle cos θ = c/(v ε). In
addition, the change of the dielectric constant, resulting from the particle crossing an interface between two media, leads to emission of transition
radiation. In general, the parameter that determines
the radiation is the ratio of charged particle velocity, v, to the speed of light in the refracting
medium. Cherenkov and transition radiation can,
generally, coexist and interfere with the radiation
resulting from the charge acceleration. The electromagnetic radiation of charged particles at high
energies in monocrystals differs essentially from
that of an isolated atom. If a fast charged particle enters a single crystal at a small angle, θ ,

dI = dIcc + dIcb + dIbb ,
where dIcc is the radiation intensity between different states of the continuous spectrum; dIcb
is the radiation intensity from the continuous
spectrum states to the levels of the quasi-bound
transverse motion (channeling regime); and dIbb
is the radiation intensity between different levels of the quasibound transverse motion. The
ﬁrst term, dIcc , is related to the Bremsstrahlung
mechanism of electromagnetic radiation in a single crystal, and represents coherent braking radiation. The second term, dIcb , describes the
radiation accompanying the process of charged
particle trapping into the channeling regime, involving the rearrangement of the incident wave
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function of the particle into a superposition of fundamental (Bloch) functions (see Bloch theorem) in
the averaged plane (string) potential. Thus, the rearrangement of the charged particle’s wave function at the crossing of a single crystal boundary is accompanied by radiation independent of
the crystal thickness. The intensity of such transition radiation can be expected to increase in
proportion to the number of single crystals in a
layered radiator. The third term, dIbb , describes
the radiation of channeled particles and represents
quasi-characteristic radiation under radiative transitions between different levels of the quasi-bound
transverse motion. The angle at which the maximum of coherent braking radiation is observed
at high frequencies (the high frequency radiation
corresponds to the transitions between high superbarrier states, i.e. is determined by the coherent
braking radiation mechanism) exceeds the critical channeling angle. Hence, for relativistic particles coherent braking and quasi-characteristic radiation in the high frequency range are “set apart”
in angles with respect to the direction of the particles’ entry trajectory.
Other types of radiation of charged particles
undergoing acceleration are not speciﬁc for solids.
For example, when a relativistic charged particle in a magnetic ﬁeld is moving along a circumference it emits pulses, on a nanosecond time
scale, of electromagnetic radiation (so-called synchrotron radiation) that are highly polarized, and
an undulator imparts an undulating motion to relativistic electrons in a linear accelerator that causes
them to emit microwave radiation.
RADIATION CATALYSIS

Phenomenon of acceleration of chemical reactions at solid surfaces in the presence of ionizing radiation. In a solid–gas (liquid) system in
which radiation-induced catalysis takes place, ordinary catalytic processes are either not observed
at all or need considerably higher temperatures to
take place. The characteristic temperatures of radiation catalysis do not exceed 100 ◦ C. The solids
most often used for radiation catalysis are either
insulators or “poor” semiconductors (SiO2 , TiO2 ,
Al2 O3 , ZrO2 , ZnO, CdO, etc.). The active catalytic centers formed in the solid under the effect
of radiation are often paramagnetic as reﬂected in
their paramagnetic resonance spectra.

The termination of the irradiation results in
a lowering of the rate of catalysis. However,
it never stops abruptly (post-irradiation effect).
The slowing down of this rate during the postirradiation period is explained by the thermal annealing of the active catalytic centers. Many reactions available and known from ordinary catalysis
may also be triggered by radiation catalysis techniques: e.g., hydrogen–deuterium exchange, oxidation of hydrogen, etc. But parallel to such reactions it becomes possible to carry out certain
speciﬁc processes, e.g., the radiation catalysis for
synthesis of higher monocarboxylic acids of normal structure with lengths of C200 , from ethylene
and carbon dioxide at the surface of γ -Al2 O3 in a
gamma ray ﬂux.
RADIATION CHEMISTRY

Branch of chemistry that studies chemical
and physico-chemical transformations that result
from the action of nuclear radiation on materials (radiolysis). When radiation affects intrinsic
or impurity atoms (ions) in a solid matrix they
are raised to excited states; processes of relaxation and interaction ensue, new chemical states
of atoms (ions) develop, the character of chemical bonds changes, and the formation of new
phases becomes possible. Radiation chemistry
of solids speciﬁes those features of radiationchemical reactions both within the bulk and at
the surface of solids that affect the radiation resistance and radiation sensitivity of materials.
Important directions of radiation chemistry research include studies of short-lived excited states
in solids (an efﬁcient method of pulse radiolysis); of stable and metastable point defects; heterogeneous oxidation/reduction processes at solid
surfaces, that develop under the effect of radiation (radiation-induced adsorption, desorption and
catalysis) and the possibilities of applying those to
chemical technologies. Studies have been made of
the mechanisms of radiolysis that result in changing the properties of solids since these are needed
to produce radiation-stable construction materials for instrument building, as well as radiationsensitive memory elements for information recording. A separate area of research is studying the
effects of radiation on polymers (see Radiation
physics of polymers).

RADIATION-INDUCED DIFFUSION

Targets and study techniques for radiation
chemistry of solids are practically the same as
those encountered in the radiation physics of solids.

RADIATION DETECTOR, PYROELECTRIC
See Pyroelectric radiation detectors.
RADIATION, INDUCED
See Induced radiation.
RADIATION-INDUCED ADSORPTION

Binding of particles from either a gas or a liquid phase by a solid surface in the presence of ionizing radiation. The level of radiation-induced adsorption is deﬁned by the number of particles additionally taken up per unit surface area of a solid
after the dark adsorption–desorption equilibrium
has been established.
Radiation-induced adsorption is stimulated by
the absorption of radiation energy by a solid during which new adsorption-active defects (often of
a paramagnetic nature) form. Substances most susceptible to radiation-induced adsorption are highly
porous materials such as γ -Al2 O3 and η-Al2 O3 ,
silica gel, zeolites, etc. Radiation-induced adsorption of H2 O2 and other gases is known to take
place at surfaces.
Radiation-induced adsorption has been used to
improve the vacuum in enclosed volumes. To accomplish this, e.g., silica gel is placed into a sealed
vessel which is routinely evacuated. Then the vessel is subjected to γ -irradiation, which results in a
signiﬁcant improvement of the vacuum due to the
radiation-induced adsorption.
RADIATION-INDUCED CREEP of metals

A radiation-stimulated acceleration of creep
and its effects at lower temperatures, when regular thermal creep is almost absent. The appearance
of a radiation-stimulated component of creep results from damages to the crystal produced during
its bombardment by high-energy particles (neutrons, electrons, ions, etc.). Clusters, micropores,
and dislocation loops formed in the process of irradiation turn into barriers in the pathway of dislocations. However, simultaneously radiational point
defects promote the creep of edge dislocations,
and hence accelerate the process of creep under irradiation. Theoretical concepts of mechanisms for
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radiation-induced creep are based on accounting
for the anisotropic character of the interaction between the radiation-induced point defects and dislocations in the ﬁeld of an applied stress. In addition, nonuniformly distributed dislocation loops
appear during the process of irradiation. Another
factor to be taken into account is the acceleration
of the diffusive surmounting of obstacles by dislocations. All of these effects serve to control the
rate of creep.
RADIATION-INDUCED DEFECTS
See Radiation physics of solids.
RADIATION-INDUCED DIFFUSION

Observed acceleration of the rate of diffusion
of impurity atoms or intrinsic defects under the
inﬂuence of nuclear radiations in various materials. One of the most efﬁcient mechanisms of
radiation-induced diffusion is the interaction of
impurity atoms with radiation defects (see Radiation physics of solids). The appearance of mobile
vacancies V speeds up the diffusion of substitutional atoms As , both during the one-time jump of
an atom to a neighboring vacant site with the ensuing spatial separation between V and As , and
the formation of quasi-molecules (As V ) from As
and V located at adjacent sites. When substitutional atoms shift into interstitial sites under the
effect of irradiation (e.g., due to expulsion of As
by an intrinsic interstitial atom forced into that
site by radiation, as occurs with Group III elements in Si and Ge) then diffusion speeds up as
well. Meanwhile the formation of vacancies may
slow that process for interstitial impurity atoms,
Ai , since the Ai atoms scavenged by V need additional activation energy for their further thermal release and ensuing diffusion. Diffusion may
also go faster due to radiation stimulation when
external high-energy particles elastically interact
with the impurity atoms. Diffusion in semiconductors may be effectively accelerated by the excitation of their electron subsystem. One of the
possible mechanisms of such acceleration consists in recombination-induced diffusion. During
this process a free electron or a hole is captured
by a point defect, accompanied by the jump of
an atom, its activation energy having been lowered by the energy (or by part of it) released during such a capture. Repeated successive captures
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RADIATION-INDUCED FILM GROWTH

of electrons and holes open a possibility of the
long-range spreading of radiation-induced diffusion. Other possible mechanisms involving diffusion are the following: a change in the charge state
of the “defect” atom occurring when it captures
either an electron or hole, or the possibility of
a transition of an electron located at an atom to
an excited state, which changes the potential energy of the system. As a result, the barrier height
for a thermally activated atom is lowered, thus increasing the probability of an electron jump. When
there are two types of interstitial sites in a crystal
(P1 and P2 ), with P1 corresponding to a potential energy minimum and P2 to a potential energy
maximum, an inversion becomes possible when
atoms at P1 and P2 interchange positions.
The effects of the acceleration and the slowing down of diffusion of impurity and intrinsic
atoms are observed during irradiation of various
materials with various nuclear radiations. The effective diffusion coef cient D ∗ corresponding to
radiation-induced diffusion may exceed by several orders of magnitude the value of D that exists during to room temperature equilibrium in the
absence of irradiation. The effects of radiationinduced diffusion play an important role in radiation technologies (see Ion implantation, Nuclear
doping) as well as in processes controlling the radiation resistance of materials.
RADIATION-INDUCED FILM GROWTH

A process taking place under the effect of irradiation by high-energy electrons, ions, and hard
photons. Irradiation accelerates lm growth, increases speciﬁc yield from the initial material,
makes it possible to localize the condensed material within the irradiated ﬁeld, to control the structure and properties of generated ﬁlms. Irradiation
of the surface produces point defects both at the
surface itself, and in the subsurface layer, which
serve as condensation centers. By varying their
concentration and spatial distribution one may signiﬁcantly modulate the rate of embryo formation
that controls the kinetics of ﬁlm growth and the
features of its structure, and hence the overall
properties of the resulting ﬁlms. Point defects at
the surface of ionic crystals may act as orientation
centers, i.e. centers of epitaxial growth. Surface
aggregations of identical point defects can exhibit

such properties. In particular, they form during the
process of annealing point defects when these defects reach the surface from the bulk. Besides, the
capture of point defects by phase interfaces between the growing islands of the newly formed
ﬁlm serves to aid the epitaxy processes during the
growth. Radiation-induced excitation of adsorbed
atoms stimulates their mobility and chemical activity, thus affecting the kinetics of embryo generation and growth. The latter effect may alter the
mechanism of condensation and stimulate crystallization under conditions otherwise favorable for
forming an amorphous condensate. The interaction of radiation with the condensed phase results
in a signiﬁcant change of the ﬁlm morphology
at its early stage of growth: ﬁlm islands change
their shape, merge (coalescence), further break up
the grid structure to form new islands (provided
coverage coefﬁcients are low), etc. In addition,
metastable phases form in ﬁlms, and polymorphic
transformations take place (see Structural phase
transition).
RADIATION-INDUCED JOLT (term introduced by
V.L. Indenbom)

Large amplitude vibrations and possible displacements of atoms of solids around their equilibrium positions, produced by the effect of nuclear
radiation. Atoms acquire signiﬁcant energy during collisions with external particles ﬂying by, and
can be jolted far off their lattice sites. This energy
transfer is sufﬁcient to cause a vacancy V , and
an interstitial atom I associated with the same lattice site, to become spatially separated from each
other. The separated V and I centers can be detected by various experimental techniques. However, most of the collisions between the atoms of
an irradiated target and the external particles striking it, as well as their collisions with each other,
involve the transfer of very small amounts of energy, insufﬁcient for forming stable Frenkel pairs
(see Unstable Frenkel pair). After the initial event
some of the atoms surrounding this displaced atom
undergo subsequent collisions, and induce the ensuing relaxing vibrations of an excited microvolume of the crystal. Their amplitude may, at the initial stages, signiﬁcantly exceed that of thermal vibrations, so that radiation-induced jolt takes place.
During that process certain atoms may temporarily

RADIATION-INDUCED REARRANGEMENT OF STRUCTURE

reach outside the limits of their unit cell, but eventually the excited part of the crystal returns to its
state of minimum of potential energy corresponding to the initial state of the crystal as a whole.
When the irradiated crystal is monatomic, the absorbed radiation energy goes exclusively to the
generation of phonons. As a result of the radiationinduced jolt, certain atoms may exchange their positions in the lattice. The crystal region around
the vacancy such that a jolted-out atom entering
it cannot produce a stable perturbation of the initial crystal structure is called the instability zone.
Provided the initial pair V and I are separated beyond this distance, a bound Frenkel pair is formed.
Even further separation results in the appearance
of isolated (i.e. noninteracting) V and I . When irradiated crystals feature structure defects or electric excitations, the energy of radiation-induced
jolt (which is practically undetectable in a perfect
crystal) becomes detectable through the changes
in the system of defects or of electric excitations.
This is explained by the fact that these changes occur after the transfer of increments of energy that
are too small to jolt an atom out of its lattice site.
To offer an example, computer simulations make it
possible to model the displacement of a dumb-bell
conﬁgured interstitial atom during the jolt. Alkalihalide crystals serve as a basis for experimentally
studying the process of extinguishing exciton luminescence during radiation-induced jolt.
RADIATION-INDUCED ORDER

An increase in the degree of order of atoms at
sites in the crystal lattice of alloys that sometimes
results from the interaction of high-energy charged
and neutral particles or photons with atoms and
electrons of the crystal. Depending on the irradiation conditions (temperature, parameters of radiation ﬁeld) and the type of crystal, such a radiation
ﬂux works to produce new ordered or disordered
local regions that appear in the alloys. The mechanisms of ordering–disordering at work in this case
are radiation-induced diffusion and the generation
of thermal spikes. Direct experiments show that
disordering is largely localized in the vicinity of
thermal spikes. As a rule (see Long-range and
short-range order), long-range order is established
via mechanisms of radiation-induced diffusion. In
disordered systems, irradiation often increases the
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degree of ordering, while in fully ordered systems
it induces disordering.
RADIATION-INDUCED REARRANGEMENT OF
STRUCTURE
Change of crystal structure under the effect of
irradiation by neutrons, ions, electrons, X-rays,

observed for high radiation doses. Radiationinduced rearrangement of structure manifests itself in amorphization, decomposition of initial
compounds into their constituent elements, formation of a different modiﬁcation, and change of
phase composition of solid solutions and alloys.
As a rule, such processes are mutually competitive. The appearance and dominance of one particular type of structural change is prescribed by the
irradiated material and conditions of irradiation:
the type of radiation, its energy, dose, ﬂux magnitude and temperature. Radiation-induced heterogeneous amorphization is possible locally, within
the size ranges of a few interatomic distances. Under the effect of higher radiation doses it develops into homogenous amorphization which may
spread throughout the entire irradiated crystal.
Amorphization may be further radiation-stimulated into a rst-order phase transition, and the
reverse phase transition from an amorphous to a
crystalline state has also been observed. During
radiation-induced decomposition of a compound,
its products are not necessarily limited to its constituent elements. Certain compounds may form
from these and other elements available from the
crystal environment. Changes in phase composition may also involve changes in the phase diagram of the system. Rearrangement of the crystal
structure is also observed, ending with the formation of a new stable modiﬁcation. The symmetry
of such a structural state may correspond to a hightemperature modiﬁcation of a non-irradiated crystal (see ﬁgure on next page).
Such structural changes are found in crystals
with ionic-covalent bonds, in intermetalloids (see
Intermetallic compounds), polymers and complex
compounds of rare-earth elements. Restructuring
goes either via the formation of embryos of high
temperature modiﬁcations at displacement spikes,
followed by their growth in the process of irradiation, or via correlated displacements of atoms produced by radiation point defects. By varying the
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RADIATION-INDUCED SHAPE CHANGE

Radiograms (Kα Mo) illustrating changes in the crystal structure of quartz during irradiation by neutrons and heating:
(a) α-phase (T = 20 ◦ C); (b) β-phase (T = 600 ◦ C); (c) phase after irradiation at ∼ 6·1019 n/cm2 .

dose and temperature of irradiation, the concentration and type of impurities, and also the degree of
the initial crystal perfection, it is possible to control the crystal radiation resistance.
RADIATION-INDUCED SHAPE CHANGE,
radiation-induced growth

Change of shape of crystalline bodies during
exposure to radiation, in the absence of any externally applied load or forcing, and unaccompanied
by any signiﬁcant change of volume. The effect of
radiation-induced growth is particularly evident in
materials with anisotropic structures (uranium, zirconium, graphite, etc.). Irradiated monocrystals of
uranium elongate along the [010] crystallographic
direction, and shrink along the [100] direction at
the same rate, while undergoing no changes along
the [001] direction. Rods of polycrystalline uranium with [010] type texture elongate by a factor
of 2 to 3 when irradiated by neutrons, all due to
radiation-induced growth.
RADIATION, NUCLEAR
See Nuclear radiations.
RADIATION PHYSICS OF METALS AND
ALLOYS
Subﬁeld of radiation physics of solids. What
is speciﬁc for metals (compared to semiconductors and ionic insulators) is their high radiation
resistance, as determined from changes in their

mechanical strength and electric properties under the effect of irradiation. Therefore, radiation
physics of metals and alloys pays particular attention to studying defects that are formed by large

radiation doses, as well as the high concentrations of point defects that those actions introduce.
Merging of such defects into clusters also plays
a signiﬁcant role. As the number of defects increases, clusters of vacancies and of intrinsic interstitial atoms form. These have the arrangement
of vacancy and interstitial dislocation loops, and
planar accumulations of vacancies and interstitial
atoms. Further growth of vacancy clusters results
in the formation of three-dimensional radiation defects that are called vacancy pores. The impurity
atoms of gases that either form in the specimen
or are implanted during irradiation, diffuse subsequently into these vacancy pores to form gasﬁlled pores. Gas pores signiﬁcantly differ from vacancy pores in their physical properties (mobility,
growth capacity, coalescence), and are treated as
a separate type of radiation defect. Gas pores that
form during the course of bombardment of metals
by α-particles and protons at small depths below
the metal surface (down to 1 μm) produce blisters (see Blistering) at the metal surface. Eventually these blisters break to produce scabbing (see
Ion-stimulated surface modi cation).
Clusters of impurity atoms may, during their
growth, induce new phase formations. The same
type of radiation defects may develop in alloys of
the solid solution type. These result in a redistribution of alloy components in the region of the initial
perturbation, whereby one of the components of
that alloy breaks out of its solubility limit. Another
possible result is the onset of radiation-induced
phase transitions associated with a change of lattice structure. Intense irradiation may also result

RADIATION PHYSICS OF POLYMERS

in their amorphization, i.e. a full or a partial destruction of the crystal structure and the disruption of long-range order. Direct observations of
point radiation defects are possible with the help
of the techniques of ﬁeld ionization microscopy
(see Field ion microscopy). For that, one needs a
microscope power up to 107 and a resolution at
least 0.1 nm. Electron microscopes permit one to
observe dislocation loops, pores, and new phase
formations at powers of 105 –106 and resolutions
at least 1 nm. To study energy characteristics of
radiation defects (their energies of formation, migration, and mutual interaction) indirect methods
are in use that are based on relationships between
macroscopic characteristics of irradiated materials
known from direct observation, and such factors
as the concentrations and the well-known temperature dependences of the rates of annealing of their
defects. Indeed, when heating the specimen such
defects often annihilate, coalesce, or migrate to
traps at the solid surface, grain boundaries, pores,
or dislocations.
Radiation defects that form as a result of irradiation can bring about serious adverse changes
in the properties of metals and alloys, particularly
those used as construction materials for the needs
of the atomic power industry. For example, the development of a dislocation structure and changes
in the phase composition result in a deterioration
of such characteristics as plasticity and strength,
while the developing porosity expands the overall construction geometrically. Meanwhile blisters
erode construction surfaces. Therefore, a necessary condition for the successful development of
atomic and thermonuclear power installations consists in producing irradiation stable construction
materials, i.e. materials which can hamper deterioration and withstand the effects of radiation defects.
RADIATION PHYSICS OF POLYMERS

A branch of physics studying changes in the
electrical, dielectric, mechanical, optical, and other
properties of polymers under the effect of nuclear radiations. During the course of absorbing a
dose D of nuclear radiation energy there takes
place both reversible and irreversible increases in
the electrical conductivity of polymers. The (reversible) irradiation-induced electrical conductivity is produced when extra current carriers (free
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and bound electrons, holes, ions) are generated
in the polymers. One may differentiate between
stationary radiation-induced electrical conductivity (during continuous irradiation), and the pulsed
type. The dependence of steady state irradiationinduced electrical conductivity σ on the rate of
absorbing a dose dD/dt is a power law function:
σ = A(dD/dt)Δ , where A and Δ are characteristic constants. In particular, we have 0.5 < Δ  1.
The irradiation-induced conductivity does not fall
off abruptly after termination of the irradiation, but
lingers depending on the temperature of the polymer. This persistence may extend from minutes
to tens of hours. Irradiation pulse-induced electrical conductivity is differentiated into immediate
pulse conductivity, determined by free electrons
that had not suffered scavenging, its characteristic
time scale being about 10−10 s, and delayed conductivity resulting from electrons thermally released from their traps. The level of this induced
conductivity is proportional to D. Irreversible
changes in the initial electrical conductivity (which
may change by a factor of several units) are
produced by changes in the physical structure
and chemical composition of the polymers. Such
changes result from radiation-induced processes
of interlacing, polymer degradation, crystallization,
amorphization, disorientation, plasticization, etc.
Radiation-induced changes in the dielectric
loss tangent, tan δ, and the dielectric constant ε 
may be either reversible or irreversible. Reversible
changes depend on the rate of the radiation dose,
the ambient temperature, and other parameters
which affect the dynamics of generation and decay of the unstable products of radiolysis (free radicals, electrons, ions, low molecular weight compounds, etc.). Irreversible changes of tan δ, ε , and
the value of electric ﬁeld strength develop from
the processes of oxidation, interlacing, destruction, crystallization, and amorphization of polymers. For example, oxidizing nonpolar polymers
during their irradiation in air, and amorphization
of polar polymers, both result in increasing tan δ.
A reversible increase of the creep rate in polymers takes place during irradiation. Their durability under load decreases, hence the sound velocity increases. Note that these variables depend
on the dose rate, the level of mechanical stress,
and the polymer temperature. Irreversible changes
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in the mechanical properties of polymers (such
as their ultimate strength, ultimate strain, elastic modulus, etc.) are mainly a result of the absorbed dose. The most general dependences are
the following: the specimen ultimate strength remains unchanged up to a certain irradiation dose,
and then gradually diminishes; the ultimate strain
falls off monotonically with the dose; with increasing temperature and radiation power the ultimate strength and strain both decrease. Radiationinduced changes in the thermo-physical properties
of polymers (such as their thermal conductivity κ,
speciﬁc heat C, density ρ, etc.) result from the
processes of interlacing, destruction, crystallite
disintegration, the formation of gaseous products,
etc. Radiation interlacing routinely increases κ
and ρ, and lowers C, while destruction results in
the opposite changes.
Various active agents, such as excited molecules, charged particles, free radicals, etc., absorbing at longer wavelengths than the initial macromolecules, are responsible for reversible changes
of the optical properties of polymers. Their extinction coefﬁcients lie within the range 102 to
107 l·mole−1 ·cm−1 . The processes responsible
for reversible changes include the formation and
destruction of chromophore groups and low molecular weight impurities, as well as crystallization
or amorphization of the polymers.
RADIATION PHYSICS OF SEMICONDUCTORS

Branch of physics that studies processes of
forming lattice defects induced by nuclear radiation, and the effects of radiation defects on semiconductor properties. Among various solids, the
radiation physics of silicon is the most studied. It
was found experimentally that the activation energy for the diffusion of isolated vacancies in crystals of silicon, Ug , reaches ∼0.2–0.3 eV (depending on the vacancy charge state). The value of Ug
obtained previously from the temperature dependence of self-diffusion is of the order of 2 eV. Such
a large discrepancy, referred to as a vacancy paradox, might be related to the scavenging of diffusing vacancies by various defects, thus putting in
doubt the classical interpretation of data on the
high temperature diffusion of vacancies in silicon
and other semiconductors. It was found experimentally that at low temperatures (including liq-

uid helium temperatures) interstitial atoms of silicon diffuse independently of any activation, and
may force certain impurity atoms (e.g., elements
from Group III of the periodic system) from their
substitutional positions; the so-called Watkins effect (G. Watkins). The existence of potential barriers for reactions involving intrinsic and impurity
point defects has been established. Accounting for
the exponential factor in these barriers, of the form
exp[−E/(kB T )] where E is the barrier height, explains the signiﬁcant difference found between the
cross-sections of such reactions for atoms of various chemical types. Studies were conducted on
the behavior of bound Frenkel pairs. The energy
spectrum of secondary radiation defects in silicon
strongly depends on the initial impurity content
(not always under control) in the irradiated specimen. Scores of radiation defects, differing in their
energies, have been experimentally identiﬁed. The
most common ones are the so-called A-centers
(interstitial oxygen atom, plus vacancy at a nearby
site); E-centers (atom of Group V plus vacancy at
a neighboring site), and bivacancies. The possible
number of defects of various types is noticeably
larger in semiconductors compared to monatomic
crystals.
The appearance of radiation defects often results in changes in the observed properties of the
sample. Semiconductors are speciﬁc in their high
sensitivity to radiation effects, compared to metals, particularly with respect to changes in the lifetimes of their minority current carriers. As for pure
substances, the same is true with respect to their
dark conductivity. A speciﬁc case of this high sensitivity to radiation which takes place in appreciably imperfect crystals is designated as the smalldose effect. Changes in the mobility of electrons
and holes are noticeable, as well as changes in
the spectra of electron paramagnetic resonance, in
optical and thermal properties, in internal friction,
etc.
The effects of radiation on semiconductor materials ﬁnd their use in radiation technology, including ion implantation doping, nuclear doping,
and improvement of material parameters with the
help of controlled radiation doses.
RADIATION PHYSICS OF SOLIDS
The study of interactions of nuclear radiations
(neutrons, fast charged particles, hard photons)

RADIATION RESISTANCE

with solids. One of the most important areas in
radiation physics is studying radiation defects,
which are products of atom displacements in irradiated materials, as well as electron excitations
produced by ionization processes in them. The
character of radiation-induced processes depends
on the properties of the target, in particular on the
spectrum of its excited states, which differ for various types of solids. They also depend on the parameters of the radiation, such as the particle mass,
charge and energy, the photon energy, the intensity and dose of radiation, as well as the conditions
of irradiation, such as temperature, presence and
level of elastic, electric and magnetic ﬁelds. The
principal mechanism for the formation of defects
in a crystal lattice of an ionic insulator is the relaxation (decay) of electronic excitations: excitons or
electron–hole pairs (see Semiconductor junction).
In other materials, metals and semiconductors in
particular, such defects mainly form as a result of
elastic collisions of external particles with atoms
of the solid. The primary radiation defects formed,
such as vacancies V , and interstitial atoms I , exhibit signiﬁcant mobility over a wide temperature
range, which results in diverse reactions between
the primary defects and the impurity atoms. Secondary radiation defects that are stable at irradiation temperatures, form during the course of such
reactions.
When bombardment energies remain low and
radiation doses remain moderate, most primary
defects are point defects. There exists an energy
threshold for their formation, Ea . If the energy
transferred to an atom is less than Ea , the probability of generating a defect sharply decreases.
Provided the initial energies are sufﬁcient, collision cascades follow, resulting in the formation
of clusters, that is regions of higher defect density (see Seeger zone, Displacement spike, Thermal spike). For high radiation doses point defect
coagulation becomes efﬁcient as these defects diffuse more readily. Radiation-induced phase transitions become possible then, such as, e.g., amorphization of crystal layers or, for a different irradiation regime, crystallization of amorphized layers.
Further annealing may bring about even further restructuring of defects, including annihilation of V
and I pairs.
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Introducing radiation defects changes the basic
physical properties of materials; varying the conditions of irradiation and annealing makes it possible to control such changes to a certain extent.
In that sense bombarding solids with ions is quite
speciﬁc because chemically foreign atoms are then
imploded into the target (see Ion bombardment,
Ion implantation doping, Ionic synthesis and also
Nuclear doping).
An important area of radiation physics of solids
involves studying the behavior of high-energy particles and photons during their passage through the
crystal, in particular their orientation effects (see
Channeling, Hyperchanneling, Particle bending).
Methods for studying crystal structure have been
developed on that basis. Radiation by charged particles during their passage through solid targets,
and in particular through crystalline targets, is
widely studied (see Quasi-characteristic radiation,
Coherent Bremsstrahlung, Okorokov effect).
The applied aspects of radiation physics of
solids include such applications as increasing the
radiation resistance of materials, developing radiation technology, improving solid state nuclear
radiation detectors (see also Radiation physics of
polymers, Radiation physics of semiconductors,
Radiation chemistry, Radiation physics of metals
and alloys).
RADIATION, QUASI-CHARACTERISTIC
See Quasi-characteristic radiation.
RADIATION RESISTANCE

A qualitative concept characterizing the degree
to which a given parameter of an irradiated target
changes under the inﬂuence of this or that radiation dose. Sometimes it is identiﬁed quantitatively
as the radiation dose that results in a signiﬁcant
change in the monitored parameter, but one which
still permits an acceptable degree of normal functioning of the target. One may differentiate between radiation resistances to light (its absorption
by elements of optical devices), to equilibrium or
nonequilibrium conductivity (in elements of electric devices), to strength (in construction materials), etc. The level of radiation resistance depends
on the type of radiation, the energy of particles or
photons, and in many cases on the intensity of the
radiation, the ambient temperature, the contents
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of various impurity atoms (often remaining uncontrolled), the intrinsic defects in the irradiated material, and other conditions. To compare radiation
resistances of a given target to various types of radiation for one of its parameters one may introduce the concept of “equivalent” doses. These are
doses of different radiation types bringing about
identical changes to the selected parameter. Such
an “equivalence” may be violated, however, if the
conditions of the irradiation change, since in that
case the processes of formation and restructuring
of radiation effects can develop differently. The often observed lack of additivity between the doses
of various radiation types that impact a target simultaneously proves that there is really no universal approach to such “equivalence” assignments of
radiation doses.
RADIATION, STREAMER
See Streamer radiation.
RADIATION, THERMAL
See Thermal radiation.
RADIATION TRANSPARENCY

Capability of a material to transmit the radiation ﬂux incident on it in the microwave or
the UHF regions (105 –1012 Hz). A commonly
used measure of radiation transparency is the
inverse absorption coef cient determined by the
imaginary parts of the complex dielectric constant
and magnetic permeability. Materials with very
low values of the dielectric loss tangent and its
magnetic counterpart have a high radiation transparency. The effect of radiation transparency is
weakened due to reﬂections of the emitted radiation from medium interfaces. Such reﬂections
may be lessened or eliminated by antireﬂection or
matching coatings.
RADIATIVE QUANTUM TRANSITION

A transition of a quantum system to a lower
energy state with the simultaneous emission of
a photon. Radiative quantum transitions can occur spontaneously (spontaneous emission) or under the impact of external photons (stimulated
emission). The formation of corresponding quantum states in solids can involve several interacting
particles. This results in a diversity of transition

mechanisms and selection rules. Under this radiative transition photons differing in energy can be
emitted with different probabilities. Here the energy and quasi-momentum of the system are conserved due to changes in the states of neighboring particles (changes in the number of phonons,
Auger effect, and so on). Experimentally, this is
observed as broad (in the spectral sense) bands of
radiation, which can change under the inﬂuence
of external factors (see also Nonradiative quantum
transition).
RADICAL RECOMBINATION LUMINESCENCE
See Luminescence during radical recombination.
RADII OF ATOMS
See Atomic radii.
RADIOACTIVITY

A property of nuclei of certain isotopes of
chemical elements to transform spontaneously
into nuclei of other elements, through the emission of α-particles, electrons, positrons; this transformation is sometimes accompanied by the emission of neutrinos, antineutrinos, γ -rays (photons).
The radioactivity of isotopes that is found in nature
is called natural. There is a large number of artiﬁcial radioactive isotopes including many not found
on Earth in their natural form. The process of radioactive decay is characterized by an exponential
reduction of the number of original radioisotopes
with time. The time span within which the number
of original isotopes is reduced to one half of its initial number is called the half-life (T1/2 ). Half-lives
of nuclei of various elements vary over extremely
wide limits, from practically instantaneous decay
to many millions of years.
RADIO-FREQUENCY SELECTIVE
SATURATION
A technique to measure the hyper ne interaction in inhomogeneously broadened electron paramagnetic resonance (EPR) lines (see Inhomogeneous broadening). Consider an electron spin

system with a hyperﬁne interaction being saturated with high microwave power at an EPR
resonance in a magnetic ﬁeld. Radio-frequency
selective saturation involves applying to this spin

RADIOLUMINESCENCE

system a high power radio-frequency (NMR) saturating signal that induces resonance transitions in
the nuclear subsystem. Depending on the saturation mechanism the holes burned in the spectral
line either ﬁll in or become deeper, new holes may
appear, etc. The mechanisms involved are similar to those of electron–nuclear double resonance
(ENDOR). Ordinarily a selective NMR saturation
unsaturates the EPR resonance so that the depth of
the “burned hole” decreases.
Radio-frequency selective saturation is often
explained in terms of changes in the hyperﬁne
level populations and the redistribution of saturation throughout the EPR resonance line under the
inﬂuence of the high power radio-frequency ﬁeld.
Since the value of the hyperﬁne interaction is determined during the NMR selective saturation by
measuring the radio-frequency at resonance, this
technique approaches ENDOR in its accuracy for
measuring hyperﬁne coupling constants.
RADIO-FREQUENCY SIZE EFFECTS

Anomalies in the dependence of the surface impedance of a metal plate on the magnetic ﬁeld
that appear when the plate thickness is a multiple of the extremum length of the electron trajectory. Radio-frequency size effects result from the
ballistic features of the anomalous penetration of
an electromagnetic ﬁeld into a metal. They essentially involve a ﬁnite number of bursts of anomalous penetration that ﬁt into a plate of thickness d.
The magnetic ﬁeld B is varied so that the condition d = nD is satisﬁed (n = 1, 2, 3, . . .), where
D is the characteristic size of the electron trajectory (i.e. the distance between bursts), and the subsequent burst is brought to the opposite face of
the plate. The electromagnetic ﬁeld that appears is
emitted into space, and may be measured. When
B changes further, the condition d = nD is violated, and the specimen becomes opaque for radio
waves. Radio-frequency size effects can also be related to the cut-off of the cyclotron orbits (see Resonance cutoff). An isolated singularity then appears in the plot of the impedance as a function
of B, which depends on the shape of the extremal
electron trajectories. Radio-frequency size effects
offer an effective method to measure the characteristics of the Fermi surface, the temperature dependence and the anisotropy of the mean free path,
etc. See also Gantmakher–Kaner effect.
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RADIO-FREQUENCY SPECTROSCOPY
See Magnetic resonance spectroscopy.
RADIO-FREQUENCY SPECTROSCOPY,
VIBRONIC EFFECTS
See Vibronic effects in radio-frequency spectroscopy.
RADIOGRAPHY

A method of studying solids and biological
specimens based on obtaining images produced by
emissions from radioactive elements that are detected by sensitive recording materials. Radioactive elements may either be introduced into a specimen artiﬁcially, be present naturally, or be produced by irradiation from an external source. The
α-, β-, γ -, and neutron types of radiography techniques are available. Radiography makes it possible to investigate the distribution, redistribution
and diffusion properties of radioactive elements
present in the specimen under study (autoradiography, microautoradiography), and also the presence of defects, impurities, structural, phase, and
chemical inhomogeneities in them. To obtain radiographic images (radiograms) various photographic materials can be used (special X-ray ﬁlms,
nuclear emulsions, etc.), as well as particle track
detectors (for α-particles, ﬁssion fragments, etc.).
Depending on the exposure procedures one may
employ contact or remote radiography. Contact radiography involves a peal-off emulsion. Depending on the analysis techniques, one may differentiate between contrast and track radiography. After
exposure, one measures the optical density of the
photographic materials.
RADIOGRAPHY, MICROSee Microradiography.
RADIOLUMINESCENCE
Luminescence excited by various types of nuclear radiation: γ - and X-rays (X-ray luminescence), electrons (cathodoluminescence), protons
and ions (ionoluminescence), α-particles, neu-

trons, etc. During the interaction of radiation with
materials, their atoms and molecules undergo ionization and excitation, followed by the formation
of secondary particles with lower energy. In their
turn the latter trigger further ionization and excitation, all eventually resulting in the formation of
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energy states which are responsible for the ﬁnal
emission transitions. The energy output from radioluminescence is signiﬁcantly less (1–30%) than
the input because part of that energy is expended
forming radiation defects, exciting phonons in the
material, and inducing radiationless transitions.
The principal mechanisms for stimulating radioluminescence include the following. In ionic crystals (CsI:Tl, NaI:Tl) excitons that form under the
effect of the radiation then transfer their energy
to emission centers. In semiconductors (ZnS:Ag)
electron–hole pairs form (see Semiconductor junction), after which one of the carriers is localized
at an emission center where it undergoes emission during recombination with a carrier of opposite sign. In organic crystals (anthracene, etc.) and
solid solutions of organic materials (such as those
used for plastic scintillators), either molecules of
the basic material or those from an intentionally
introduced luminescent admixture transform to an
excited state. Luminescence may be observed as
uorescence (immediate emission) and phosphorescence (delayed emission). It is used for various
detection and measurement tasks, and for spectroscopic studies of ionizing emissions. Some substances are also used in self-sustaining sources of
light.
RADIOLYSIS

Chemical transformations of matter brought
about by ionizing radiations. During radiolysis,
there take place both the destruction of the initial chemical compounds and the formation of new
compounds. The change of chemical composition
that results from radiolysis can bring about variations in the physico-chemical, mechanical, optical,
electrical, magnetic, and other properties of materials. Radiolysis is the process involved in radiation chemistry.
RADIOMETRIC ANALYSIS

A combination of physical techniques for measuring the activity of radionuclides. Radiometric
analysis is often used to provide a relative measurement of radioactivity. Its absolute values may
then be determined by comparing the activity of a
radioactive specimen against that of a radioactive
standard (i.e. standard radioactive source). Absolute measurements of activity involve gas dis-

charges, scintillation counters, ionization chambers, and semiconducting detectors. During radiometric analysis one needs to account for the
type of radioactive emission, since the respective
instruments may only be able to effectively detect and record a particular type of ionizing radiation. Radiometric analysis is used to solve various
problems, from those encountered during studies
involving radioactivity monitoring, to those that
concern the age of archeological and geological
specimens. Layer-to-layer radiometric analysis is
applied to determine concentration proﬁles of radioactive elements through a specimen depth.
RADIOTHERMOLUMINESCENCE

A type of thermal luminescence (see Luminescence) which develops when one heats to moderate temperatures substances preexposed to nuclear radiations before such heating. As a rule, radiothermoluminescence is observed in materials
capable of long-term phosphorescence. The phenomenon is used to study metastable states and
charge-carrier trapping centers (see Traps for mobile particles), both intrinsic and formed under the
effect of irradiation.
RADIUM, Ra

A radioactive element of Group II of the periodic system with atomic number 88 and atomic
mass 226.0254; it is an alkaline-earth element. All
isotopes are radioactive, and four of them, 223 Ra,
224 Ra, 226 Ra and 228 Ra, are present in very small
quantities in nature, because they are formed by
the decay of long-lived 238 U, 235 U and 232 Th.
The most stable isotope 226 Ra found in uranium
ore (≈1 g per 3 T of uranium) is the most significant (half-life T1/2 = 1.62·103 years). Electronic
conﬁguration of outer shell is 7s 2 . Atomic radius
is 0.235 nm. Radius of Ra2+ ion is 0.143 nm. Oxidation state is +2. Electronegativity is 0.93.
In a free form, radium is a silvery-white lustrous metal; it quickly becomes dim in the air. It
has a body-centered cubic lattice, a = 0.5148 nm.
Calculated density 5.5 g/cm3 , Tmelting ≈ 1100 K,
Tboiling ≈ 1770 K. Heat of melting 7.9 kJ/mole,
heat of sublimation is 162 kJ/mole, standard en◦ = 69.0 kJ·mole−1 ·K−1 ; speciﬁc
tropy is S298
heat cp = 29 kJ·mole−1 ·K−1 . It is paramagnetic with magnetic susceptibility 1.05·10−6 CGS
units.

RAMAN SCATTERING OF LIGHT

All the compounds of radium as well as metallic radium in the air possess a dull-bluish glow. As
a result of the radioactive decay of 1 g of 226 Ra,
about 550 J of heat per hour is released. Radium
is used for the preparation of neutron ampoule
sources (in mixtures with Be), and for manufacturing permanently luminescent materials (in mixture
with ZnS).
RAMAN LINE, ANTI-STOKES
See Anti-Stokes Raman lines.
RAMAN RELAXATION PROCESS

A magnetic resonance relaxation transition between spin sublevels with the splitting ω. Such
a transition is accompanied by the virtual absorption of a phonon with energy ω1 and the
emission of a phonon with energy ω2 , provided
|ω2 − ω1 | = ω (a two-phonon process). It is called
a Raman process in analogy with Raman scattering of light. In contrast to the direct relaxation
process, phonons from every part of their overall frequency spectrum may take part in the Raman process. Thus, the Raman relaxation process
starts to dominate direct relaxation at T  10 K
despite the fact that it is essentially a secondorder process. The spin–lattice relaxation rate for
the Raman relaxation process is given by τ1−1 ∝
T n In−1 , where
θ/T


In−1 =
0

x n−1 exp(x)
dx,
[exp(x) − 1]2

and θ is a parameter that is generally smaller
than the Debye temperature θD : θ  θD . We have
In−1 ∼ (n − 1)! for T  θ/3, so that τ1−1 ∝ T n ,
where n = 7 for ions with an even number of electrons, and n = 5 for a basic multiplet state featuring minor splittings. We have τ1−1 = bT 9 +
b B 2 T 7 for ions with an odd number of electrons,
and for transitions within Kramers doublets. Here
b and b are coefﬁcients that do not depend on T
and B. For the limit T /θ  1 we have τ1−1 ∝ T 2
for all the above cases.
Raman processes involving more than two
phonons are possible, e.g., three- and four-phonon
processes of spin–lattice relaxation. However,
their probability is quite low. Such a probability
grows for T > θD when the whole phonon spectrum is excited.
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RAMAN SCATTERING
See Enhanced Raman scattering of light.
RAMAN SCATTERING OF LIGHT, Raman effect;
called combinational scattering in the Russian
literature

Scattering of optical radiation by matter accompanied by a change of the frequency of the
scattered light. Raman scattering was discovered
by G.S. Landsberg and L.I. Mandelshtam (1928)
in crystals and, simultaneously, by Ch. Raman and
K. Krishnan (1928) in liquids. Upon the irradiation
of a material with monochromatic light, additional
lines or bands appear in the scattered radiation
spectrum alongside the non-shifted line of elastic
Rayleigh scattering of light. These lines are symmetrically positioned on the low-energy (Stokes
component) and the high-energy (anti-Stokes component) sides. The magnitudes of the frequency
shifts characterize the energies of excitations of
the medium where the process of inelastic scattering takes place. Unlike Brillouin scattering from
intrinsic elastic vibrations of condensed media,
which exhibits only relatively small shifts ( hν 
10−4 eV), the type of excitations is more diverse
for Raman scattering, and typical shifts lie in the
range 10−3  hν  1 eV.
For many years only the vibrational and rotational excitations of constituent molecules (atoms,
ions) were considered as having a bearing on Raman scattering in gaseous, liquid, and solid media. According to quantum theory, Raman scattering involves two inter-connected processes (see
Fig.). By interacting with the electron system of a

Transitions of Raman.
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RAMAN SCATTERING OF SOUND BY SOUND

molecule in the initial vibration-rotation state |i,
the primary photon of energy hν e transforms it
into an intermediate (virtual) excited state |e.
From this, the molecule makes a transition to another vibration-rotation state |j  by emitting a secondary light quantum hν s . The energy conservation law hν e − hν s = hνij deﬁnes the value of
the vibrational (rotational) quantum hνij generated in the Stokes process. If the initial level corresponds to an excited vibrational state then an
anti-Stokes process can take place (see Anti-Stokes
Raman lines) with the elimination of a vibrational
quantum hν e − hν s = hνij . For solids under these
conditions one ordinarily speaks of Raman scattering from phonons hνij . Raman scattering can
also be brought about by other types of elementary excitation in crystals: magnons, surface and
volume polaritons, plasmons and bound plasmonphonons; single-particle excitations of free current
carriers, from electrons and holes bound at impurity centers; transitions with spin ﬂips, etc. In all
these cases the cause of the Raman scattering involves space and time modulation of the electronic
contributions of these excitations to the crystal polarizability.
The experimental detection and use of the great
majority of Raman scattering processes in the
solid state became possible only after the introduction of laser light sources (1962) for the excitation of the Raman scattering. In combination
with high-sensitivity methods of photon counting and information gathering, the use of lasers
permits the detection of very weak Raman scattering lines, some lower in intensity compared
to that of the exciting radiation by 6 to 7 orders of magnitude. There is a pronounced increase
in the scattered intensity when the exciting radiation frequency is very close to a dipole allowed electronic transition in the analyzed material. Such resonant Raman scattering is utilized for
the study of the energy band structure of crystals,
and the electron–phonon interaction. New opportunities for the analysis of very small quantities
of material opened up after the discovery of giant
Raman scattering.
Using the high intensity radiation of pulsed
lasers enhances the probability of the scattering
processes, and induced light scattering can occur
whose intensity is comparable with that of the exciting light.

RAMAN SCATTERING OF SOUND BY SOUND

Appearance of a scattered acoustic ﬁeld of
combination frequencies beyond the region of intersection or overlap of incoming acoustic beams.
A non-linear interaction of the acoustic waves
takes place in the region of their intersection, and
sources arise which radiate the scattered ﬁeld. For
instance, if two acoustic beams of frequencies ω1
and ω2 intersect, then a scattered ﬁeld of sum and
difference frequencies |ω1 ± ω2 | appears (in the
second-order perturbation approximation of the
three-wave or three-phonon interaction) outside
the interaction region, provided that synchronism
or phase coherence requirements are satisﬁed (see
Nonlinear acoustic effects), and provided that there
is a ﬁnite probability for such an interaction to
take place in accordance with the selection rules.
Since the velocities of elastic waves in solids, e.g.,
longitudinal, transverse and surface acoustic wave
types, differ from one another, the Raman scattering of sound by sound occurs at oblique intersections of acoustic beams. The angles of scattering are determined by coherence requirements,
and depend upon the type of interacting waves, on
their frequencies, and on the elastic parameters of
the medium. The displacement amplitude in the
scattered waves is proportional to the product of
the amplitudes of the interacting waves, and to the
cube of the wave number, k = ω/c, where c is the
sound velocity; viz., the Raman scattering of sound
by sound is most pronounced at high-ultrasound
and hypersound frequencies. Experimentally, this
scattering is observed in the MHz range of ultrasound. The interaction of longitudinal and transverse waves allowed by the selection rules results
in scattering when the frequencies of the interacting waves differ by no more than one order
of magnitude. The Raman scattering of sound by
sound in the case of three-wave (three-phonon) interactions is a basis for the kinetics of phonon systems; in particular, the theories of sound absorption in insulating crystals, of thermal conductivity
and other collective kinetic phenomena in solids
are based on this acoustic Raman scattering.
RANDOM CLOSE-PACKING MODEL (introduced
by J.D. Bernal, 1959)

Model of liquid structure, also used for modeling amorphous metals and metallic alloys. The
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Fig. 1. Types of interatomic cavities: (a) tetrahedron,
(b) octahedron, (c) trigonal prism covered by three semioctahedra, (d) Archimedean antiprism covered by two
semioctahedra, (e) tetragonal dodecahedron.

random close-packing model has no formal deﬁnition, and it involves an algorithm with an arbitrary
choice. The general rule for this random model
structure building is the incorporation of the most
possible choices for the locally close-packed interpositions of spheres. There are mechanical models
made by mixing spheres with identical and differing diameters inside elastic covers, in rubber
bubbles, and numerical models constructed by
computer calculations involving interactions in
accordance with some law (e.g., Lennard-Jones
potential), using atoms with random positions
and velocities, followed by “quick hardening” or
quenching which means the abrupt removal of
atomic kinetic energy from the system. There are
also other algorithms for numerical random closepacking model building. Experiments have shown
that the structural properties obtained by different
approaches to random close-packing modeling are
similar, i.e. they are not sensitive to the method of
model building.
The main properties of random close-packing
model structures are the following. The structure
consists of ﬁve types of interatomic cavities (see

Fig. 1): tetrahedron, octahedron, trigonal prism
covered by three semioctahedra, Archimedean
antiprism covered by two semioctahedra, and
tetragonal dodecahedron. These cavities are called
Bernal cavities or Bernal cells. In a typical case
tetrahedra occupy 48% of the volume, semioctahedra 27%, trigonal prisms 8%, Archimedean
antiprisms 2%, and tetragonal dodecahedra occupy 15%. Structural defects of the random closepacking model have been studied by numerical modeling. There are regions of high density with pressure stresses concentrated inside
(p-defects), regions of low density with tension
stresses (n-defects), and regions of relatively high
shear stresses (τ -defects). Each of these defect
types includes, as a rule, nearly 10 atoms. Vacancies in the model are found to be unstable, so
their volumes are redistributed between surrounding atoms. Edge dislocations are also found to
be unstable, while screw dislocations have some
stability. Atomic diffusion in the model structures
proceeds by cooperative mechanisms due to correlated motions of nearest neighbor atomic groups,
or through vacant cavities with volumes equal to
those which result from ﬂuctuations in the atomic
structure.
Random close-packing models are used for
studying structural and physical properties of
amorphous metals and metal alloys. The free volume model is generally applied for investigating kinetic and mechanical random close-packing
properties. Numerous experiments have shown
that actual amorphous states have more perfect
short-range order (see Long-range and short-range
order) than random close-packing models predict,
so the model is inadequate for simulating real
amorphous structures.
RANDOM CONTINUOUS NETWORK (introduced
by W.H. Zachariasen, 1932)

A model of amorphous solid state structure
(see Amorphous state) according to which every
atom of a given type has a deﬁnite local order and coordination, but interatomic bonds admit
some distortions (bends, shears, contractions, extensions). The random continuous network model
is used to describe nonmetallic materials with covalent bonds. Fig. 2 shows (a) a two-dimensional
network with one type of atom with coordination 3, and (b) one with two types of atoms with
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RANDOM FIELD CORRELATION FUNCTION

Fig. 2. Random continuous networks: (a) with one atom type, and (b) with two atom types.

coordinations 2 and 3. This network lacks longrange, but not short-range order (see Long-range
and short-range order). Typical defects of this network are dangling bonds whose appearance is associated with local order violation. There may also
be present extended defects of the type found in
polycluster amorphous solids.
RANDOM FIELD CORRELATION FUNCTION
See Correlation function of random eld.
RANDOM PHASE APPROXIMATION

Approximation used in the quantum theory of
a gas of interacting Coulomb particles (electrons
in crystals, solid-state plasma) according to which
each particle is looked upon as free, and electrons
interact with a mean overall potential. In this case,
for the random phase approximation two-particle
bound states (electron–hole pairs, excitons) participate in charge density formation only to the
extent of their charge and polarizability. This approximation originated from processes of electric
charge screening and electron liquid collective be-

havior, and is based on the physically reasonable
supposition that under certain conditions one may
neglect the exponent of the sum over states with
randomly changing phases in comparison with the
number N of electrons (hence the name of the effect). So, with this neglect, we have for the Fourier
component of the charge density:
ρk−q =



ei(q−k)x i ≈ Nδk,q .

i

The random phase approximation is used for investigations of solid state electronic properties, in
particular it permits one to take into account electron interactions when analyzing quasi-particle
properties, and it is also used for introducing collective coordinates for the description of plasmons
(see also Plasma oscillations). Using the framework of this approximation the dielectric constant
in quantum shielding theory is calculated. The approximation is also used for calculating collision
integrals of the quantum kinetic equation for an
electron gas, and for Fermi liquid theory.
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RANDOM POTENTIAL

Potential energy V (r) of a quasi-particle in a
disordered solid state environment which is changing in a random manner in space, and is described
by a random function of three-dimensional coordinates, i.e. by deﬁnition it is a random ﬁeld.
The random potential is usually established by parameterizing families of functions V = V (r, ω),
where ω = (ω1 , ω2 , . . . , ωn , . . .) is the parameter set in which ωi are the values with given
distribution functions p(ω)dω. The Gaussian random ﬁeld (see Gaussian distribution) and the Poisson random ﬁeld are often used in random potential theories. Gaussian ﬁeld parameters are the
coefﬁcients uk of the Fourier expansion V (r) =
k uk exp(ikr) which are associated with the distribution p(uk ) = N exp[−|uk |2 /(2ak )], where
N is a normalization factor, ak are material positive quantities corresponding to the mean values of the uk coefﬁcients squared: |uk |2  = ak .
A Poisson ﬁeld is a superposition of potentials
vi = v(r − R i ) with centers situated at points designated by coordinates (R1 , R 2 , . . . , R N , . . .) that
parameterize the ﬁeld: V (r) = N
i=1 v(r − R i ).
Usually coordinates R i are considered homogeneously distributed in the system, so p(R i )dR i =
dR/Ω, where Ω is the system volume. Many
physical values in disordered systems are expressed with the help of pair correlation functions ψ(r 1 , r 2 ) = V (r 1 )V (r 2 ). For a homogeneous isotropic random potential this function depends only on r = |r 1 − r 2 |, i.e. ψ(r 1 , r 2 ) =
ψ(r). Random potentials are often classiﬁed in
terms of pair correlation functions, and when
the correlation function is of the form ψ(r) =
ψ1 exp(−r/rc ), where ψ1 , rc are constant values,
we have a Coulomb random potential. A Poisson ﬁeld with the potential vi (r) = Ze2 ε−1 ×
|r − R i |−1 exp[−|r − R i |/r0 ] (where Ze is ion
charge, r0 is screening radius, ε is the static dielectric constant, i = 1, . . . , N ), is a Coulomb type,
and in this case rc = r0 , ψ1 = 2πZ 2 e4 r0 /ε2 ,
and n = N/Ω is the density of scattering centers.
A delta-function random potential is one in which
ψ(r) = Φ0 δ(r), where Φ0 is a constant. An example of such a random potential is Poisson’s ﬁeld
expressed as a superposition of short-range interaction potentials approximately described by the
expressions vi (r) = v0 δ(r − R i ), i = 1, . . . , N .

For such a ﬁeld Φ0 = nv02 , n = N/Ω. If the pair
correlation function is continuous together with all
its derivatives at r → 0, then the random potential is called a smooth one. Using a random potential facilitates tasks of ﬁnding spectral densities
of states of electrons and phonons, and describing
transport phenomena in disordered systems (see
also Correlation functions of random elds).
RANDOM WALK

Model of particle transport in ordered and disordered solids describing the thermal motion of
classical particles (atoms, molecules), or incoherent transport of quantum particles (e.g., triplet
excitons). The simplest such model is a discrete
random walk on a lattice in which at every time
increment the wandering particle jumps from an
occupied site to one of the neighboring unoccupied sites with equal probability. Over a long time
interval the random walk process resembles a diffusion type behavior: the mean square distance
covered in time t is r 2 (t) = Dt , where the diffusion coef cient is D = a 2 /τ , a 2  is the mean
square particle displacement per step, and τ is the
time interval between successive steps (see Diffusion, Migration). A more commonly used model
is a random walk with continuous time in which
the probability density for the waiting time until
the next step is set by some (normalized) funcp(t). If there is a mean waiting time τ =
tion
∞
tp(t)
dt , then a random walk with a continu0
ous time evolution will, over a long time span, lead
to the same result as a discrete random walk with
step time τ . If the ﬁrst moment r(t) of the expectation time distribution vanishes, then the nature
of the time dependence of the second moments
r 2 (t) is determined by the speciﬁc form of p(t).
In this case the particle behavior involves anomalous diffusion. Many other random walk models
have been studied in detail: models with log-range
jumps over regular lattices, models with correlated
sequential steps, random walks in disordered systems with different life time distributions at sites,
or different probabilities for jumps between sites.
Random walk mathematical theory permits the
calculation of the probability of a given site occupancy, the time distribution of reaching sites at
various distances, the distribution moments of the
motion, and other values. An important property
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of a random walk is its possibility of intersecting
itself. The wandering is called unrestricted random walk if there is a probability of repeatedly
visiting the same sites of the lattice. The opposite
case in which each site can be visited only once
is called a self-avoiding random walk, and it involves a wandering path that never crosses itself.
A self-avoiding random walk is a useful model for
connecting the monomers of a long chain polymer.
An unrestricted random walk on a fractal system
involves assignments of fracton dimensionality values.
RAPID ELECTRIC HEAT TREATMENT

One of the most widely applied types of rapid
heat treatment, which is characterized by the use
of high-frequency electric currents or electrical
contact heating. Under these conditions the latent heat required for phase and structural transformations is generated directly in the reacting
metal volume. With rapid electric heat treatment
the kinetics of a transformation does not depend
on heat transfer processes (unlike heating by an
external source), which essentially inﬂuence the
diffusion redistribution of elements, the formation
of a grain structure, and may lead to an alteration
of the phase transition mechanism. The original
state of a metal acquires a special meaning with
rapid electric heat treatment, because the heating
of alloys, which are in a metastable state, causes
relaxation processes to take place, which result
in the formation of intermediate structures with a
complex of physical properties, that cannot be obtained through conventional heat treatments.
During rapid electric heat treatment the temperature ranges of phase transitions, dehardening
processes, restoration of crystals, and recrystallization are displaced toward higher temperatures. In
deformed steel relative to the annealed state, the
lowering of the austenitizing temperature, changes
of phase transition kinetics, and volumetric effects of this transition can occur. The latent work
hardening energy can be partially retained up to
the phase recrystallization onset temperature. The
lowering of the critical point is proportional to
the part of the latent cold-working energy relaxation at the phase transition. The austenite formation at heating for hardening depends on the
dispersion of the initial structure (see Disperse

structure): the rougher it is, the higher the homogenization temperature. This property can be

applied in the heat treatment concepts based on
the limited homogenization effect. When highcarbon steels are heated the limited dissolving of
cementite in austenite can cause local microfusion in accordance with a eutectic type reaction.
The heating of ferrito-perlite structures can induce
the alpha to gamma conversion to perlite regions
and structurally free ferrite, and this is associated
with the inhibition of the diffusion concentration
equalization process in the two-phase region of
the compositional phase diagram. This is widely
used for hardening with the formation of socalled duplex structures. The hardening of hightemperature phases being formed at rapid heating
allows one to change the structure and morphology of hardened products over a broad range. By
heating strengthened structures for annealing or
aging, the morphology and phase composition of
decay products (see Alloy decomposition) can also
be altered over a broad range: e.g., during the tempering of alloyed steels the formation of special
carbides can be inhibited. At rapid electric tempering the following are possible: changing the decay
sequence as a result of different kinetics at all annealing stages, the formation of particular structures proper only for electroannealed steels, with
a special favorable complex of physicochemical
properties (strength, plasticity, hardness etc.) that
is associated with the generated ﬁne structure of a
matrix and carbide phase. Electric tempering and
heating for aging are used as the terminal operation of thermal processing, and also as a preparation technique for preparing a structure suitable
for subsequent mechanical and thermal processing. The ultrarapid heating for annealing inhibits
the pre-recrystallization processes that determine
the recrystallization kinetics. As a result of ultrarapid heating, the rate of initiating recrystallization
centers, and the rate of their growth, vary noticeably, and their concentration increases, thus promoting the formation of a special ﬁne-grained homogeneous structure. Increasing the heating rate
shifts the recrystallization toward higher temperatures, and can reach a phase transition point. The
inﬂuence of the rate is more strongly pronounced
for the heating of heterogeneous structures than
for the heating of homogeneous alloys and ﬁne
metals.

RASTER ELECTRON MICROSCOPE

A rapid electric heat treatment has particular technological advantages in comparison with
burning processing. In most cases the properties
of the processed metal are superior, with momentary heating the metal surface is less oxidized, and
the overheating structure formation or metal burning is eliminated. The rapid electric heat treatment
method offers wide opportunities for automation
and robotizing the operation, and solves problems
involving environmental concerns.
RAPID HEAT TREATMENT, rapid thermal
annealing
Heat treatment at a heating rate of tens and
hundreds of degrees per second. Pulse heating

should be applied in the cases when the crosssections of the heated metal or the heating method
allow one to neglect the heat transfer into the
depth of the metal, which during conventional
heat treatment considerably inﬂuences the kinetics of phase transitions and structural transformations (see Structural phase transition). Heating that
involves pulsed thermal treatment using external
sources, e.g., due to radiation, can be carried out
with the help of resistance furnaces, inductionmufﬂe furnaces, salt tanks and lamps. Heating
by electron or laser beams is widely used. These
methods are most effective for the surface heat
treatment of metals and alloys, and are used for
the purpose of quenching and tempering during
a strengthening treatment, and also for an overall or recrystallization annealing during a softening treatment of near-surface layers.
RAPID THERMAL ANNEALING
See Rapid heat treatment.
RARE-EARTH ELEMENTS, lanthanides

Fifteen chemical elements from 57 La to 71 Lu,
ﬁlling the 4f n electronic shell with n = 0 to 14.
Each element has a Xe rare gas inner core of
electrons (2 + 8 + 18 + 18 + 8 = 54). The outer
valence electrons are 6s 2 and sometimes 5d 1 .
A salient feature of rare-earth elements is their
close association in nature (e.g., the monazite mineral RPO4 contains R = Y, La, Ce, Nd and sometimes phosphates of other rare-earth elements and
Th). In addition, they are very close to each other
in their chemical properties. Rare-earth elements
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form thermally very stable oxides practically insoluble in water. Many rare earths exhibit unusual
optical and mechanical properties, which provide
wide possibilities for their applications (see Magnetism of rare-earth metals). In the older literature
sometimes yttrium (39 Y) and scandium (21 Sc) are
mentioned as rare earths, but the term lanthanides
is always restricted to the 4f n series of elements.
RARE EARTH MAGNETISM

See Magnetism of rare earths metals.
RASHBA EFFECT (E.I. Rashba, 1957)

An increase in light absorption by an impurity
center as the impurity level approaches the bottom
of the exciton band with an extremum at K = 0.
The effect has been observed in molecular crystals and semiconductors. The Rashba effect is explained by the fact that, as the energy of a localized state approaches the band edge, exciton states
“mix” with it more and more, its radius correspondingly grows, and the dipole moment of the
impurity center transition increases.
RASTER (fr. Lat. rastrum , rail)

A track traced out on a surface by a scanning
electron beam, or the pattern formed by a sequence
of such tracks. For example, the raster in a scanning electron microscope presents details of lines
formed by a focused electron beam scanning along
the surface of a target (a specimen or an electron
beam tube screen). In that case the raster delineates the analyzed area at the specimen surface,
which as a rule is rectangular. In an imaging tube
the electron beam scans along a similar but larger
scan raster, each point in that scan corresponding
to a particular position of the beam at the solid surface of the specimen. In optics a raster is a grid of
transparent, opaque or reﬂecting elements, placed
on a substrate, its purpose being to transform or
modify the structure of a light beam incident upon
the raster. Rasters are used in cathode ray tubes,
television, photography, and in printing.
RASTER ELECTRON MICROSCOPE

See Scanning electron microscope.
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RAW RUBBERS

RAW RUBBERS

Polymers consisting of macromolecules that

are similar to isoprene (CH2 =C(CH3 )−CH
=CH2 ) and have a chain structure. They form a
complicated topologically disordered system. At
ordinary temperatures they are highly elastic; they
transform to a viscous ﬂuid state as the temperature T increases, and to a vitreous state of matter
as the temperature decreases below that of vitri cation. The elasticity of raw rubbers is due to untwisting and aligning (in the direction of stretching) macromolecules accompanied by a change in
the valence angles and interatomic distances. To
remove existing plastic deformation, consisting in
a relative displacement of the centers of gravity of
individual molecules, the latter are cross-linked together with transverse chemical bonds, i.e. vulcanized (see Rubbers). Raw rubbers with molecules
exhibiting a regular structure crystallize at certain
temperatures, especially during the the course of
stretching. Irregular raw rubbers are more stable
and do not crystallize.
RAYLEIGH DIFFRACTION, MÖSSBAUER

See Mössbauer radiation Rayleigh diffraction.
RAYLEIGH LAW (for magnetization)
(J.W. Rayleigh, 1887)

Parabolic dependence of the magnetization M
of ferromagnets on the external magnetic eld
strength in weak magnetic ﬁelds (below the coercive force Hc ). The Rayleigh law has the form:
M = χa H ± bH 2 .
Here ± relates to the cases H > 0 and H < 0, respectively, χa is the initial magnetic susceptibility,
and b is the Rayleigh constant. According to modern concepts, the nature of χa may be associated
with reversible magnetization rotation processes
and domain wall displacement processes in the
magnetization, whereas b is associated with irreversible processes. The values of χa and b can
sometimes be determined by the remanence. For
many materials (Fe, Co, Ni, etc.), the Rayleigh law
is valid over a wide range of temperatures up to the
Curie point.

RAYLEIGH SCATTERING OF LIGHT
(J.W. Rayleigh, 1871)

Coherent scattering (without change of frequency) from optical inhomogeneities, whose dimensions are much smaller than the wavelength
of the exciting light. In a solid, Rayleigh scattering occurs from the short-wavelength ﬂuctuations
of static defect concentrations, and from microinhomogeneities of various types.
RAYLEIGH WAVES
See Surface acoustic waves.
REACTANCE, reactive impedance
The part of the total impedance of an electrical
(alternating current) circuit that comprises a capacitance C and an inductance L. According to

Ohm’s law we have for a series circuit: V = I Z,
Z = (R 2 + X2 )1/2 . Here Z is the total impedance
of the circuit, V is the voltage amplitude, I is the
current amplitude, R is the resistance (dissipative
impedance), and X = ωL − 1/(ωC) is the reactance, where ω is the angular frequency of the
harmonic oscillations of the current. The quantity
ωL is called the inductive impedance, and 1/(ωC)
is the capacitive impedance. If R  ωL, 1/(ωC)
then the series circuit exhibits resonance properties at the frequency ω of an applied alternating voltage which coincides with the natural resonance frequency ω0 = 2πf0 = 1/(LC)1/2 of the
circuit.
REACTION, CHAIN
See Chain reactions.
REACTION, PERITECTIC
See Peritectic reaction.
REACTION, PHOTOCHEMICAL
See Photochemical reactions.
REACTION, QUASI-CHEMICAL
See Quasi-chemical reactions.
REACTION RATE CONSTANT, speci c reaction
rate
The rate of a chemical reaction with the concentration of each reacting substance equal to

unity. A reaction rate constant, strictly speaking,
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is a value for a simple reaction which follows the
law of mass action. In solid bodies it is meaningful only for true monomolecular and bimolecular reactions; thus the rate constant is the reciprocal of the mean lifetime of a molecule before
entering into the reaction. In other cases the effective reaction rate constant is a combination of
the true rate constant with the concentrations of
the reagents. The temperature dependence of a reaction rate constant usually follows the Arrhenius
law: k = k0 exp[−E/(kB T )], where E is the activation energy, and k0 is the preexponential factor.
Exceptions are tunneling reactions for which the
rate constant either has no dependence, or only a
weak dependence on the temperature.
REACTIVE DIFFUSION, reaction diffusion,
reagent diffusion
Diffusion process accompanied by a reaction

between the diffusing components that results in
the formation of new phases or chemical compounds. For example, reactive diffusion appears
during the growth of a metal oxide ﬁlm at a metal
surface that forms in the course of diffusion of
metal atoms through that ﬁlm to the surface enriched with absorbed oxygen. Intermetallic compounds may also form and accumulate during the
interdiffusion of two metals. The kinetics of reactive diffusion may be controlled either by the rate
at which the diffusion feeds the reacting components, or by the rate of reaction between them.
The kinetic law describing the growth of the new
phase depends on the rate-controlling step in the
process.
REACTIVE IMPEDANCE
See Reactance.

temperature of its completion coincides with the
temperature at which the inverse martensite transformation terminates. Note that the temperature
of the end of this transformation depends on the
level of stresses generated, increasing for higher
levels of stress. The respective shift in the temperature scale may reach 100–150 K. For strong
materials reactive stresses may reach ∼600 MPa,
while record cases such as doped titanium nickelide attain ∼1200 MPa. The kinetics of generating reactive stresses repeats that of the martensite–
austenite transformation in general, but in certain
cases reactive stresses with heating may appear
far earlier than in the martensite transformation
case. Sometimes reactive stresses grow over a very
broad temperature range. For example, they cover
the range from 77 K to 850 K for ferromagnetic alloys. In other cases, reactive stresses are
found both during heating and cooling. A reverse
effect of reactive stresses is known for titanium
nickelide, in which, as heating proceeds, reactive
stresses pass through a maximum, and then repeat
their kinetics in an inverse order during the ensuing cooling. Moreover, this effect occurs over and
over again. As a rule, however, reactive stresses
only generate during the heating half-cycle, while
during the cooling half-cycle they relax within the
temperature range of a direct martensite transformation. The process of generation–relaxation of
reactive stresses may be repeated in successive
thermal cycles.
The physical nature of reactive stresses is apparent: a redistribution of elastic and inelastic
strains takes place in the regime of repeated shape
memory effect and transformation of metal plasticity. The effect of reactive stresses is widely used to
produce stressed units, e.g, when joining pipelines
by mufﬂers made of alloys with shape memory.

REACTIVE STRESSES

Mechanical stresses that form during the course
of implementing the shape memory effect, provided the material recovering its shape after heating and deformation is held ﬁxed in some restraining device. Reactive stresses manifest themselves
when heating brings the material through the temperature interval of the inverse martensitic transformation. The temperature at which such stresses
start to form en masse coincides with the temperature at which austenite begins to form, and the

REAL CRYSTALS
Crystals characterized by deviations of their
crystal lattice from an ideal crystal periodicity because of the presence of defects of various types.
The latter form during crystallization from the melt
or the gas phase, during recrystallization, or under
the effect of various external actions, e.g., plastic
deformation.

The number and nature of the defects that form
during the growth of real crystals are controlled
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REAL STRENGTH

by the conditions in which the crystal grows, and
also by the impurities and inclusions that it contains. Faces of the growing real crystals capture
impurities under certain conditions. Moreover, this
process is not uniform in nature since various crystallographic faces exhibit differing adsorption energies. This can result in a segmented crystal structure with a corresponding chemical inhomogeneity. The latter also develops when the temperature
changes periodically during monocrystal growth,
and the crystal may develop a zonal structure.
An inhomogeneous distribution of impurities in a
crystal results in local changes of the crystal lattice parameters, providing an additional source of
internal stresses and of generated defects (dislocations) that may produce cracks. Defects contained
in real crystals are always in mutual relation to and
interaction with each other. For example, the appearance of point defects promotes the formation
of dislocations, while the surfacing of screw dislocations is accompanied by the formation of a surface defect, the so-called growth spiral at a face of
the growing crystal, etc.
REAL STRENGTH, actual strength
Real strength of materials while in use. The ac-

tual strength of polycrystalline materials widely
used in practice (see Polycrystals) is 2–3 orders
of magnitude lower than their theoretical strength.
Such a discrepancy is explained by the Grif th theory as resulting from the development and growth
under load of microcracks (see Cracks) already
present initially in the specimen. For metals of
low plasticity with body-centered cubic lattices,
the actual strength may be determined within the
framework of the Stroh theory, which takes into
account that a microcrack is generated as a result
of plastic deformation prior to the breakdown itself, while the development of that microcrack is
treated within the framework of the Grifﬁth theory. For highly plastic metals in which their breakdown is viscous in nature (see Tough failure) the
low actual strength is explained by the high mobility of the dislocations and a low value of the
yield limit. Strength in that case is equal to the ﬂuidity limit plus strain hardening. Levels of actual
strength close to the theoretical strength can be
achieved in dislocation-free thread-like crystals.

REAL SURFACE, nonideal surface
State of a solid surface found under ordinary

atmospheric conditions. The real surface forms as
a result of the interaction of surface atoms of a
solid with the atmosphere, ﬁrst of all with molecules of oxygen and water, that can result in the
formation of an oxide (hydroxide) ﬁlm up to several ångströms thick. The state of the real surface
of a semiconductor also depends on the chemical
processing of the respective specimens after they
are cut out of a more massive crystal so as to eliminate structural defects. Chemical processing usually consists in etching a semiconductor with various acids and bases, followed by washing in distilled (deionized) water. An oxide ﬁlm forms at the
surface of a semiconductor after etching, its composition and structure depending on the conditions
of the etching, and on the subsequent interaction
of the etched surface with the ambient medium.
Since the natural oxide surface ﬁlm is not very
stable, there results variations of the electrophysical properties of the surface with time. In most
cases these electrophysical properties are studied
in vacuo where the surface is more stable. To improve the surface stability certain techniques for
passivation are available (see Surface passivation).
This is achieved by growing various coatings of
lm s at the surface or coating it with them.
REAL-TIME HOLOGRAPHY, dynamic
holography

A method of recording and reconstructing the
wave ﬁeld of coherent light beams. In the usual
static holography process a recording is made of
the pattern formed from the interference of the object beam with a reference beam. The information
is stored within the medium of the hologram (system of recorded interference lines) by an optical
recording that employs the spatial variation of the
refractive index n or of the absorption coef cient κ.
The phase holograms associated with variations
of n are the brightest and most effective. These
variations provide the data needed for reading the
stored image. In real-time holography the recording occurs through the direct effect of the incident
beams without an intermediate stage of development, so the recording waves are to some extent
distorted during the course of this process itself.
There are different schemes used in information
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processing systems for redistributing the intensities and phases of the recording beams interacting through the holographic medium, e.g., energy
pumping between the beams (attenuation of donor
beam and ampliﬁcation of acceptor beam), wave
front reversal, etc. The nature of the beam variation also depends on how quickly the changes of n
or κ induced within the medium exert their effect,
and on the so-called reversibility of the medium.
In solids there are different mechanisms bringing about the variation of the index of refraction
(and absorption) that affect the light beams. In
materials where optical nonlinearity is not associated with real light-induced transitions between
the states, the non-inertial recording of the interference ﬁeld of the light beams is carried out.
Particular mechanisms of recording are associated
with light absorption, owing to variations of state
of the medium, or to the appearance of free current
carriers or excitons in semiconductors, to the heating, etc. In each of these cases the photoinduced
variation of n and κ occurs due to the variation of
the electronic redistribution of charge carriers between traps, due to polarizability variations, due to
the appearance of an electric ﬁeld (electrooptical
effect), due to the dependence of n on the temperature, or on the magnitude of the elastic stresses,
etc. During the recording of the interference ﬁeld
these variations of n are spatially-modulated with
respect to the distribution of intensity in the interference ﬁeld.
The shift in the recorded lattice of the refractive index relative to the recorded interference picture, whose value is substantially reﬂected in the
properties of the dynamic transformation of the
beams, is the important parameter of holographic
recording. Most of the techniques for the photoinduced variation of n act on the local recording,
upon which the phases of the interference ﬁeld and
of the recorded hologram coincide. For the electrooptical method of recording phase mismatching (nonlocal recording) occurs. Such a shift may
be artiﬁcially obtained through local mechanisms:
e.g., in the lattice recording of free electrons with
the help of crossed electric and magnetic ﬁelds, if
the Lorentz force is directed across the strokes of
the holographic lattice.
In many non-metallic crystals the above listed
mechanisms of the photoinduced variation of n

are realized with n variations of the order 10−3
to 10−4 , which is quite sufﬁcient for the effective dynamic transformation of light beams in optically homogeneous media. The following materials are applicable: ferroelectric and pyroelectric crystals, in particular, lithium and potassium
niobates, barium titanate; semiconductor materials – silicon, germanium, gallium arsenide, cadmium sulﬁde. These are good sensitive media for
applications using methods of acoustic wave dynamic holography. Methods for real-time holography of long-wavelength electromagnetic radiation
and neutron beams have been developed. See also
Optical techniques of information recording.
REARRANGEMENT OF STRUCTURE,
RADIATION-INDUCED
See Radiation-induced rearrangement of structure.
RECIPROCAL LATTICE

A lattice in reciprocal or k-space constructed
from the basis vectors of a lattice in coordinate
space (Bravais lattice). The three basis vectors of
a reciprocal lattice have the form
b1 = a 2 × a 3 /v,
b2 = a 3 × a 1 /v,
b3 = a 1 × a 2 /v,
where a 1 , a 2 , a 3 are the basis vectors of the direct lattice, a i × a j is the vector product, and v =
a 1 · (a 2 × a 3 ) is the volume of a unit cell of the
crystal direct lattice. An arbitrary vector g of a
reciprocal lattice can be written
g = 2πn1 b1 + 2πn2 b2 + 2πn3 b3 ,
where n1 , n2 , and n3 are integers. The volume
of a unit cell of the reciprocal lattice is equal to
(2π)3 /v. All physical characteristics of a crystal
that depend on the quasi-wave vectors k are periodic functions of k with the period of the reciprocal lattice. The convenience of introducing the
reciprocal lattice is that any function of coordinates (that is periodic in the direct crystal lattice)
can be represented in the form of a Fourier series
summed over all the vectors of the reciprocal lattice:

f (r) =
Ag exp(i g · r).
g
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For any vector R of the crystal lattice (direct lattice) and g of the reciprocal lattice, the equation
exp(i g · R) = 1 holds. This means that each vector
of the reciprocal lattice is normal to a certain set of
planes of the direct lattice, and allows the planes of
the direct lattice to be designated in terms of the
reciprocal lattice, or by using the Miller indices
n1 , n2 , and n3 introduced above (see Crystallographic indices).
As a symmetric unit cell for the reciprocal lattice, it is often convenient to select the so-called
Brillouin zone rather than a parallelepiped (primitive cell) constructed from the vectors bi . The
Brillouin zone is useful when presenting the dispersion relations of elementary excitations in a
crystal.
RECIPROCAL LATTICE CELL

A parallelepiped constructed of vectors of the
reciprocal lattice (k-space), which can replicate

and ﬁll this space to generate a reciprocal lattice.
RECIPROCAL SPACE
The same as k -space.
RECOIL ATOM
An atom of a material which has received a

considerable momentum due to an impact from
an incident particle (e.g., ion, neutron, high-energy
electron, etc.), or as a result of a nuclear reaction
(see Nuclear doping).
During the bombardment or irradiation of a
solid with particles, the recoil atoms contribute to
its sputtering by forming the high-energy part of
the spectrum of sputtered atoms. When the recoil
atoms that were knocked out from the surface of
a solid body or from within a thin lm are excited
or ionized in their inner shells they can emit electromagnetic radiation and Auger electrons (see
Auger electron spectroscopy) with spectra having
Doppler broadening (see Doppler effect) and other
features that provide information on the crystalline
and electronic structure of a solid, and the chemical composition of its surface. Under the ionic
bombardment of a solid coated with a thin layer
of another substance, the recoil atoms induce the
implantation of atoms from the coating into the
solid (implantation of recoil atoms). In the bulk
of a solid, recoil atoms form radiation defects. See
also Hot atoms.

RECOMBINATION of current carriers

The phenomenon of the annihilation of an electron and a hole. Recombination occurs in either a
semiconductor or an insulator during a direct interaction called band-to-band recombination. This
involves a transition of an electron from its energy
state in the conduction band into a vacant state in
the valence band.
Energy of the order of the width of the band
gap Eg is released during the recombination of
current carriers in semiconductors or insulators.
Recombination is classiﬁed according to the mode
of the energy release; it is: radiative (emission) recombination when a quantum of light is emitted,
and nonradiative recombination when the energy
is transferred to a third carrier or to lattice vibrations (see Auger effect). Radiative recombination
is effective in direct-gap semiconductors.
Radiative processes can take place both in the
bulk of a semiconductor, and at its surface. In
many cases (particularly during nonradiative recombination) the process goes through several
stages in which local electronic levels involving
impurity centers or defects of crystal structure take
part. The Shockley–Read–Hall theory speciﬁes the
dependence of the recombination rate on the defect concentration, the temperature, and the parameters describing the trapping of carriers into the
local states for that case.
An important role in recombination processes
is played by the binding of electrons and holes into
excitons and exciton complexes (see Electron–
hole liquid). The phenomenon of recombination
waves is closely associated with recombination
processes.
RECOMBINATION, SURFACE
See Surface recombination.
RECOMBINATION WAVES
Recharging waves in traps in semiconductors,

which develop under certain conditions when a
strong electric ﬁeld is applied to the material.
For large enough hole trapping cross-sections in
n-type semiconductors, the local ﬂuctuations in
conduction electron concentration induce changes
in hole concentrations at traps. Provided the electron trapping capture cross-sections are low, such
a combined ﬂuctuation dissipates slowly, and under the inﬂuence of an external electric ﬁeld, it
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drifts through the specimen in the direction opposite to that of the ﬁeld. The condition of current instability with respect to the formation of recombination waves envisages simultaneously satisfying the conditions involving a high enough
concentration of secondary current carriers, holes.
First, one should have p0 /n0 > τp /τn , where n0
and p0 are concentrations, τn and τp are capture
times for electrons and holes (τn
τp ), respectively; second, the drift length for holes in the
external ﬁeld should exceed the diffusion length;
n0 < Ne , Nh , where Ne and Nh are the concentrations of centers capturing electrons and holes,
respectively. The phenomenon of recombination
waves in semiconductors was theoretically predicted and experimentally studied in germanium
crystals doped with certain elements (e.g., Sb, Mn)
that have deep levels, in silicon (Zn), etc.
RECOVERY

Totality of processes increasing the structural
perfection of a distorted (containing many defects)
crystalline material without change of dimension
or shape of grains, limited by large-angle grain
boundaries.
In the course of recovery of the deformed crystals two stages are distinguished: restoration of
crystals and polygonization. The repose stage involves the redistribution and reduction in concentration of point defects, and also the redistribution and partial annihilation of dislocations without forming new boundaries. Repose is the main
low-temperature stage of increasing the perfection
of distorted crystal structures. During the investigation of the recovery process the most useful information is obtained with the help of electrical
resistance measurements and calorimetric analysis (see Calorimetry), as well as the method of internal friction, and others. The Van Buren classiﬁcation distinguishes ﬁve stages of recovery of
properties upon increasing the annealing temperature (with different values of activation energies).
The ﬁrst three stages are related to repose: (I) recombination of interstitial atom–vacancy pairs,
(II) diffusion of the interstitial atoms and groups
of vacancies, (III) diffusion of the single and dual
vacancies. Stage IV is associated with the migration of vacancies to dislocations which helps the

polygonization process, when metastable dislocations become aligned, and stage V directly involves the thermally activated motion of dislocations in the processes of recrystallization and nucleus formation. Mechanical properties of crystals
(yield limit, plasticity) at the stage of repose vary
only weakly because the dislocational structure
itself also varies weakly. The more pronounced
changing of mechanical properties appears at the
stage of polygonization.
RECOVERY, ELASTIC
See Elastic recovery.
RECOVERY OF AGED ALLOYS

The phenomenon of the regeneration of properties of aged alloys (see Alloy aging) due to the passing into solution of the decomposition products of
the supersaturated solid solution (see Alloy decomposition). Alloys subjected to continuous decomposition of the solid solution can achieve almost
total recovery of their structure and properties. In
alloys aged according to the cellular (interrupted)
mechanism, a fragmentation of the grain structure
occurs, and the source structure is not regenerated.
RECRYSTALLIZATION

Three meanings of this term are in use.
1. A process which consists in dissolving, melting, or evaporating crystalline material, followed
by a repeated crystallization from solution (melt,
gaseous phase). Recrystallization is used with the
object of removing impurities from starting materials.
2. Another use of the term is for the change
of the structure of a material in the solid state
due to a polymorphic transformation (see Structural phase transition). The nuclei of a new crystal
structure can arise inside the initial phase on heating (or cooling) over a certain temperature range.
The growth of the new phase consists in the consequent increase of sizes of nuclei consistent with
orientational and dimensional relations (see Orientation relations). As a result, the crystals of the
new phase possess a certain orientation with respect to the grains of the initial phase. Recrystallization in the solid state may either involve or not
involve diffusion; the process is accompanied by
elastic stresses, which arise because of the difference between the volumes of the initial and ﬁnal
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phases. If the temperature of recrystallization is
close to the temperature of thermodynamic equilibrium, then the generation and growth of the nuclei are slow; this results in the generation of a
ﬁne-grained structure which has a favorable effect on the mechanical properties of alloys; the
procedure is used for increasing the strength and
other characteristics of steels through annealing
and quenching.
3. Process of replacement of a perturbed structure of crystalline material by new polycrystal
grains (see Polycrystal) within the same phase,
such grains having a more perfect crystal structure and lower free energy. Recrystallization may
be observed both in deformed crystals and crystals perturbed through other techniques (e.g., during monocrystal growth while being bombarded by
high-energy particle beams, etc.).
Recrystallization is a stage of structural
changes during the process of heating the deformed crystal. It follows the stage of recovery
of crystalline properties (restoration of crystals and
polygonization) that results in the formation of a
polycrystalline structure with a low density of dislocations and other structural defects. Recrystallization occurs through the formation of embryos,
and their subsequent growth involves the migration of large angle boundaries.
Three principal stages of recrystallization may
be identiﬁed: initial, collective, and secondary.
The initial recrystallization stage is the process
of generating recrystallization centers and their
growth up to contact with neighboring new grains
in the recrystallized regions. The new grains have
a more perfect structure than the initial matrix,
and are separated from it by large angle boundaries. The collective recrystallization stage consists in the growth of newly crystallized grains at
the expense of others, via expansion or migration
of their large angle boundaries. The average grain
size then increases, but no major scatter in grain
size is observed. The driving force of the initial
recrystallization consists in the depletion of energy stored during plastic deformation related to
dislocations and other defects of the crystalline
structure. Meanwhile the driving force of collective recrystallization is the lowering of the free energy of grain boundaries due to their shrinkage per
unit volume. Secondary recrystallization differs

from the collective type in that only a few of the
recrystallized grains posses the capacity for further growth, and they may reach a very large size
relative to the ﬁne grain matrix. Secondary recrystallization occurs in the absence of normal
continuous grain growth. It is observed if grain
boundaries are ﬁxed by the dispersed particles of a
second phase. In that case, when heated, the grain
boundary may move by way of either “dragging”
these particles with it (slow collective recrystallization), or by tearing itself from the particles
(provided the moving force of recrystallization
is strong enough). In the latter case the torn-off
boundary begins to quickly migrate while the
other boundaries are still held pinned by the particles of the second phase. This is when secondary
recrystallization develops, resulting in a widely
discordant material granularity. This latter process
acquired the designation of quick or anomalous
recrystallization. Certain textures may also stabilize the structure (hamper grain growth), thus
causing secondary recrystallization. The separate
stages are thermally activated processes, so that
their rate grows exponentially at higher temperatures, while their onset is usually preceded by an
incubation period. The values important in practice are the initial and the ﬁnal temperature of primary recrystallization (tri and trf ), and the starting
temperatures of the collective and the secondary
recrystallization. These temperatures depend on
the presence of impurities, the initial structure
(strain ε), and the duration of annealing τ . For example, tri and trf decrease when ε and t grow. The
presence of dispersed particles of a second phase
may sharply slow down recrystallization, since tri
then increases due to blocking of the large angle boundaries of dislocation units (see Fragmentation). It also serves to increase the temperature
of the collective recrystallization. The latter effect is widely used for technical applications. The
value of tri signiﬁcantly depends on the type of
interatomic bonding. The condition tri  t ∗ (see
Table 1), where t ∗ is the characteristic temperature of crystal strain, holds for covalent and partially covalent crystals, the mobility of dislocations signiﬁcantly decreasing below that temperature (see Plastic deformation of covalent crystals).
This effect is caused by the need to have dislocation transformations before a recrystallization nucleus can form. When cold brittleness is present,
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Table 1. Characteristic temperature t ∗ and onset temperature tr for recrystallization of crystallized materials on a homologous scale T /Tmelting
Material

Ge

Si

TiC

WC

NbC0.76

TiB2

ZrB2

Cr

Ta

Mo

t∗

0.83
0.89

0.82
0.84

0.61
0.51–0.60

0.49
0.52–0.55

0.48
0.53

0.42
0.51–0.52

0.29
0.47

0.20
0.3–0.4

0.20
0.3–0.4

0.17
0.3–0.4

tr

recrystallization of a deformed metal with a cellular structure results in a higher temperature of
brittle failure, while its plasticity simultaneously
increases above the temperature of brittle failure
and the yield limit decreases in accordance with the
Petch relation. The tendencies for localization of
plastic deformation and for the formation of necks
both diminish after recrystallization. To select an
optimal processing temperature for a metal, the
concept of a homology recrystallization temperature, tri = T /Trf , is introduced, where T is the
deformation or annealing temperature, and Trf is
the ﬁnal temperature of the initial recrystallization,
both expressed in kelvins. For example, the optimal plasticity of molybdenum and tungsten alloys
is reached at tri ∼ 0.95. Crystallographic texture
signiﬁcantly affects recrystallization. Various texture components in deformed metals feature various tri , which may result in a partial recrystallization during annealing. Annealing textures formed
after recrystallization either correspond to a deformation texture or noticeably differ from it. Textures may also vanish: e.g., a transition to a random distribution of orientations may take place.
Recrystallization may occur directly during the
process of hot plastic deformation (see Temperature conditions of plastic deformation). This is the
so-called dynamic recrystallization. In that case,
an equilibrium sets in between the processes of
strain hardening and dehardening, and the grain
size is controlled by the deformation temperature and rate. That is why dynamic recrystallization may be used for obtaining extremely ﬁnely
grained metals with low grain variability.
RECRYSTALLIZATION ANNEALING

Heating a solid to a temperature that provides
full recrystallization within a given time period.
Recrystallization annealing is used to lower the
dislocation density, to change texture, to form a

polyhedral polycrystal structure, and thereby to
bring the physical and chemical properties of a
solid to a level characteristic of an unhardened annealed state (see Hardening). Conditions for this
annealing of deformed materials are chosen using
recrystallization diagrams which provide the dependences of the temperatures for the beginning
and end of the initial recrystallization on the degree of strain for a given processing duration.
RECRYSTALLIZATION AT LOW
TEMPERATURES
See Low-temperature recrystallization.
REENTRANT SUPERCONDUCTORS
Compounds where Cooper pairs appear at the

critical temperature T c1 , then disappear upon further cooling to the point T = T c2 < T c1 which
has been called the second critical temperature.
Such a transition from the superconducting
state back to the normal state at decreasing temperature has been called a reentrant transition. This
destruction of superconductivity in reentrant superconductors is associated with the appearance
of ferromagnetic ordering in the regular lattice of
the magnetic atoms. The basic mechanism of suppression of superconductivity in a ferromagnet is
the strong exchange ﬁeld that effects the conduction electrons via their magnetic moments. The
spins of the Cooper pair electrons are antiparallel,
and the exchange ﬁeld acts to make them parallel,
thereby destroying the singlet superconductivity.
Unlike the case of ferromagnetic superconductors (see Magnetic superconductors), antiferromagnetic superconductors do not exhibit a reentrant transition because rapid spacial oscillations
of the exchange ﬁelds (at the atomic scale) average
to zero over the distance scale characteristic for the
Cooper pair, which is a coherence length ξ0 .
The destruction of superconductivity in reentrant superconductors always takes place via a
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phase transition which distinctly exhibits hysteresis. Both a direct transition from a paramagnetic
superconducting state into a normal ferromagnetic
state, and the emergence of a nonuniform magnetic structure in the superconducting state, the socalled coexistence phase, are possible. The latter
gives way to the normal ferromagnetic state under further lowering of the temperature. The ﬁrst
of these possibilities is realized in reentrant superconductors with closely spaced transition temperatures T c1 and T c2 . For example, in Tm2 Fe3 Si5
T c1 = 1.3 K and T c2 = 1.1 K. Direct transition
from the paramagnetic superconducting phase into
the ferromagnetic state is also observed in reentrant superconductors with disorder in the magnetic subsystem, i.e. in the pseudo-ternary compounds (Er1−x Hox )Rh4 B4 over a wide range of
concentrations 0.3 < x < 0.9, and also in other
series of pseudo-ternary compounds. The occurrence of the intermediate phase of coexisting magnetism and superconductivity has been observed
in the reentrant superconductors ErRh4 B4 (T c1 =
8.7 K, T c2 = 0.8 K) and HoMo6 S8 (T c1 = 1.8 K,
T c2 = 0.65 K).
In the framework of the model of the indirect exchange interaction of moments through
conduction electrons (Ruderman–Kittel–Kasuya–
Yosida interaction, RKKY interaction), the temperature of the appearance of magnetic ordering
is determined by the paramagnetic susceptibility
of the electrons χ s , and the wave vector q of the
magnetic structure corresponding to the maximum
of χ s (q). In the superconducting state at T < T c1
the value of χs (q = 0) is noticeably reduced due
to the appearance at the Fermi surface of a gap
in the electronic spectrum, whereas for the wave
vectors q
ξ0−1 the electronic susceptibility approaches its value in the normal metal. The value
q 0 ≈ (a 2 ξ0 )−1/3 , where a is on the order of the
interatomic distance, corresponds to the maximum
of χs (q), while the temperature of the emergence
of a nonuniform magnetic phase with wave vector q 0 practically coincides with the Curie point θ
which should have been observed in the absence
of superconductivity (1 K in ErRh4 B4 and 0.74 K
in HoMo6 S8 ). Magnetic anisotropy leads to a magnetic structure with a sinusoidally modulated magnetic moment directed along the easy magnetization axis. With the reduction in temperature,

the sinusoidal modulation very quickly transforms
into a domain-type structure with magnetization
changes localized in the domain walls. The electromagnetic interaction appears to cause the domain structure to be transverse with the period
d ∼ (aξ0 )1/2 , but the remaining parameters are
determined by the exchange interaction. Neutron
scattering data indicate d ∼ 10 nm in ErRh4 B4 ,
and in HoMo6 S8 it is about 20 nm. The magnetic
domain structure in the superconducting phase can
exist down to zero temperature (HoMo6 S8 ), but
only the small gain in energy arising from Cooper
pairing, stabilizes it. When this gain becomes less
than the excessive magnetic energy caused by nonuniformity, the ﬁrst-order transition to the normal
ferromagnetic phase occurs, and this determines
the reentrant transition temperature of ErRh4 B4
and HoMo6 S8 .
REFLECTANCE, re ectivity, re ectance factor

The ratio of the ﬂux of energy (particles) reﬂected by a body to that incident on it. In the
case of electromagnetic radiation, the reﬂectance
depends on the angle of incidence, the degree
of optical homogeneity, and the state of the surface of the reﬂecting medium (characteristic size d
of the surface roughness compared to the wavelength λ). For λ
d, specular reﬂection takes
place, whereas for λ  d, diffuse reﬂection occurs.
To calculate the reﬂectance one can use the Fresnel equations. In particular, the specular reﬂection
factor for a homogeneous medium at normal incidence is
R=

(n − 1)2 + κ 2
,
(n + 1)2 + κ 2

where n is its refractive index, and κ = k  λ/(4π)
characterizes the absorption (k  is the absorption
coef cient). In other words, the intensity falls to
[exp(4πκ)]−1 of its initial value when the light
beam travels a distance λ through the medium.
REFLECTION OF ACOUSTIC WAVES

Reradiation of waves by an obstacle back into
the medium where the incident wave originated.
The term “reﬂection of acoustic waves” is applicable in those cases when the approximation
of geometrical acoustics is valid; otherwise, one
deals with the diffraction (see Acoustic diffraction)
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or scattering of sound (see Acoustic wave scattering). As a rule, at the interface of two media,
the acoustic wave refraction takes place simultaneously with their reﬂection. In the general case, an
incident monochromatic elastic plane wave excites
three reﬂected (one quasi-longitudinal, and two
quasi-transverse) and three refracted waves. For
two media attached rigidly across the interface,
the boundary conditions reduce to the continuity
of displacements and mechanical stresses at every
point of the interface. In this case all waves, i.e.
incident, reﬂected, and transmitted, are taken into
account. The solution of the problem of reﬂection
and refraction of harmonic plane waves demonstrates that all wave vectors lie in the plane of incidence that is deﬁned by the normal to the interface
and the wave vector direction of the incident wave.
In reﬂection and refraction of acoustic waves, the
frequency remains unchanged. The wave vectors
can be used to determine the directions and the
rates of energy transfer for each wave (see Phase
velocity, Group velocity). There can appear, at the
interface between two anisotropic media, phenomena that are identical to those arising at the interface between isotropic media at so-called critical and supercritical angles of incidence, the latter
in the anisotropic case being deﬁned with respect
to the wave vectors. Since the direction of energy
transport in crystals does not, in the general case,
coincide with that of the wave vector, the reﬂection
of energy (sound beam) from the boundary can occur coincident with the refraction of the wave vector. The intensity of reﬂected and refracted waves
is characterized by reﬂection and refraction factors that depend on the properties of both media,
the wave polarization, and the angles of incidence,
reﬂection, and refraction.
REFLECTION OF LIGHT

A phenomenon that occurs during the arrival of
light at the interface between two media with different indices of refraction, and involves the formation of a secondary light wave that propagates
from the interface back onto the medium of incidence. There are specular, diffuse, and mixed
kinds of light reﬂection. Specular light reﬂection
is observable when the sizes of irregularities or inhomogeneities of the reﬂecting surface are much
smaller than the light wavelength λ. The reﬂected

beam lies in the same plane as the incident one,
and the normal to the interface (plane of incidence). The angle of reﬂection ψ (angle of reﬂected beam to the normal) equals the angle of incidence ϕ (angle of incident beam to the normal).
The re e ctance R depends on the angle of incidence, light wave polarization, and refractive indices (n1 , n2 ) of the adjacent media. The incident
light beam can be thought of as two beams planepolarized in two mutually perpendicular directions: one in the plane of incidence (p-component)
and the other in the plane perpendicular to it (scomponent). In the case of reﬂection from an insulator, for n2 > n1 , the reﬂectance Rp for the ﬁrst
component decreases down to the so-called Brewster angle ϕ B , where tan ϕ B = n2 /n1 (D. Brewster, 1815), as the angle of incidence increases; Rp
vanishes at the Brewster angle and then sharply
increases to 1 as ϕ grows to ϕ = π/2. The reﬂectance Rs for the second component increases
gradually, and at ϕ = π/2 it also attains unity.
Thus, at the angle equal to ϕ B , the interface totally reﬂects polarized light. This is used in reﬂective radiation polarizers. If the beam is incident
from an optically denser insulator (n1 > n2 ), then,
starting with a certain angle ϕ cr called the critical
angle, determined by the relation sin ϕ cr = n2 /n1 ,
the entire incident beam reﬂects at the interface for
ϕ > ϕ cr (total internal re ection).
The reﬂectance of many highly-absorbing media (in particular, metals) is large. Since the refractive index for absorbing media is complex-valued,
there is no Brewster angle. The high reﬂectance of
metals is explainable by the large concentration of
free carriers. There is a pronounced sensitivity of
the state of polarization of the reﬂected wave to
the nature of the metal, and its surface treatment
ﬁnds wide use in metal optics where the technique
for studying the optical parameters is the analysis
of intensity, phase difference, and polarization of
the reﬂected beam.
Diffuse light reﬂection involves scattering in
all directions. This takes place when the sizes of
the interface irregularities exceed λ. In the case
of ideal diffuse reﬂection, the reﬂected light intensity distribution is described by the Lambert law
(J. Lambert), which states that the brightness of a
diffusely reﬂecting surface is the same in all directions.
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REFLECTION, PLASMA
See Plasma re e ction.
REFRACTION OF ACOUSTIC WAVES
See Acoustic wave refraction.

frequency of the radiation. In anisotropic media, in
particular in other than cubic crystals, n depends
on the direction of propagation and the polarization of the light.
REFRACTOMETRY

REFRACTION OF LIGHT

Phenomenon at the interface between optically
differing media which consists, in the general
case, in a change of direction, amplitude, polarization and velocity of an electromagnetic wave
upon its passage from one medium to the another.
The refracted wave is related to the waves incident
at the interface and reﬂected from it. The problem of re e ction of light and refraction of light is
solved for particular boundary conditions imposed
on the electric E and magnetic H ﬁeld vectors of
the three waves. For transparent isotropic insulators the solution is provided by the Fresnel equations. For incidence on a uniaxial crystal, two refracted waves result, an ordinary ray (o) and an extraordinary ray (e) (see Birefringence), which have
different polarizations and velocities of propagation. The problems associated with the reﬂection
and refraction of light at boundaries of transparent crystals and of isotropic media are important
for the calculation and design of optical systems
containing crystalline components such as lenses,
prisms and mirrors.
Another use of the term is for bending of a light
beam associated with the variation of the refractive index of the medium in which it propagates.
For a continuous variation of the refractive index
a smooth bending of the light beam is observed.
A smooth variation of the refractive index across
the cross-section from the center to the periphery
of a glass optical ﬁber allows the concentration of
the propagating radiation along the ﬁber, and thus
facilitates the optical transmission of information
(see Fiber optics).
REFRACTIVE INDEX

The ratio between the velocity of electromagnetic waves in vacuo and the phase velocity of the
radiation in the medium under consideration. Thus
deﬁned, the refractive index n is also called the absolute refractive index. The value of the refractive
index in nonmagnetic media
√ is determined by the
dielectric constant ε: n = ε; and depends on the

A branch of technical optics which includes
various methods for determining the refractive index n of light in a gas or condensed phase. According to the value of n, it is possible to obtain
some information about polarizability and the effective charges of atoms of solids, or to identify
the properties of the band structure of a crystal.
REFRACTORY MATERIALS, high melting
temperature materials
Materials characterized by high melting temperatures (usually above 1800 ◦ C). Refractory
materials based on refractory metals and their alloys (chromium, molybdenum, niobium, tantalum,
tungsten, vanadium, etc.) and ones based on refractory compounds (carbides, oxides, borides,
etc.) are distinguished. Chromium, niobium, tantalum, and vanadium serve as base metals for

producing alloys with an appreciable content of
the minor alloy component. The majority of elements are poorly soluble (see Solubility) in molybdenum and tungsten, and hence low concentration alloys (see Alloying) based on these two elements are for the most part used. High-melting
metals exhibit cold brittleness, a property more
pronounced in alloys based on chromium, molybdenum and tungsten, than in those based on vanadium, niobium and tantalum. The reduction of the
cold brittleness temperature is brought about by
purifying the alloy from interstitial elements, as
well as by the generation of a ﬁne-grained dislocation cellular structure. The hardening of alloys is accomplished by solid-solution hardening
at alloying, as well as through precipitation hardening (see Precipitation-hardened materials) with
high-melting compounds. In order to achieve effective hardening the particle size of the second
phase must not exceed 0.1 μm. In wide use is
alloying molybdenum and tungsten with considerable amounts of rhenium (see Rhenium effect),
which simultaneously increases both the hightemperature strength and low-temperature plasticity, at the expense of decreasing the energy of
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stacking faults, and reducing the Peierls–Nabarro
stress (see Peierls–Nabarro model). Metallic refractory alloys are most commonly used as structural high-temperature materials. Tungsten alloys
exhibit the highest heat resistance at high temperatures, and the highest elastic modulus. However, in view of the high density and scarcity of
these alloys, they are replaced, whenever possible, by molybdenum alloys. Niobium alloys and
vanadium alloys offer promise as high-temperature
heat-resistant materials for nuclear power engineering. Chromium alloys exhibit the highest heat
resistance and corrosion resistance. Tantalum alloys are used most extensively in electronic equipment.
There exist both oxygen-containing (metal oxides) and oxygen-free refractory compounds. Refractory materials based on oxygen-containing
high-melting compounds are distinguished for
high refractoriness, and they are used for lining high-temperature furnaces; those based on
oxygen-free compounds (borides, carbides, nitrides, etc.) belong to interstitial phases or to compounds of diamond-like structure. A number of binary refractory compounds exhibit a high mutual
solubility of their components; e.g., components
of the systems TiC–ZrC, VC–TaC, etc. are completely soluble in one another, whereas most other
systems exhibit only partial mutual solubility. This
provides a variety of compositions and properties
of refractory materials based on such binary systems. These above materials are obtained, for the
most part, by methods of powder metallurgy. The
mechanical properties of refractory compounds
are conditioned mainly by the covalent component
of the interatomic bond (see Plastic deformation
of covalent crystals). Materials based on refractory compounds ﬁnd a wide range of applications:
cutting tools, abrasive materials, superconducting
materials, materials for jet-propelled devices and
nuclear power engineering, phases for dispersion
hardening of steels and high-melting metals, etc.
REGULAR SOLID SOLUTIONS
Solid solutions whose thermodynamic proper-

ties may be described within the framework of
the model of regular solutions. This statisticalmechanical model assumes that the solution consists of almost spherically shaped particles of sim-

ilar size. The potential energy of the solution is assumed to equal the sum of the energies of interaction between immediate neighbors of atoms. The
change of enthalpy (see Thermodynamic potentials) accompanying the formation of a single mole
M =
of such a binary solution is given by Hm
M = N Zx(1 − x)ω , where N is the AvoUm
A
12
A
gadro number, Z is the coordination number, x is
the mole fraction, ω12 = U12 − (U11 + U22 )/2 is
the parameter called the mutual exchange energy;
U11 , U22 , U12 are interaction energies for nearest
neighbor particles: identical (11, 22) and differing (12) in nature. The change of entropy during
the formation of regular solid solutions is given
by an expression that holds for ideal solutions:
M = −R(x ln x + x ln x ), where R is the
Sm
1
1
2
2
gas constant. The model of regular solid solutions
is used for calculating thermodynamic properties
of solid and liquid solutions, describing ordering
phenomena (see Alloy ordering) and stratiﬁcation
in solutions (see Alloy strati ca tion).
REGULAR SYSTEM OF POINTS (L. Sopke,
1874)

A set of points that are equivalent with respect
to symmetry transformations of a crystallographic
space group. Each system point may be obtained
from a single initial point by repeated symmetry
operations of the space group. An atom or a group
or atoms associated with each point is called the
basis, and when repeated in space it forms a crystal
structure. The crystal structure is a replication in
space of a ﬁnite number of atoms in a unit cell, the
replication being carried out by symmetry operations (e.g., translations) of the space group. There
are 7 crystal systems and 14 Bravais lattices in
three-dimensional space. Bravais lattices can have
one (primitive, P ), two (body centered, I ; base
centered, C), or four (face centered, F ) sites. The
collection of transformations of the regular system
of points leaving one of its points ﬁxed in its place
constitutes a symmetry point group, and the number n of these transformations is called the order of
the point group. Each crystal structure conforms
to one of the 32 crystal classes. If a point in the
unit cell generates a new point for each symmetry operation of the point group then the resulting
regular system of points is called a general regular system of points, otherwise it is a particular
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regular system of points. The former corresponds
to a Wyckoff general position, and the latter to a
Wyckoff special position. The number of sites for a
Wyckoff general position equals the order n of the
point group times the number of sites in the Bravais lattice. These Wyckoff positions are listed for
each of 230 space (Fedorov) groups in the International Tables for Crystallography.
As an example consider the tetrahedral point
group 23 (T ) which has 12 symmetry operations,
namely an identity, three 180◦ rotations, and eight
±120◦ rotations. In the primitive tetrahedral space
group P 23 (T 1 ) there are 12 atoms at a Wyckoff general position and 1, 3, 4 or 6 at the Wyckoff special positions. In the body-centered tetrahedral space group I 23 (T 3 ) there are 24 atoms
at a Wyckoff general position, and in the facecentered tetrahedral space group F 23 (T 2 ) there
are 48 atoms at a Wyckoff general position.
RELATIVISTIC EFFECTS IN THE BAND
THEORY OF METALS

These effects play an essential role at high
electron densities, in a homogeneous electron gas
with a density typical of a metal when the relation vF /c ≈ 0.01 is satisﬁed, where vF is the electron velocity at the Fermi surface. Near an ionic
nucleus the electron density is much higher and
relativistic effects have a signiﬁcant indirect inﬂuence on the the valence electrons through their
effect on the wave functions. The electron density functional method (see Density functional theory), which allows a many-electron system to be
reduced to a single-electron system, fails to be logically consistent because of relativistic effects. In
this case the single-particle approach is unjustiﬁed
due to the effects of vacuum polarization, i.e. of
the generation of particles (real or virtual) involving electrons with high energy. Nevertheless, in
practice the relativistic generalization of the electron density functional allows one to obtain singleparticle Dirac equations (P.A.M. Dirac, 1928)
with a relativistic exchange-correlation potential
including the effects of retardation of Coulomb repulsion and magnetic interactions of moving electrons. The relativistically invariant Dirac equation
provides four-component (bispinor) single-particle
wave functions, and the spectrum of electron energies in the crystalline potential. For an approx-

imate account of relativistic effects in the Dirac
equation the wave function is expanded in powers of 1/c. In the ﬁrst order of expansion the Pauli
equation is obtained (W. Pauli, 1927), which differs from the Schrödinger equation by taking into
account the spin magnetic moment of the electron. In the second order of expansion there appear three terms describing the following: a dependence of the electron mass on its velocity; a Darwin term, different from zero at those points where
charges are located (it inﬂuences only electrons of
s-symmetry); a spin–orbit interaction, i.e. the interaction of the moving magnetic moment with the
electric ﬁeld. In practical calculations it is relatively simple to take into account the ﬁrst two effects without the decomposition in powers of 1/c
(semirelativistic approach), and when this is done
the symmetry of the Schrödinger equation is preserved.
Taking into account spin and the spin–orbit interaction changes the symmetry of the wave functions, and requires switching to crystallographic
double point groups which brings about the splitting of the energy bands with different values of
total angular momentum, and the lifting of symmetry degeneracies at many points of the Brillouin
zone. In this case the total energy of the crystal depends on the magnetization direction, which
introduces the important effect of the magnetic
anisotropy of metals. The Darwin term and the
term involving the dependence of mass on the velocity lead to the lowering of s-bands relative to
the Fermi energy, and the spin–orbit interaction
splits the p-, d- and f -peaks in the density of
states to two states with different values of the total angular momentum. In some cases relativistic
effects must be taken into account to obtain agreement between calculated and experimental data on
the topology of the Fermi surface. Relativistic effects are particularly important for band structure
calculations of crystals containing elements of the
ﬁfth and sixth periods of the periodic system.
RELATIVISTIC EFFECTS IN SOLIDS
Changes of energy bands and equations of
motion that arise from the spin–orbit interaction,

whose role increases with an increase in the
number of electrons (Z, atomic number) forming the atoms of a crystal. The characteristic
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or effective n e structure constant in a solid
αeff = Ze2 /(2ε0 hc) is large, and a large spin–
orbit interaction energy, comparable to or exceeding the gap Eg , leads to a qualitative change
of the Hamiltonian (e.g., Luttinger Hamiltonian,
spin Hamiltonian); in particular, its dimensionality varies due to the Kramers theorem. It brings
about a change of the spectrum of quasi-particles
and local centers (see Local electronic levels).
Narrow-gap semiconductors stand out in this respect, where besides other features, the electronic
g-factor (see Landé g -factor) has a pronounced
dependence on the spin–orbit interaction, sometimes reaching magnitudes appreciably above 2.
In addition, the spin–orbit interaction is responsible for adding new terms to the Hamiltonian,
which leads to the appearance of new optical transition lines (combined resonance); similar effects
are observed in electron paramagnetic resonance
and Raman scattering of light.
RELAXATION (fr. Lat. relaxatio, relaxation,
easing)
A process of establishing thermodynamic equilibrium in macroscopic physical systems (solids,

liquids, gases). The state of a system is controlled
by numerous parameters, and the equilibrium state
of each may be attained differently. Each rate of
approach to equilibrium is associated with a characteristic time called a relaxation time. Having attained an equilibrium state for certain parameters
a physical system may remain in a nonequilibrium
state with respect to other parameters, so the overall state is one of partial equilibrium. Some relaxing systems successively pass through several
states of partial equilibrium.
A microscopic theory of the relaxation of excitation in solids is based on the kinetic equations
that prescribe certain relations between the kinetic
coef cients, and the collision characteristics for
particles and quasi-particles (see Boltzmann equation, Quantum kinetic equation). Quasi-particles
have ﬁnite lifetimes that may serve to provide estimates of relaxation times in solids.
Relaxation may be accompanied by a phase
transition. During a rst-order phase transition
from a nonequilibrium to an equilibrium state a
system ﬁrst enters a metastable state from which it
may exit via growth of critical embryos of a stable

phase. Since such nuclei need to achieve macroscopic dimensions to be effective, the process of
relaxation from a metastable to a stable phase may
become so slow that metastable phases behave as
stable ones (see Amorphous state, Crystallization).
When approaching a second-order phase transition the order parameter that characterizes the
difference between the properties of the phases
tends to zero, and the relaxation times for such a
system tend to become long (see Critical phenomena). The spins of atoms and subatomic particles
being quite closely related to each other (via crystal lattice vibrations, orbital moments of conduction electrons), the spin system becomes a quasiindependent subsystem in the solid, with its own
magnetic relaxation time.
As a rule, relaxation manifests itself experimentally in various indirect ways: through excitation of macroscopic motion, limitation of particle
and heat ﬂuxes that develop in various materials
subject to external actions, and also through the
dependence of the kinetic coefﬁcients (of electrical conductivity, internal friction, etc.) on the frequency, ω, provided the external action undergoes periodic motions itself. This frequency dependence (dispersion) of the kinetic coefﬁcients
is one of the immediate consequences of relaxation processes. If a static force fi brings about
a deviation xi = τi fi from an equilibrium position xi , then an alternating force of the same amplitude fi (t) = fi cos ωt produces the deviation
xi = τi fi (1 + ω2 τi2 )−1/2 cos(ωτ + κ), where
tan κ = ωτi , and τi is the relaxation time of the
variable xi . The effective reduction of the effect
with increasing frequency ω and the phase shift
between fi and xi leads to a nonmonotonic dependence of the periodic adsorbed energy Q(ω) ∝
ωτi /[1 + (ωτi )2 ]. The presence of a maximum of
Q(ω) at ωτi = 1 is called kinematic (relaxation)
resonance. Measuring a kinematic resonance provides a convenient way to determine the relaxation
time. The presence of several maxima of Q(ω)
is evidence for the presence of several paths or
mechanisms of relaxation (see Resonance).
See also Dipole relaxation, Direct relaxation
process, Ion–lattice relaxation, Magnetic relaxation, Maxwell relaxation, Paramagnetic relaxation,
Nuclear quadrupole relaxation, Raman relaxation
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process, Snoek–Köster relaxation, Spin–lattice relaxation, Spin–spin relaxation, Surface relaxation,
Zener relaxation.
RELAXATION KINETICS METHODS

Methods of studying temporal changes of the
parameters of various systems (electronic, nuclear,
spin, molecular, structural) which take place due
to the tendency of a system, driven out of its state
of thermodynamic equilibrium by a certain forcing action, to spontaneously return to that equilibrium state. Such a forcing may be thermal, electromagnetic, mechanical, chemical, radiative, laser,
electric, etc. Relaxation processes develop differently in various solids (metals, semiconductors,
polymers, etc.), and depend on the external conditions (temperature, pressure, magnetic and electric
ﬁelds, etc.).
A feature common for all methods of relaxation kinetics is the need to measure the characteristic relaxation times which depend on the
properties of a given system, on its particular
state, and on external conditions. For example,
electrons in metals relax to equilibrium within
10−13 –10−14 s, while the electronic excitations
in molecules do so in 10−10 –10−12 s. Relaxation
times for solid polymers occupy a wide range
from 10−8 –106 s and depend on the macromolecule structure, the molecular mass distribution,
and the composition of the mixture. Rapid relaxation processes proceed via the motion of separate
molecular groups in the segments of the polymer
chains, and the slow ones do so via the motion of
the larger segments of the chains.
Methods of relaxation kinetics in the physics
of solids are used to retrieve data on the electronic and chemical structure of molecules (nuclear magnetic resonance, electron paramagnetic
resonance, double electron–electron and electron–
nuclear double resonance, acoustic resonance, nuclear quadrupole resonance, optical spectroscopy
in the UV, visible and IR ranges, luminescence,
Raman scattering of light, laser spectroscopy,
X-ray photoelectron spectroscopy, etc.). These
techniques also yield data on the structure and
molecular dynamics of solids (nuclear magnetic
resonance, mechanical and dielectric loss, light
scattering, X-rays, neutrons, polarization luminescence, nuclear γ -resonance, positron annihilation,

etc.). Another application is to acquire data on the
kinetics of processes with the participation of various intermediate state active particles, and various
defects (using electron paramagnetic resonance,
pulsed radiolysis and photolysis, low temperature
spectroscopy, luminescence, conductometry, electron spin echo, cyclotron resonance, etc.).
RELAXATION OF EXCITATION in crystals
Process involving the return of a crystal to the
state of thermodynamic equilibrium after its exci-

tation. Unlike macroscopic nonequilibrium states
(of temperature, ﬁelds, etc.) this case concerns
the elementary excitations of microscopic states.
Mechanisms of relaxation are very diversiﬁed.
In radiative relaxation the energy of an elementary excitation is expended in photon release,
while in nonradiative thermal relaxation the energy dissipates into low-energy thermal excitations (phonons, magnons). The time of radiative
relaxation for an electric dipole transition i → k
2 f ) (in s), where M is
is τik = 2.3·10−8 M/(Eik
ik
the particle mass in electron mass units, Eik is the
transition energy in eV, and fik is the oscillator
strength. With increasing Eik the speed of radiative relaxation increases and the speed of thermal
relaxation exponentially decreases in the region
of Eik corresponding to the generation of a large
number of phonons in one act of thermal relaxation.
Conduction electrons and excitons relax via the
electron–phonon interaction when the thermal relaxation rate is low due to the small size of the parameter m/M (ratio of electron to nucleus mass).
If the electron kinetic energy is sufﬁcient to ionize atoms then it is transferred to secondary electrons (δ-electrons), relaxing along the thermal relaxation channel. If the elementary excitation is
associated with a spatial separation of the produced particles (of electron and hole, of fragments of molecules, etc.), then thermal recombination relaxation takes place, and high τ values
are possible. Excitons and local excitations relax
along the radiative relaxation channel (for not too
small fik ) as well as the thermal channel (especially in the presence of a lower-lying close or
intersecting term). Competition between radiative
and thermal relaxation determines the population
ratios of different excited levels, and the quantum
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yield of luminescence. Raising the temperature accelerates thermal relaxation, but usually does not
inﬂuence radiative relaxation. In the case of vibrational excitations (in particular molecular vibronic
states) the radiative relaxation rate, in view of the
large M and small Eik , is negligibly small, and
thermal relaxation is caused by their anharmonic
coupling to the lattice. The weakened bonding of
some electron-excited molecules to inert cryomatrices retards the thermal relaxation and facilitates
hot luminescence from the high vibrational levels.
When there are freely rotating molecules in the
lattice then the transfer energy to their rotational
degrees of freedom precedes its dissipation as vibrational energy (as also occurs in a gas). Thermal
relaxation of phonons in insulators is caused by
their anharmonic interactions, mainly by the decomposition or decay of one phonon into two
phonons, and by the inverse process of their coalescence. Phonons with the frequency ω ∼ ωD
(ωD is Debye frequency) decompose during several lattice vibration periods. With reduction of
the average value of ω thermal relaxation is retarded due to reduction of the spectral density
of states. With increasing temperature T the inﬂuence of the density of states and the role
of induced processes become more pronounced.
The relaxation of a spin subsystem (magnons) is
mainly associated with the scattering of magnons
by magnons, caused by their exchange interaction. The role of exchange scattering sharply increases with increasing magnon quasi-momentum.
Magnons with low values of quasi-momentum relax due to the processes of magnon decay into two
magnons, as well as via inverse processes, and also
through processes involving the participation of
phonons (cf. Magnon–phonon interaction).
RELAXATION OF NUCLEAR SPINS
See Nuclear spin relaxation time.
RELAXATION OF STRESS
See Stress relaxation.
RELAXATION TIME

Time interval τ of a non-equilibrium process
during which the deviation of some parameter(s)
of a system (or the distribution function of this
parameter) decreases from its initial value by an

amount comparable with this initial value, usually
by the factor of e = 2.718 in the case of single
exponential relaxation. The simplest example of
a relaxation time is the case of linear relaxation
when |X − X0 |  X0 , where X is a system parameter, X0 is its equilibrium value, and the time dependence has the form dX/dt = −τ −1 (X − X0 ).
Therefore, X(t) − X0 = [X(0) − X0 ] exp(−t/τ ).
The value τ −1 is called the relaxation frequency
(or rate). A relaxation time is a measure of the
efﬁciency of a relaxation mechanism. The values
of relaxation times in solids depend on the external and internal conditions, and lie in wide ranges:
10−8 –10−13 s for conduction electrons, and up to
many hours for spin–lattice relaxation of nuclei in
solids.
RELAXATION TIME, ELECTRON
See Electron relaxation times.
RELIABILITY OF MATERIALS

The capacity of materials to perform their
functions while retaining speciﬁed characteristics
within the limits required for this performance.
The main advantage of high reliability is to preclude premature or unforeseen failure, i.e. loss
of properties that are necessary for serviceability. The degree of reliability is determined by indicators associated with failure, which can take
place either suddenly or gradually. Sudden failure is characterized by an abrupt change of properties, e.g., by brittle failure. Gradual failure is preceded by a progressive and regular change of properties of the material, e.g., creep, fatigue, wear,
aging (see Alloy aging). The reliability of various
types of materials is gauged by different properties: failure-free performance, longevity, retaining quality, maintainability. These properties are
of varying signiﬁcance when applied to speciﬁc
materials. In this connection, reliability is assessed
with the help of indicators chosen to take into account speciﬁc features of the material, operating
conditions, and consequences of failure. The main
ways to evaluate reliability are experimental studies, methods of mathematical statistics, and statistical modeling. A necessary condition for assuring
the reliability of materials is through thorough and
comprehensive tests of samples under various conditions, including especially unfavorable circumstances that may arise during realistic operation,
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with subsequent detailed analysis, and followup of
the results.
RELIEF
See Peierls relief.
RELUCTANCE

The ability of a material to resist the passage of
a magnetic ux through a section of a magnetic circuit. For a uniform magnetic circuit where no magnetomotive force (mmf) is applied, the reluctance
R m is the ratio of the magnetic potential drop
V m across this section to the passing magnetic
ﬂux Φ. This relationship, V m = ΦR m , is the
magnetic circuit analogue of Ohm’s law V = I R
for electric circuits. If the specimen is shaped as
a toroid and a magnetic coil is wound uniformly
round it, then the magnetic potential drop equals
the magnetomotive force, while the reluctance is
equal to the ratio of the mmf to the magnetic ﬂux.
The reluctance of a uniform magnetic circuit section is be computed, in the SI system, as R m =
l/(μμ0 A), where l and A are, respectively, the
length and cross-sectional area of the magnetic circuit section, μ is the relative magnetic permeability
of the circuit material, and μ0 = 4π·10−7 N/A2
is the magnetic permeability of vacuum. In the case
of a nonuniform magnetic circuit (comprising uniform sections in series with differing l, A, and μ),
the reluctance is the sum of R m for the sections.
Computing reluctance with the above equation is
only an approximation, since it takes no account
of the magnetic loss in the materials, the magnetic
ﬁeld nonuniformities in the circuit, the nonlinear
dependence of reluctance on the magnetic ﬁeld,
etc. For an alternating applied magnetic ﬁeld the
reluctance is a complex-valued quantity, as μ depends on the frequency of the magnetic ﬁeld oscillations.
Ferromagnets (electromagnets, magnetic ﬂux
concentrators, etc.) can amplify magnetic ﬂux, and
give it a direction. Materials with large reluctance
are often used to reduce magnetic ﬂux in a corresponding magnetic circuit section. Some materials, when included in a magnetic circuit magnetized with a direct current, change their reluctance
periodically. They can be used to gauge the magnitude of a magnetic ﬂux passing through a circuit section, and make this procedure automated,

for instance, in ferroprobe coercitometers and differential magnetic ﬁeld measurement devices (see
Magnetometry) for magnetic structure analysis of
ferromagnetic materials, etc.
REMAGNETIZATION
See Magnetic reversal.
REMANENCE, residual magnetization
Magnetization Mr that is inherent in a premagnetized ferromagnet at zero applied magnetic eld

strength. The value of the remanence depends on
many factors, including the magnetic properties of
the material, its magnetic history, and its temperature. Remanence increases with the increase of the
magnetizing ﬁeld strength, and tends to a limiting
value that is taken to be the remanence of a given
ferromagnet. The remanence of a material is to be
distinguished from the remanence of a body of a
particular shape made from that material. Since
the body experiences the effect of its own demagnetization eld, which depends on its shape, its remanence is almost always smaller than that of the
material itself: the greater the demagnetizing factor of the body, the smaller its remanence. To determine the material remanence, conditions must
be established so that the internal ﬁeld strength in a
sample is zero. It is convenient to compare the relative remanence mr = Mr /Ms for different materials, where Ms is the magnetization of engineering
saturation (see Saturation magnetization curve). In
some materials, mr ≈ 1, which is accomplished
by creating a magnetic texture in them. The remanence is one of the main parameters to be taken
into account when establishing a ferromagnet as
a hard magnetic material for permanent magnets.
See also Magnetic hysteresis.
REMANENT POLARIZATION

The part of the polarization (see Polarization of
insulator) of a ferroelectric that remains after the
applied electric ﬁeld is removed. It is the electric
analogue of remanent magnetization. In a strong
electric ﬁeld a ferroelectric becomes polarized. If
the ﬁeld exceeds the value of the coercive ﬁeld
(see Coercive force) and its action is sufﬁciently
prolonged, the ferroelectric crystal can pass into
a single-domain state. After the ﬁeld has been
turned off, the depolarization ﬁeld remains in the
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sample (see Photodomain effect). If no special
steps are taken the single-domain state eventually
decays. However, in most ferroelectrics the orientation of a majority of the domains is conserved.
The value of the polarization P is then determined
by the unipolarity factor ϕ; P = ϕP0 , where P0 is
the saturation polarization. The remanent or residual polarization is easily detectable by its dielectric hysteresis loop under cyclic repolarization of
a ferroelectric in a strong alternating electric ﬁeld
(see Polarization switching). The polarization on
the loop, which corresponds to zero applied ﬁeld,
is the remanent polarization. As a rule, it is observable in ferroelectrics with a large value of the coercive ﬁeld, its magnitude depending on the crystal perfection, the presence of internal mechanical stresses, and impurities. It can be increased by
carrying out the polarization in a permanent ﬁeld
while decreasing the temperature from the Curie
point to room temperature. This method is often
used for polarizing piezoelectric ceramics.
RENNER EFFECT (R. Renner, 1934)

Totality of effects which characterize linear
molecules in degenerate electronic states; they
arise from quadratic terms of the vibronic interaction in the bending vibration displacements of
nuclei Q (in the linear approximation there is no
effect). The weak Renner effect involves states degenerate at a point Q0 in which a branch of the adiabatic potential splits in such a way that their minima remain at the point Q0 , as shown in Fig. (a),
and in the strong Renner effect the ground state at
this point becomes unstable, as shown in Fig. (b).
In the latter case the Renner effect has characteristics somewhat similar to those of the Jahn–Teller
effect.
RENORMALIZATION GROUP METHOD

Statistical method developed in quantum ﬁeld
theory and widely used for studying materials near
critical points. The basic idea of the method lies
in the investigation of transformations, in which
the effective Hamiltonian of the system evolves
subject to the variation of particular spatial and/or
temporal scales, with these transformations exhibiting some group properties, and there is very
often a kind of invariance principle at work (see

Behavior of the adiabatic potentials ε(Q) in the space
of nuclear displacements Q near the point of degeneracy
Q0 of the Renner effect: (a) weak effect with no instability; (b) strong effect with dynamic instability.

Group theory). The renormalization transformations do not, however, actually form a mathematical group because there is no inverse transformation. The evolution of Hamiltonian parameters
under transformations involving inﬁnitely small
length scales is described by differential equations, the renormalization group equations. The
singular points ( xed points) of these equations
determine the parameters of the asymptotic behavior of the system, e.g., the values of the critical indices (critical exponents) of thermodynamic
quantities near points of second-order phase transitions, the ratios of critical amplitudes, etc. The
variety and range of modiﬁcations of the renormalization group method extend from ﬁeld-theory
types to versions that are very exotic with respect
to their mathematical form. There are some versions formulated for computer applications, e.g.,
Monte-Carlo renormalization group method. The
renormalization group method is a basic work-
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ing tool in the modern theory of critical phenomena, where with its assistance many qualitative and quantitative results in conformity with
experiment have been obtained. It has been applied to problems involving random walks, selfsimilarity, fractal dimensionality, chaos, the Ising
model, the Kosterlitz–Thouless transition, and the
Migdal–Kadanoff transformation. It is also widely
used in localization theory, in percolation theory,
in the theory of phase transitions in disordered systems, in the theory of hydrodynamic instabilities,
in the theory of the quantum Hall effect, etc.
REOXAN (acronym for REcording OXidizing
medium with ANthracene)

A polymeric light-sensitive medium. Reoxan
consists of a dye-sensitizer and anthracene dispersed in the polymer polymethylmethacrylate.
Before exposure the layer is saturated with oxygen, which, upon collisions with the dye molecules, converts them to the singlet state and oxidizes anthracene. This causes the adsorption spectrum in the UV region to reﬂect the variation of the
refractive index in the visible region ( n ∼ 10−3 ).
Reoxan is used for the creation of holographic optical elements (gratings, ﬁlters, lenses, etc.) of high
efﬁciency (∼90%).
REPLICA

An exact copy of the surface relief of bulk samples or small particles in the form of a thin lm ,
intended for investigation of the surface atomic
structure using an electron microscope. Replicas
are obtained by the application and subsequent
separation of a thin layer of organic mixtures, of
carbon, of silicon oxide, of light metals directly
on the sample or on initially manufactured prints.
To increase the contrast of the image, use is made
of the method of shadowing the inclined spraying
of a thin layer of a heavy metal (gold, platinum,
tungsten, etc.) or carbon. To achieve high resolution, replicas made from sprayed metals (silver,
platinum, aluminum, etc.) are used.
RESIDUAL MAGNETIZATION
See Remanence.
RESIDUAL RAY BAND, Restrahlen

A region of the infrared reﬂection spectrum of
an ionic crystal situated between the frequencies
of the long-wavelength transverse optical phonons

ωTO and the long-wavelength longitudinal optical phonons ωLO (the re e ctance in this region is
close to 100%). After multiple reﬂection from the
crystal the only remaining radiation corresponds
to the residual ray band. See also Infrared spectroscopy.
RESIDUAL STRESSES
Internal stresses that remain in a solid after

external factors, such as force, heat, etc., cease
acting upon it. The residual stresses can be of
three kinds, according to the size of the volume where these stresses are balanced (see Stress
scales of defect structures). Stresses of the ﬁrst
kind (macrostresses) are balanced in the macroscopic bulk of the entire sample, or its component parts. Stresses of the second kind (microstresses) are balanced in individual grains or
parts of grains. Stresses of the third kind (submicrostresses, nanostresses, static lattice distortions) are balanced within one or several unit cells
of the crystal lattice. Residual stresses are due to
nonuniform elastic strain in solids (i.e. by distortions of the crystal lattice). Lattice distortions are
caused by crystal defects and the nonuniformity
of their distribution. Distortions of the ﬁrst and
second kinds can be related to dislocations, grain
boundaries, phase boundaries, microcracks (see
Cracks), and so on. Distortions of the third kind,
as a rule, are due to point defects (vacancies, dissolved atoms); yet, they can be observed in thin
near-surface regions, as well as in regions of dislocation cores. In many cases, defects of one kind
cause distortions of other kinds. The distortions
emerge during plastic deformation, phase transitions, cooling of one- and many-phase systems due
to a difference in heating temperatures, and different linear expansion coefﬁcients. Residual stresses
can produce both positive (hardening) and negative (warping, cracking) effects on the properties of products. The most common means for removing residual stresses is annealing with subsequent slow cooling. The stress relaxation near
stress concentrators like microcracks or inclusions
can be achieved by means of minor plastic deformations. Residual stresses are calculated from
the physical parameters of the material, and measured using mechanical, X-ray, electromagnetic,
polarization-optical, and other methods.
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RESIST

Material sensitive to light (photoresists),
X-rays (X-ray resists), electron beam (electron resists). Resists are used in integrated circuit technology as protection mask coatings for processing
chip surfaces (e.g., during chemical etching, or ion
implantation). They are usually made of particular polymeric materials. Photoresists are applied to
the surface, then the latter is illuminated through a
mask, that is a transparency with a particular pattern drawn on it. Processing the plate then produces a thin protective layer of the required pattern
on its surface. Under the effect of light, negative
photoresists form insoluble patches of the pattern,
and positive photoresists form soluble ones. Either
a positive or negative image of the pattern is projected, respectively, upon the semiconductor plate
from the mask. An important characteristic of resists is their resolution, the possible number of
equally wide lines separable per unit length of the
surface, which is achievable by lithography techniques. It may reach thousands of lines per millimeter (submicron resolution). Two-layer resists
and three-layer resists are also used.
RESISTANCE of an electric circuit

A quantity R characterizing the rate of energy loss during the passage of an electric current:
R = P /I 2 , where I is the current amplitude, and
P is the power dissipated by the circuit. For an
alternating current an average over the period of
oscillation, provides the transformation of electromagnetic ﬁeld energy into thermal, light, mechanical, or other energy types. For a sinusoidal current
and voltage the power loss is P = I V cos ϕ, where
V is the voltage amplitude and ϕ is the phase shift
between the current and voltage. If ϕ = 0, then
Ohm’s law, V = I R, is valid.
RESISTANCE TO MICROSPALLING
See Microspalling resistance.
RESISTANCE, THERMAL
See Thermal resistance.
RESISTANCE TO CORROSION
See Corrosion resistance.
RESISTIVE DOMAINS in superconductors
Normal regions in a superconductor, that is regions in the resistive state in which energy dissipa-

tion takes place. This state appears for currents exceeding the critical value, and is characterized by
an electrical resistance different from zero, while
superconducting order is still present. Speciﬁc realizations of the resistive state are related to microscopic mechanisms of resistance, and depend on
the temperature of the superconductor, and on the
cross-section of the specimen. In bulk type I superconductors or in bulk type II superconductors the
role of the resistive state is, respectively, played by
the normal layers of the intermediate state, or by
Abrikosov vortices Φ0 that move under the action
of the Lorentz force J × Φ 0 induced by the transport current density J (see Dynamic mixed state).
The resultant transport of magnetic ﬂux Φ causes
an electric voltage V to be generated in the material. Resistive states in superconducting ﬁlms and
whiskers are associated with centers and lines of
phase slip. Their appearance in the specimen induced by current growth is experimentally identiﬁed as voltage jumps in the current–voltage characteristic, and as multiple discrete slopes of differential resistance within the regions between these
jumps. Thermal resistive states form during local
overheating of the specimen above the superconducting critical temperature.
RESISTIVE STATE of superconductors
A state in which the order parameter and the
electric ﬁeld E within the bulk of a superconductor both differ from zero. The presence of an

E ﬁeld results in complex spatial–temporal variations of the order parameter. The overall electric current then consists of a superﬂuid and a
normal component. There appear ranges of nonequilibrium superconductivity characterized by an
imbalance between the charges of electrons and
holes, by a splitting of chemical excitation potentials and condensed (Cooper) pairs, by a lack of
equilibrium in the distribution of excitations that
builds up at higher frequencies of the nonstationary processes, etc. In particular, the resistive state
features a complex nonlinear response to electromagnetic actions (that serves as the basis for using superconductors in electronics), and the spontaneous generation of HF and UHF (microwave)
currents and electromagnetic ﬁelds (see Josephson effect). The resistive state develops under the
action of a transport current (kinetic uncoupling,
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centers and lines of phase slip) during the combined effect of the current and a magnetic ﬁeld
(dynamic mixed state, intermediate state) within
the range of ﬂuctuation superconductivity. The resistive state may exist within a broad range of currents and voltages separating the superconducting
state from the normal one.
RESISTIVITY OF ORDERED ALLOYS

The resistivity of ordered alloys ρ depends essentially not only on the alloy composition but
also on the long-range and short-range order parameters. As a rule, the appearance of long-range
order results in a decrease of ρ. The ﬁgure illustrates typical dependences ρ versus temperature T for alloys in an equilibrium state, for the
two cases when an order–disorder phase transition is a second-order phase transition (curve 1),
and when it is rst-order phase transition (curve 2).
The jump in resistivity in the latter case is associated with a latent heat.
At the ordering temperature T0 , curves 1 and 2
demonstrate a break and a discontinuous change
of ρ (examples are β-brass and the alloy AuCu3 ,
respectively). At alloy ordering, a crystal lattice
restores its potential periodicity, the scattering
of conduction electrons decreases, and hence the
residual electric resistance ρ0 is reduced. Quantum perturbation theory takes this into account
(without correlation), and leads to the following

Typical temperature dependence of the resistivity ρ for
ordered alloys. Curve 1 is for a second-order phase transition, and curve 2 is for the ﬁrst-order type.

dependence of ρ0 in A–B alloys on the concentration cA , and on the long-range order parameter η:
ρ0 = cr cA (1 − cA ) − ν(1 − ν)η2 ,
where ν is the relative concentration of sites which
can be occupied by atoms A, and cr is a constant
in most cases. This formula explains the abovementioned experimental trends. The value of cr
depends on the nature of the electronic energy
spectrum. In some particular cases when the ordering affects this spectrum strongly, one could take
into account a dependence of cr on η, or develop
a more complicated theory with more complex expressions for ρ0 ; this could result in effects which
increase ρ0 at ordering. This is possible, in principle, even when the appearance of the split in the
spectrum leads to a metal–insulator transition. The
theory of the electric resistance of ordered alloys
is developed by taking into account correlation in
alloys, as well as with the application of a more
perfect coherent potential method. In some alloys
an anomalous increase of ρ at the onset of the ordered state is observed. The explanation of these
effects in various alloys has been correlated with
the inﬂuence of ordering on the electronic spectrum, the existence of short-range order, heterogeneous structures of different kinds, and with other
causes.
RESISTOMETRY

Branch of physics and technology, which develops the theory and techniques of measuring
electrical resistance (see Electrical conductivity).
The most widely accepted measurement technique
employs an ammeter and voltmeter when the current through the specimen and the potential across
it are measured directly. For a more accurate resistance measurement particular techniques are used
that are based on comparing a measured resistor
with a standard (see, e.g., Quantum Hall effect) using potentiometer and bridge circuits. To measure
electrical resistance of low ohmic specimens, and
in bulk materials, electrode-free methods were developed that are based on exciting eddy currents in
the material. Commercial digital bridges for measuring the absolute electrical resistance and its deviations from nominal values ﬁnd wide use. To develop supersensitive measurement techniques one
may make use of the Josephson effect.
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RESISTOR

A component with a constant or variable electrical resistance. The resistance may be sensitive to various actions: temperature (temperaturesensitive resistor), electromagnetic emissions
(photoresistor), electric voltage (varistor); mechanical stress (resistance strain gauge); magnetic
ﬁeld (magnetoresistor). Resistors may be used
to stabilize parameters of electric circuits, as
a contact-free adjustable resistance, to measure
and control temperature, etc. Functional resistors transform the output voltage according to a
prescribed law, so they are manufactured with
a speciﬁed distributed resistance. Semiconducting temperature-sensitive resistors offer a high
resistance–temperature factor that may be
achieved through an exponential temperature dependence of the resistivity: ρ = ρ0 exp[U/(kB T )],
typical for semiconductors, where U is the
activation energy. The temperature factor is given
by the expression dρ/dT = −Uρ/(kB T 2 ), so that
for U > 0 it is negative. Semiconducting devices
controlled by an electric ﬁeld (transistors) are also
used as resistors.
RESONANCE

A sharp selective response of an oscillatory
system to a periodic external action when the frequency ω coincides with one of the system’s natural resonance frequencies, ω0 . The dependence
of the magnitude of the response on the value of
ω is called the resonance curve (line), its width
ω denoting the frequency range within which
the resonance amplitude is greater than half of its
maximum value. Initially the concept of resonance
was introduced in 1583 by Galileo Galilei, who
applied it to describe mechanical systems (pendulums, weights on springs, etc.). Mechanical resonance develops when the amplitude of forced oscillations grows as the frequency ω of the forcing action approaches the frequency ω0 prescribed
by the mechanical properties of the system itself.
Resonance is also found in electrical circuits when
the frequency of an applied alternating voltage coincides with the resonance frequency of a circuit
with a capacitance and an inductance. When the
frequency applied to unpaired spins in a magnetic
ﬁeld is periodically varied then paramagnetic resonance absorption can take place. The concept

of resonance (resonance energy absorption, resonance phenomena in general) entered the physics
of solids from quantum mechanics in relation to
the behavior of microparticle systems (molecules,
atoms, electrons, atomic nuclei). According to the
laws of quantum mechanics, such a system possesses discrete energy levels, ε, with gaps between
them, these gaps prescribing a set of natural frequencies νij = (εi − εj )/ h, where i and j are the
indices of the respective energy levels, and h is
Planck’s constant. When the external action frequency (usually that of an electromagnetic ﬁeld)
coincides with νij , quantum transitions can occur
between the ith and the j th levels, which leads
to resonance absorption or emission of an electromagnetic ﬁeld. Since in thermal equilibrium the
number of particles in the lower level is larger than
that at the upper one, while the probabilities of induced transitions to the upper (and lower) levels
are equal to each other, energy absorption usually
takes place at such resonances. If, however, the
upper level is metastable and acquires an excess
population then emission of quantized photons occurs at resonance. Absorption or emission of electromagnetic energy during transitions between the
levels produce the resonance lines of the observed
spectrum. The amount of energy that may be applied to a system of microparticles during resonance is limited by relaxation processes, that is by
spontaneous (either radiative or nonradiative) transitions from upper to lower levels, that return the
system to its equilibrium state. Together with various processes of interaction between the particles,
these transitions determine the line width.
Depending on the types of the levels and the
nature of the external actions, one may identify
optical emission and absorption lines which correspond to transitions between the electronic levels in atoms and molecules. Electron paramagnetic resonance and nuclear magnetic resonance
spectra correspond to transitions between Zeeman
sublevels (see Zeeman effect) under microwave
or radiofrequency pumping. Nuclear quadrupole
resonance energy states are related to various orientations of the quadrupole moment of the nucleus in an electric ﬁeld gradient. Acoustic electron and acoustic nuclear magnetic resonance
involve transitions between levels formed under
the effect of elastic waves (phonons). Ferromagnetic resonance and antiferromagnetic resonance
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represent magnetic resonances in systems with
a strong exchange interaction. Spin-wave resonance describes the selective absorption of energy of an alternating magnetic ﬁeld in ferromagnetic ﬁlms (see Magnetic lms) that develops when spin waves of certain frequencies are
stimulated in them. Cyclotron resonance describes
the transitions between diamagnetic levels of free
current carriers in metals and semiconductors located in magnetic ﬁelds. Paraelectric resonance
takes place during transitions between the tunnelling states of a system. When atoms coalesce
into a solid (e.g., a crystal) their energy levels
form separate bands of allowed energies, with resonance transitions between them also being possible. Many phenomena in solid state physics, such
as light reﬂection and scattering, photoconductivity, electrooptical effects, etc., are of a resonance
nature.
Resonance absorption and emission of energy
is used to study the state and composition of materials and their defects, phase transitions in crystals, to measure magnetic moments and quadrupole moments (see Quadrupole) of microparticles,
and to build lasers and masers.
RESONANCE CUTOFF (E.A. Kaner, 1958;
M.S. Khaikin, 1960)
Disappearance of cyclotron resonances in thin

parallel-sided metal plates of thickness d in magnetic ﬁelds B, smaller in strength than the “cutoff” ﬁeld Bc = pF /(ed), where e is the electron charge, and pF is the diameter of the resonance section of the Fermi surface (in momentum units) in a plane normal to B. In accordance
with the resonance condition, ω = nΩ (here ω
is the external wave frequency, Ω = eB/m∗ is
the cyclotron frequency, m∗ is the extremal cyclotron effective electron mass, n = 1, 2, 3, . . .),
the nth harmonic of the cyclotron resonance arises
in a magnetic ﬁeld Bn = ωm∗ /(ne). It is sustained
by electrons that move in the plane normal to B
along a trajectory (cyclotron orbit) with diameter
Dn = pF /(eBn ). If Dn  d, then the orbit fails
to ﬁt in the plate (and is cut off), i.e. cyclotron resonance in ﬁelds Bn  Bc is unobservable. Thus,
those harmonics of cyclotron resonance become
cut off that have n  ωm∗ d/ pF . The resonance
cutoff results in the appearance of a singularity in

the dependence of the surface impedance on the
magnetic ﬁeld at B = Bc . Using data from the
resonance cutoff, the diameters of sections of the
Fermi surface as well as their anisotropy can be
found experimentally.
RESONANT CAVITY
See Resonators.
RESONANT MAGNETIC FIELD

The strength Br of the applied constant magnetic ﬁeld B at which the energy difference between two spin levels and the energy ω of the
absorbed UHF (or microwave) energy quantum
of an applied oscillating (electro-) magnetic ﬁeld
B1  Br become equal to each other. It is measured in electron paramagnetic resonance (EPR)
and nuclear magnetic resonance (NMR) spectrometers during a scan of the magnetic ﬁeld B or frequency ω. Ordinarily the ﬁeld is scanned in EPR
and the frequency in NMR. The value of Br depends on the observation frequency, and in crystals it also depends on the orientation of B relative to the crystallographic axes (see Angular dependence of spectra). Comparing the observed Br
with those calculated using the spin Hamiltonian
or a more generalized Hamiltonian makes it possible to determine the value of the spin, the local
symmetry group of its Zeeman and hyper ne interactions (see Zeeman effect), the spin–spin interactions, and interaction with the crystal ﬁeld, as well
as the parameters of those interactions (such as 2D
and g). These are the characteristics of a particular electron paramagnetic center or a nuclear spin
in a given crystal. The ﬁgure presents the energy
levels (E) of a paramagnetic center plotted versus the applied magnetic ﬁeld B for the EPR case
of an electronic spin S = 3/2 in an axial crystal
ﬁeld (D term) with the applied magnetic ﬁeld B
parallel to its axis, and no hyperﬁne interaction
present. The triplets of vertical lines between energy levels indicate the values of Br for two particular frequencies ω: dashes above the abscissa (B)
axis correspond to Br for the three transitions at
the higher (microwave) frequency, and dashes below this axis correspond to the three Br transitions
at the lower (UHF) frequency. For spin S = 1/2
the distance between the levels with spin projection quantum numbers M = 1/2 and M = −1/2
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EPR energy levels with resonant magnetic ﬁelds indicated.

depends on the g-factor alone, since D = 0 for
electronic spin 1/2.
RESONATOR, ACOUSTIC
See Acoustic solid-state resonator.
RESONATOR, DISPERSION LASER
See Dispersion laser resonator.
RESONATORS, electromagnetic resonators,
resonant cavities

Radio, optical, quasi-optical, etc., devices capable of sustaining free or forced (induced) electromagnetic oscillations. The latter feature a certain spectrum of resonant frequencies, and their
electromagnetic ﬁeld has a stationary distribution
within the resonator which ideally can be sustained with minimal energy dissipation. Tuned circuits are used as resonators in low-frequency radio
technology, resonant cavities play that role in microwave technology, and quasi-optical devices are
used at wavelengths λ ≈ 1 mm. A resonant cavity is bounded by a conducting surface on every
side. The simplest resonant cavity is a section of
a waveguide closed at both ends by ﬂat conductor
plates normal to its longitudinal axis.
Natural oscillations of such a resonator are
classiﬁed as waveguide modes (TEl,m,n or
TM l,m,n where the l, m, n indices deﬁne the number of half-waves ﬁtting along the three dimensions of the cavity). To excite the cavity, various rods, loops, slits, and openings are used. The

most widely used resonant cavities are rectangular, cylindrical, or perhaps toroidal in shape.
Oscillations with spatially separated electric and
magnetic ﬁelds may be excited in them, which
is convenient for various experiments in magnetic resonance spectroscopy. The principal parameter of a resonant cavity is its quality factor
or Q-factor, that is the ratio of energy stored to
losses within a single oscillation period. It may
reach values of 103 –106 . One may differentiate
between the intrinsic and the loaded quality factor (the latter depends on coupled external circuits,
and objects placed into the cavity). Various double resonance cavities have been developed for the
radiospectroscopy of solids at both high and low
temperatures, and attachments permit optical illumination of samples, operation at high pressure,
etc. Besides, cavities are used with wave meters,
masers, as reference elements to stabilize the frequency, etc. In the millimeter, submillimeter, and
IR ranges cavities become too small to operate at
their dominant mode, so many resonant modes are
present simultaneously when their volume is increased. Therefore, conventional cavities are often
replaced by open resonators in these ranges, the
spectrum of natural frequencies in the latter being
considerably reduced due to irradiation of modes
with larger l and m indices through slots or openings in their side surfaces.
RESTORATION OF CRYSTALS

A subsequent partial recovery of physical and
mechanical properties of crystals after their hardening by means of external factors (irradiation
hardening, plastic deformation, and quenching).
The restoration corresponds to the initial stages
of the recovery of crystal properties. During the
course of restoration a partial healing of defects
takes place, including a redistribution and annihilation of point defects (vacancies and interstitial
atoms) as well as dislocations of opposite signs.
The rate of restoration is highest at the starting
moment, after which it decreases more gradually.
Formally, this is described by equations of chemical reaction kinetics: dC/dt = −kC n , where C
is the defect concentration in the crystal, n is the
order of the reaction, and k is the reaction rate
constant. The dependence on the temperature T
follows the Arrhenius law k = k0 exp[−E/(RT )],
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where E is the activation energy of the process. As
a result of restoration, both the electrical conductivity and thermal conductivity at helium temperatures change. The mechanical properties of solids
at restoration are recovered to a lesser degree. Minor variations in density and enthalpy are also observed.

REVERSIBLE PROCESSES
Processes in a thermodynamic system involving conservation of entropy. In the case of a re-

RESTRAHLEN
See Residual ray band.

RHENIUM, Re

RESULTANT SPIN

Net sum of spins S i of individual electrons of
an ion, or the total spin of individual ions (nuclei)
S = i S i , i = 1, 2, . . . . For a pair of spins the
quantity S has the range of values |S 1 − S 2 | 
S  S 1 + S 2 . For several spins, n > 2, it is necessary when summing to take into account the
possible intermediate angular momenta and coupling schemes. A group of levels with the same S
can be considered independently from other levels, and can be described by an individual effective
spin Hamiltonian. The resultant spin of electronic
conﬁgurations determines the exchange splitting,
and the resultant spin of the surrounding nuclei
determines the hyperﬁne structure (see Hyper ne
structure) of the electron paramagnetic resonance
(EPR) lines, as well as the structure of secondorder lines of electron–nuclear double resonance.
RETARDATION EFFECTS
See Effects of retardation.
REUSS–VOIGT–HILL APPROXIMATION
(A. Reuss, W. Voigt, R. Hill)

An approximate method for calculating elastic moduli (bulk modulus K, shear modulus G) of
single-phase isotropic polycrystals using the elastic parameters of monocrystals. The method consists in calculating moduli in the Reuss approximation (KR , GR ) and the Voigt approximation
(KV , GV , see Voigt averaging), and subsequently
determining the moduli (Kx , Gx ) as the arithmetic
(or geometric) average from the values KR , KV
and GR , GV , respectively. Since KR  K  KV
and GR  G  GV , the elastic moduli calculated
in this approximation (Kx , Gx ) are often very
close to the values of K and G experimentally
measured for polycrystals.

versible process, it should be possible to return the
system to its initial state by applying the earlier
actions in reverse order. Examples of reversible
processes are adiabatically slow ones.

A chemical element of Group VII of the periodic system with atomic number 75 and atomic
mass 186.207. Natural rhenium has 2 isotopes:
stable 185 Re (37.07%) and weakly radioactive
(long-living) 187 Re (62.93%). Electronic outer
shell conﬁguration 4f 14 5d 5 6s 2 . Successive ionization energies are 7.87, 16.6 eV. Atomic radius
is 0.1373 nm; radius of Re4+ ion is 0.072 nm, of
Re7+ ion 0.056 nm. Oxidation state is from −1
to +7. Electronegativity is 1.5.
In a free form rhenium is lustrous light-gray
metal, very refractory, and at the same time plastic in the cast and recrystallized state. Rhenium
is deformable in the cold state, and it may be
strongly hardened. Due to its high elastic properties, rhenium is distinguished by high deformation strength and fast wear hardening upon
pressure treatment, and also by high long-term
strength. Rhenium does not corrode under normal conditions in humid and aggressive media. It
has a hexagonal close-packed lattice, space group
4 ), with a = 0.27615 nm, c =
P 63 /mmc (D6h
0.44568 nm at 300 K. Density is 21.03 g/cm3 .
Tmelting = 3453 K, Tboiling = 5915 K. Binding energy is −8.11 eV/atom at 0 K. Heat of
melting is 33.1 kJ/mole, heat of sublimation is
712 kJ/mole, heat of evaporation is 783 kJ/mole,
speciﬁc heat is 134 J·kg−1 ·K−1 ; Debye temperature is 416.2 K; linear thermal expansion
coefﬁcient is 4.7·10−6 K−1 along the principal axis 6 and 6.1·10−6 K−1 perpendicular to
it (at 300 K); coefﬁcient of thermal conductivity is 71.1 W·m−1 ·K−1 at room temperature;
adiabatic elastic moduli of rhenium monocrystal
are: c11 = 617.73, c12 = 274.91, c13 = 205.57,
c33 = 682.82, c44 = 160.54 (GPa) (at 298 K);
bulk modulus is 364.6 GPa; Young’s modulus
is ≈461 GPa; shear modulus is 179 GPa, Poisson ratio is ≈0.275 (at 298 K); ultimate strength
of annealed rhenium is 1.08 GPa, and that of
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strained rhenium is 2.21 GPa (for high-purity rhenium tensile strength is 490 MPa); relative elongation at the moment of rupture of annealed rhenium is 25%, of strained rhenium 2%. Vickers
hardness of annealed samples of rhenium is 1.23,
of cast samples 1.42, of strained ones 7.84 GPa;
temperature of the onset of recrystallization at
the strain of 10% is 1823 K, at 20% 1623 K,
at 60% 1473 K. Ion-plasma frequency of rhenium is 27.919 THz; Sommerfeld linear lowtemperature molar electronic speciﬁc heat coefﬁcient is 2.3 mJ·mole−1 ·K−2 . Electric resistivity is
189.0 n·m (at 295 K); temperature coefﬁcient of
electrical resistance 0.00455 K−1 at room temperature; work function of polycrystal is ≈4.95 eV;
critical temperature Tc to superconducting state
is 1.698 K, critical magnetic ﬁeld is ≈20 mT (at
0 K); molar magnetic susceptibility of the paramagnetic rhenium is +68.7·10−6 cm3 /mole at
room temperature; nuclear magnetic moment of
187 Re is 3.176 nuclear magnetons.
High-temperature and refractory alloys of rhenium with tungsten, molybdenum, tantalum are
used for manufacturing parts of supersonic aircraft
and rockets. Rhenium coatings (rhenizing) serve
for corrosion and wear protection. Rhenium and
its compounds are used as catalysts in oil reﬁning.

with the variation of the electronic structure during the course of the alloying, which leads to
a decrease of the Peierls–Nabarro strength (see
Peierls–Nabarro model), to a decrease of the stacking fault energy, to increasing the solubility of
interstitial atoms, and to strain via twinning of crystals. The most widespread are molybdenum alloys and tungsten alloys with Re, which are distinguished by high strength, and high-temperature
strength combined with high plasticity and technological effectiveness, with high emission characteristics, with increased optical resistance, and
with a reduced coefﬁcient of electrical resistivity.
Rhenium-bearing alloys located in the middle part
of the compositional phase diagram are chemical compounds of the sigma phase, chi phase or
Laves phase types, which possess high hardness
and brittleness (see Alloy brittleness). Rheniumbearing alloys with a dominant Re content are
characterized by a sharp variation of their properties upon alloying. Rhenium-bearing alloys of the
ﬁrst group have found their application in electronic engineering (thermocouples and heaters in
vacuum technology, etc.). Rhenium-bearing alloys
of the second and third groups are used as semiconductors, superconductors, and other materials
with speciﬁc physical properties.

RHENIUM-BEARING ALLOYS
Alloys in which the element rhenium, Re, is a

RHENIUM EFFECT of low-temperature plasticity
increase

component. The following rhenium-bearing alloys
are distinguished: dilute solid solutions of rhenium
in a transition metal X; solid solutions located in
the middle part of the compositional phase diagram with comparable amounts of Re and X;
dilute solutions of X in Re. The ﬁrst group of
rhenium-bearing alloys is of greatest practical interest. Rhenium has a high solubility in transition
metals with body-centered cubic lattices, which
may reach 65%. Alloying with Re leads to essential changes in the physical and chemical properties of molybdenum, tungsten, chromium, nickel,
tantalum, niobium, titanium, cobalt, and other metals, and provides construction materials with favorable technical parameters. By alloying Re with
Mo, W and Cr, the anomalous phenomena of
the “rhenium effect” were observed (alloying not
only increases strength, but also improves lowtemperature plasticity). The effect is associated

A phenomenon of simultaneously increasing
the strength and plasticity of transition metals of
Group VI of the periodic system (Cr, Mo, W)
by alloying them with Re and other transition elements (Fe, Co, Ru, Os) located to the right of
Group VI in the periodic table. This effect is observed in alloys with a wide range of solubility
when the alloying brings about essential changes
in the electronic structure, thus disturbing the conditions of resonance covalent bonding, and varying the energy band population, but it does not
change the type of crystal lattice. The observed increase of the density of states at the Fermi surface N(EF ) is accompanied by a reduction of
Peierls stress, by reduction of the energy of stacking faults, by increasing the activation volume and
the velocity of stress relaxation near the concentrators, by increasing the solubility of additions
of doping atoms, and also by the involvement of
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the additional mechanism of strain via the twinning of crystals. The increase of N(EF ) should
be gradual enough to allow the reduction in energy of the stacking faults to accommodate the additional mechanism of strain or twinning, but it
should not involve the cross slip of helical components of dislocations (see Screw dislocations).
The increasing solubility of the added interstitial
elements reduces their segregation at the dislocations. During the alloying growth of elastic moduli,
in particular of the shear modulus directly associated with the breaking stress, there is observed an
increase in the low-temperature plasticity.
RHEOLOGICAL EQUATION (fr. Gr. ρεω , ow,
and λoγ oς , knowledge)
Relation between mechanical stress and strain

in a continuous medium where the processes of
aftereffect, relaxation, ordering, etc. are possible,
whereby the mechanical state of the medium is
characterized by stress and strain not only at the
moment under consideration, but also at previous
times. The rheological equation is the basic (determining) equation of rheology, the science of deformation and yield of materials simultaneously
displaying the elastic and viscous properties (see
Viscosity). The rheological equation is used to describe viscoelastic bodies, stress relaxation, internal friction, dynamic hysteresis, etc.
Different models of rheological media were
originally considered by Lord Kelvin (1865),
the ﬁrst rheological equation was suggested by
J.C. Maxwell (1868) and W. Voigt (1892). L. Boltzmann (1874) originally formulated the theory of
isotropic viscoelasticity, and V. Volterra (1909) the
theory of anisotropic viscoelasticity. The rheological equation can be expressed in either a differential or an integral form. The Maxwell form is
an example of a differential rheological equation:
∂t σik + τ −1 σik = 2μ∂t uik (i = k), where σik and
uik are stress tensor and strain tensor components, μ is the shear modulus, ∂t is the partial
derivative with respect to time, and τ is the relaxation time which describes the isotropic body (see
Isotropy). This time τ characterizes for short time
intervals the properties of an elastic medium, and
for long time spans the properties of a viscous liquid. In solid state physics, the rheological equation
of a standard solid, suggested by C. Zener (1938),

is often used: σik + τu ∂t σik = M(uik + τσ ∂t uik ),
where τu and τσ are the relaxation times at constant strain and constant stress, respectively, and
M is the elastic modulus. The most general rheological equation of this type may be written in the
form
3 M
4
4
3 N


n
m
pn ∂t σij =
qm ∂t uij ,
n=0

m=0

where pn and qm are constants. The following expression in the form of Stieltjes’ integral is an example of a rheological equation in integral form:
σij (t) =

∞
ukl (t − s) dGij kl (s).
0

Here the tensor Gij kl (t) characterizes the mechanical properties of the material, and is called
the relaxation tensor. The Fourier-transform image of the tensor Gij kl (t) is called the tensor of
complex elastic moduli. Its components are connected by the dispersion relations. For an isotropic
body, the relaxation tensor has the form
Gij kl (t) = G1 (t)δij δkl + G2 (t)(δik δj l + δil δj k ).
Here G1 (t) and G2 (t) are independent relaxation
functions, δij is the unit tensor. In its general
representation the linear rheological equation expresses the stress tensor in the form of a linear
uniform tensor functional of the stress tensor at the
moment under consideration, and at all preceding
times. A nonlinear rheological equation expresses
the stress tensor in the form of a nonlinear function of the strain tensor, at the particular moment
and for all previous times, whereupon this function is often expressed in the form of a polynomial expansion in linear functionals. The rheological equations used in practice are either postulated
in a phenomenological manner, or deduced on the
basis of kinematic theory and nonequilibrium thermodynamics.
The investigation of the mechanical state of a
rheological medium is reduced to the solution of a
rheological equation together with the dynamical
equation of the medium
∂
σij (t) + ρFi (t) = ρ∂t2 ui (t),
∂xj
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where Fi (t) is the mass density of the bulk force,
ui (t) is a displacement vector, and ρ is the
medium density. If a rheological equation is linear, then we can perform a Laplace transformation according to time for both equations to reduce
the problem under consideration to a static problem of elasticity theory for the Laplace transforms
of stresses and strains. This relationship between
elasticity theory and rheology is called the elasticrheological similarity.
RHODIUM, Rh

Chemical element of Group VIII of the periodic system with atomic number 45 and atomic
mass 102.9055. Natural rhodium consists of one
stable isotope 103 Rh. Electronic conﬁguration of
outer electronic shells is 4d 8 5s 1 . Ionization energies are 7.46, 18.07, 31.05 eV. Atomic radius
is 0.134 nm; radius of Rh2+ ion is 0.086 nm, of
Rh3+ is 0.068 nm. Oxidation state is +3, more
rarely +1, +2, +4, +6. Electronegativity is ≈1.9.
Rhodium is a silvery-white metal. It has facecentered cubic lattice: a = 0.3803 nm (at 299 K).
Its density is 12.41 g/cm3 , Tmelting = 2233 K,
Tboiling = 3973 K. Speciﬁc heat is 0.2466
kJ·kg−1 ·K−1 (at 298 K); coefﬁcient of thermal conductivity is 150.1 W·m−1 ·K−1 (from
273 to 373 K), linear thermal expansion coefﬁcient is 8.3·10−6 K−1 , electrical resistivity is
43.3 n·m (at 273 K); temperature coefﬁcient
of electrical resistance 0.00457 K−1 (from 273
to 373 K). Speciﬁc paramagnetic susceptibility is
0.9903·10−6 CGS units (at 293 K); thermoelectromotive force in thermocouple with platinum
is 25.35 mW (at 1723 K). Rhodium is barely
volatile in high vacuum (saturated vapor pressure
at 1723 K is 133.322 μPa). Mechanical properties of rhodium, especially its plasticity, strongly
depend on its degree of purity. Normal elastic
modulus of annealed rhodium is 3864·108 Pa,
shear modulus is 153·109 Pa; tensile strength
is 42.0·107 Pa, relative elongation is 9 to 15%.
Brinell hardness is 989.8 MPa. Rhodium is subjected to plastic deformation with difﬁculty. It may
be forged and drawn to wire of diameter 1 mm
at temperatures above 1073 K. Sheet rhodium is
manufactured by hot rolling up to the thickness of
about 0.75 mm, after which metal becomes sufﬁciently ﬂexible for cold rolling, during which multiple intermediate annealing is used. Zone-reﬁned

monocrystalline rhodium may be subjected to cold
deformation with reduction of up to 90% without
intermediate annealing. It is used for protective
coatings of mirrors, electrical contacts, reﬂectors,
manufacture of crucibles for melting of laser materials, etc.
RHOMBIC SYSTEM
See Orthorhombic system.
RICHARDSON EQUATION (O. Richardson,
1901), Richardson–Dushman equation
(S. Dushman)

Equation which expresses the dependence of
the density of the thermionic emission saturation
current i on the material temperature T


ϕ
,
i = AT 2 exp −
kB T
where A is a constant characteristic for a given
substance, called the Richardson constant or
emission constant, ϕ is the work function for removing an electron to the vacuum, and kB is the
Boltzmann constant. In the free electron model
2
emkB

= 1.2·106 A·m2 ·K−2 ,
2π 2 3
where m and e are the mass and charge of the
electron. The derivation of the Richardson equation employs the equilibrium distribution function
of electrons within the crystal (Fermi–Dirac statistics or Boltzmann distribution). Since the thermal
emission process is a nonequilibrium one there is
a ﬂux of electrons from the material to the vacuum outside; electrons with energy of the order
of ϕ, signiﬁcantly exceeding the average energy
in the material, contribute to the thermal emission
current. Taking this into account leads to the dependence of the Richardson constant on the value
of the emitted current, which becomes stronger,
the lower the work function. For work functions of
about 1 eV, the Richardson constant deviates from
its equilibrium value by about 10%. Quantummechanical reﬂection of the electron after passing
through the potential barrier also leads to the deviation of the Richardson constant from its equilibrium value by several percent. The Richardson
equation is not applicable to semiconductors for
thermionic emission in a strong electric ﬁeld when
the electron distribution function deviates from its
equilibrium form.
A=
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RIEDEL SINGULARITY

RIEDEL SINGULARITY of tunneling current
(E. Riedel, 1964)

characterized by a large value of the topological
index S (several tens). Magnetic bubble domains

Sharp increase of the amplitude of superconducting Josephson tunneling current at the voltage V equal to Vc = (Δ1 + Δ2 )/e, where Δ1 and
Δ2 are the energy gaps of the two superconductors that participate in the tunneling (see Tunnel
effects in superconductors). In the ideal case the
Josephson current has a logarithmic singularity

that differ in energy and have different S values
may coexist if there are no reasons preventing the
formation of Bloch lines. Vertical Bloch lines preclude the contraction of rigid magnetic bubble domains, so collapse of the latter occurs in greater
displacement ﬁelds as against “normal” domains.
The collapsing mechanism seems to involve the
annihilation of Bloch lines with the assistance of
Bloch points (sometimes, chemically activated).
With the decrease of the displacement ﬁeld a rigid
magnetic bubble domain turns into a dumb-bell domain due to the redistribution of the Bloch lines
along the bubble domain perimeter. In some cases,
a rigid magnetic bubble domain with preset S has
two states, stable in diameter, in the same displacement ﬁeld. The dynamics of rigid magnetic bubble
domains exhibits strong gyrotropic deviation from
the direction of the moving force. Their mobility
is many times smaller than that of magnetic bubble domains with small values of S. For these latter reasons, rigid magnetic bubble domains are unacceptable in conventional devices based on magnetic bubble domains. Usually they are suppressed
in iron garnet materials by ion implantation of the
ﬁlm surface. In view of the above properties, rigid
magnetic bubble domains are sometimes referred
to as anomalous magnetic bubble domains.

I (V ) ≈



Vc
(Δ1 Δ2 )1/2
,
ln
4eR
|V − Vc |

where R is the contact resistance in the normal
state. In real samples the logarithmic singularity
at V = Vc is smoothed by the anisotropy of the
gap, and by the ﬁniteness of the quasi-particle lifetime. The Riedel singularity is caused by the singularity in the superconductor density of states.
For Josephson generation (see Josephson effect)
the Riedel singularity leads to the appearance of a
tunneling current at
V = Vn =

Δ1 + Δ2
,
e(2n + 1)

where n = 1, 2, 3, . . . , for the so-called odd series
of gap subharmonics. The Riedel singularity has
been observed both for the tunneling and for the
point contact type of junction.
RIEMANN TENSOR
The same as Curvature tensor.
RIGHI–LEDUC EFFECT
See Thermomagnetic phenomena.
RIGID BODY, PERFECT
See Perfectly rigid body.
RIGIDITY
See Shear modulus.
RIGID MAGNETIC BUBBLE DOMAIN
A magnetic bubble domain containing, within
the domain wall, vertical magnetic Bloch lines of

the same topological sign, having a total width
comparable to the bubble domain perimeter. It is

RKKY INTERACTION
See Ruderman–Kittel–Kasuya–Yosida interaction.
ROCK SALT, common salt, halite, sodium
chloride
A mineral with chemical composition NaCl.

Density is 2.1 to 2.3 g/cm3 ; Mohs hardness is 2.
Pure crystals are transparent and colorless. Refractive index is 1.5446 (for λ = 0.59 μm at T =
287 K) and decreases with increases in temperature. The crystals form a face-centered cubic lattice with a = 0.5628 nm. Space group is F m3m
(Oh5 ) with 4 molecules in a unit cell. Pure crystals
of rock salt are used to manufacture prisms for IR
spectrographs in the range of 0.950 to 1.550 nm. In
nature, rock salt crystallizes from water solutions,
in laboratory practice from the melt.
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RODS

Elastically-deformable solids of uniform crosssection, with lengths that far exceed the crosssection diameter. The following simple types of
static and dynamic loading of rods are possible: axial tension, torsion about an axis (see Rod
twisting), e xure. When a linearly elastic isotropic
(see Elasticity theory, Isotropy) rod is stretched
by applying the force F , the elongation per unit
length is given by Hooke’s law l/ l = F /(EA)
(l is length, A is cross-sectional area, E is Young’s
modulus); the ratio of the lateral contraction to
the longitudinal elongation equals Poisson ratio ν.
When the rod is twisted by the torque N , directed
along the rod axis, the angle of twist per unit
length τ is related to N by an equation of the
form N = Dτ , where D is referred to as the torsional rigidity of the rod. In order of magnitude,
D ∝ A2 G (G is the rigidity or the shear modulus); in the case of a circular rod of radius R,
the torsional rigidity is given by D = (π/2)GR 4 .
In the case of a rod slightly bent by two parallel
and oppositely directed torques N , which are applied at the ends of the rod and oriented at right
angles to its axis, the radius of curvature of the
axis r is determined by the relation N = EI /r
(I is the appropriate moment of inertia). The following types of waves may travel in long rods: longitudinal waves with velocity ck = (E/ρ)1/2 (ρ is
the density of the rod material); torsional waves
with velocity ck = (D/ρI0 )1/2 (I0 is the moment
of inertia of a cross-section with respect to its center of inertia), for a circular rod, ck = (μ/ρ)1/2 ;
and e xural waves. Rods are widely used, e.g., in
acousto-electronics, as an important component of
delay lines, in high-frequency piezoelectric pressure transducers, in musical instruments, etc.
ROD-SHAPED DEFECTS

A disruption of the regular structure in semiconducting crystals with a diamond-like lattice.
This imperfection is characterized by its rod-like
shape. Rod-shaped defects arise when, e.g., silicon
and germanium monocrystals are exposed to heat
and radiation, when these materials undergo ion
implantation followed by annealing, when crystals are irradiated with high-energy electrons at
elevated temperatures, when oxygen-rich silicon
samples are subjected to a heat treatment.

Rod-shaped defects in silicon.

The ﬁgure is a photograph, obtained by transmission electron microscopy, which presents a
rod-shaped defect in silicon. The propagation of
the defect took place mainly in the 110 direction. It follows from an analytical treatment of the
principal characteristics of rod-shaped defects that
they exhibit some diversity in their propagation.
Their generation and growth along the 110 direction are observed in all cases, but the lateral
growth may take place in different planes. This
results in the existence of a certain set of displacement vectors. It has been found from examining the contrast in electron microscopic images
that the following translational vectors are met
with more commonly than others: (a/x)110,
(a/11)113, (a/25)166, where a is the crystal
lattice constant, x is an integer. Rod-shaped defects are formed mostly by interstitial atoms, but
in single crystals some impurities may be incorporated into them.
ROD TWISTING

A deformation state in rods brought about by
twisting torques applied to the ends of the rods.
As a rule, the hypothesis of planar cross-sections
is used to describe the twisting of round rods: it
is assumed that the cross-sections of the rods remain planar and their radii are linear. When subjected to twisting moments the cross-sections rotate with respect to each other by a certain angle ϕ, experiencing a shear γ = ϕr/ l, where r is
the distance to the rod axis and l is its length. Tangential strains τ result when τ = μγ lies within
the range of elastic strains, where μ is the shear
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modulus. The strongest tangential strains develop
in the outermost ﬁbers of the cross-sections. Sections tilted relative to the rod axis also undergo
normal strains σ that are strongest at the surface
in the planes tilted by 45◦ to that axis. During the
free twisting of rods of non-circular cross-section
the lateral planes bend freely in the same manner
relative to each other, and no normal strains develop, while the tangential strains remain identical
in every cross-section of the rod. Rod twisting is
used in the physics of solids for the mechanical
testing of materials, and for the determination of
their static shear moduli and strength characteristics. Torsional vibrations are employed in various
physical instruments, torsional pendula for example, to study internal friction.
ROD VIBRATIONS
See Vibrations of rods and plates.
ROENTGEN (R)

Obsolete unit of exposure dose of X-rays,
gamma rays, α- and β-particles, neutrons, which
involves total ionization adsorption in 1 cm3 of
dry atmospheric air (1.2393 mg dry air at 0 ◦ C
and 101 kPa) such that ions are formed with a total charge of 1 CGS of either sign. Named after
W.K. Roentgen. 1 R = 2.57976·10−4 C/kg of air.
At the dose of 1 R, 2.082·109 ion pairs form in
1 cm3 , or 1.61·1012 ion pairs form in 1 g of air.
Measuring radiation dose according to its ionizing
ability for a particular material allows establishing
the physical equivalent of a roentgen (rep). For air,
1 rep = 0.85·10−2 J/kg. To quantize radiation by
its biological effect, the biological equivalent of a
roentgen (roentgen equivalent man, rem) is used;
the adsorbed radiation energy, biologically equivalent to one roentgen, is 1 rem = 10−2 J/kg. What
is considered safe for a human being is a dose
per unit time that is 250 times the the background
of cosmic radiation plus the radioactive radiation
from the depths of Earth.
ROENTGEN-EQUIVALENT

A non-system unit measuring in roentgens the
dose of ionizing radiation of α-, β-particles and
neutrons, under which in 1 cm3 of dry air at
the temperature of 0 ◦ C and atmospheric pressure
101 kPa, there appears 2.082·109 pairs of ions of

opposite sign (subject to an exposure dose of Xray or gamma radiation equal to 1 roentgen).
ROSETTON (fr. Fr. rosette)

Stable motion of a negatively charged particle
in the axial channeling mode. For axial channeling, motion in the transverse direction (in plane
perpendicular to crystal axis) is determined by the
effective potential Ueff , i.e. by the sum of the accelerated continuous potential of the atomic chain,
and by the centrifugal energy of the particle:
Ueff (ρ) = U (ρ) +

Mz2
2μρ 2

,

where Mz = m is the particle angular momentum projection on the crystallographic axis, m =
0, ±1, ±2, . . . , ρ is the distance between the particle and the atomic chain, μ is the relativistic mass.
Thus, the energy of the levels of transverse motion
is determined not only by the “principal” quantum
number n, as it is in the case of the planar channeling, but by two numbers, including the angular momentum projection m. For the designation
of the levels, a notation similar to atomic spectroscopic terms 1s, 2p, 3d, etc., is used. With the
growth of the channeled particle energy, the number of discrete levels in the effective axial potential grows in proportion to the Lorentz factor (ratio of total energy to rest energy). The motion of a
negatively charged particle in the rosetton mode is
presented in the ﬁgure as a centered helical trajectory labeled (a), on an axis delineated by a chain
of atoms, coincident with the corresponding crystallographic axis; (b) is the projection of this trajectory on a plane perpendicular to the crystallographic axis. A rosetton is similar to the state of a
two-dimensional atom.
ROTATING COORDINATE SYSTEM

An auxiliary Cartesian coordinate system rotating around the direction of a constant uniform applied magnetic ﬁeld B0 with the frequency ω of an additionally superimposed radio frequency magnetic ﬁeld B1 (t) = B1 cos ωt ,
with B 1 ⊥B 0 . In magnetic resonance the introduction of the rotating coordinate system provides a way to describe the evolution of a system of spins interacting with each other, which
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Rosetton showing (a) centered helical trajectory, and (b) projection of trajectory on a plane.

have been drawn out of alignment by the alternating magnetic ﬁeld through an effective truncated Hamiltonian H∗ . The transformation to the
rotating coordinate system is performed by the rotation operator U = exp{iωtsz }, where sz is the
operator of the z-component of spin, and the angle ωt is around the axis z directed along B 0
so that an arbitrary operator A in the rotating
coordinate system is replaced by the operator
 = U AU + . As a result, the evolution of the denA
sity matrix σ in the rotating coordinate system is
described, with a high degree of accuracy, by the
equation i
σ˙ = [H∗ ,
σ ]. If ω0 and ω1 are the Larmor frequencies (see Larmor precession), corresponding to the ﬁelds B 0 and B 1 , then the effective Hamiltonian H∗ corresponds to the Hamiltonian of a system of spins (see Spin Hamiltonian)
in the constant magnetic ﬁeld directed at the angle θ = arctan[ω1 /(ω0 − ω)] to B 0 and having
the Larmor frequency ω∗ = [(ω0 − ω)2 + ω12 ]1/2 .
In the operator for the spin–spin interaction Hss
the non-secular part of Hss (i.e. the part of Hss
that does not commute with sz ), can be neglected
for the case |ω0 − ω|  ω. The spins in the rotating coordinate system will reach a state of internal equilibrium characterized by a spin temperature (see Level population), which differs from the
temperature of the crystalline lattice.
ROTATING CRYSTAL METHOD

A basic X-ray diffraction method for investigating atomic crystal structure. It is based on

the diffraction images of a monochromatic X-ray
beam reﬂected from a sequence of crystal lattice
planes of a rotating monocrystal. The crystal itself is uniformly rotated about one of its crystallographic axes, and when it does so it continuously
exposes a sequence of lattice planes from which
the X-rays can be coherently reﬂected to produce
images on a cylindrical photographic ﬁlm coaxial to the rotation axis, or the detector might perform a rotational movement relative to one of the
crystallographic axes that does not coincide with
the direction of primary beam (see X-ray structure
analysis). The detected X-ray diffraction rays correspond to reﬂections which arise from particular
points of the reciprocal lattice, and the resulting
data can be Fourier analyzed to provide the atomic
coordinates of the direct lattice. The diffracted
rays give reﬂections and characteristic extinctions
or missing reﬂections which permit one to determine the lattice period along the rotation axis,
and accordingly to deduce the space group and
the presence or absence of a center of symmetry.
X-ray goniometric methods have been developed
for the rotating monocrystal method which permit the synchronized rotation of the monocrystal
and the detector, and thus to provide X-ray diffraction patterns with distorted (Weissenberg method)
or non-distorted (precession method) reciprocal
planes of the monocrystal reciprocal lattice. Automated X-ray diffractometers have been developed
for monocrystals.
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ROTATION MODES

Rotational motion of molecules or atomic
groups within crystals. As a rule, rotational modes
have the nature of retarded rotation, because the
energy of a molecule in the crystal e ld depends on its orientation. But for large angular momenta (rapid turning) the rotation differs
but slightly from free rotation, with the energy
E = 2 I (I + 1)/(2M0 ), where M0 is the moment
of inertia, and the rotational quantum number I
assumes the values I = 1, 2, . . . . The crystal ﬁeld
causes the ground state of the above-mentioned
groups of atoms to be oriented in a speciﬁc way
relative to the symmetry directions of the crystal.
If the anisotropy of the energy of a molecule in
the crystal ﬁeld is sufﬁciently high, compared to
2 /(2M0 ), then the low-frequency excitations are
librations.
ROTATION OF ACOUSTIC WAVE
POLARIZATION PLANE

Rotation of the acoustic wave polarization
plane was originally predicted by Ch. Kittel (1958),
and experimentally observed by H. Matthews and
R. Le Craw (1962) in yttrium iron garnet at the
frequency 528 MHz. It appears during the propagation of a transverse acoustic wave in matter.
Unlike the analogous phenomenon in light (see
Rotation of light polarization plane) it occurs only
in solids in the following manner. The linearpolarized acoustic wave is incident from an elastically anisotropic medium I at the interface with
an elastically anisotropic medium II, propagates
in the latter, and then is incident on the interface
with another elastically isotropic medium III. As
a result, in medium III the polarization plane is
found to be rotated through the angle ϕ with respect to the polarization plane of the wave in the
medium I. In the general case the differences of
absorptions and phase velocities of the transverse
waves in medium II bring about the rotation of
the acoustic wave polarization plane. This rotation
is often accompanied by acoustic wave ellipticity.
In this case the rotation angle of the main axis of
the ellipse, characterizing the wave polarization in
medium III, is identiﬁed as the angle ϕ. This ellipticity and rotation are observed only for a wave
propagating along a low symmetry direction, and
can arise from the internal structure of the material, or be caused by the interaction of the material

with an applied magnetic ﬁeld (see Acoustic analog of Faraday effect, Acoustic analog of Cotton–
Mouton effect). The ellipticity and this acoustic
rotation are used for investigations of the physical parameters of solids: of the electronic structure
of metals, of magnetoelastic constants of magnetic
materials, etc.
ROTATION OF LIGHT POLARIZATION PLANE,
optical activity

Ability of some materials to rotate the plane
of polarization of linearly polarized light passing
through them (see Polarization of light). It was discovered by D. Arago (1811) in quartz. Some materials exhibit this rotation only in the solid phase
(quartz, CdP2 , ZnP2 , NaBrO3 , NaClO3 , etc.), and
some do so for any state of matter (sugar, turpentine, carbon disulﬁde). In the ﬁrst case this rotation
is a result of the interaction of the crystal lattice as
a whole with the light (see Crystal optics). In the
second case the rotation is associated with the absence of an center of symmetry in the molecules.
L. Pasteur (1948) had shown that the rotation can
occur in two directions (right- or dextro (d) and
left- or levo (l) rotating) with the same rotation
capability. The corresponding molecules or crystal lattices are mirror images of each other.
For transparent crystals the rotation angle ϕ is
determined by the relation ϕ = αd, where d is the
thickness of the sample, and α is the rotational
constant, characterizing the nature of the material.
J.B. Biot (1931) established the law ϕ = [α]cd for
solutions, where c is concentration of the active
material, and [α] is the rotational constant per unit
concentration. He also discovered optical rotary
dispersion, i.e. the dependence of the constants α
and [α] on the wavelength λ of the incident light.
The ﬁrst phenomenological theory of linear polarization rotation was proposed by A.J. Fresnel
(1823) when he suggested that the plane-polarized
beam entering the crystal is decomposed into two
circularly polarized beams with opposite directions of rotation, propagating with different phase
velocities. When recombined at their exit from the
crystal, these waves form a plane-polarized wave
with its polarization direction rotated through the
angle ϕ = πd(n+ − n− )/λ0 , where λ0 is the
wavelength in vacuo, and n+ , n− are the refractive indices of the slower and faster moving waves,
respectively.

RUBIDIUM

Polarized light can also be rotated by applying
an external magnetic ﬁeld (Faraday effect) or electric ﬁeld (electrogyration) to the crystal. See also
Self-induced light polarization change.
The phenomenon of polarization plane rotation
has played a signiﬁcant role in physics, chemistry,
and biology, especially in the area of stereochemistry. It has led to interesting advances in medicine,
such as the discovery that optical isomers of the
same substance can differ sharply in some properties. For instance, left-rotating l-mycetin is a good
antibiotic, but right-rotating d-mycetin is not.
ROTATION SYMMETRY AXIS

An axis about which a rotation Cn of a body
through an angle of ϕ = 2π/n (where n is an integer) preserves the appearance of the body. The
number n, which is the quotient of 2π and the
minimum angle of rotation ϕ, is called the order
of the axis. Crystallography permits 1-fold, 2-fold,
3-fold, 4-fold and 6-fold rotation symmetry axes
in crystals (see Crystal symmetry), denoted by the
ﬁgures 1, 2, 3, 4, 6, respectively. Some molecules
exhibit other orders of rotational axes (e.g., C5 in
ferrocene, (C5 H5 )2 Fe). Descriptions of properties
of continuous media and physical ﬁelds may include rotation symmetry axes C∞ of inﬁnite order
(∞) (see Limiting symmetry groups).
ROTATION TENSOR
A tensor of elasticity theory characterizing the

rotation of a body volume element. Two close
points, separated by the vector dxi without strain,
have after the deformation a separation by the vector
dxi = (δik + uik + ωik ) dxk ,

(1)

where δik is unit tensor, uik is the strain tensor,
and ωik is the rotation tensor. The second term uik
on the right-hand side of Eq. (1) describes the deformation, and the third ωik gives the rotation of
the element of volume. In the case of small deformations


1 ∂ui
∂uk
(2)
−
ωik =
2 ∂xk
∂xi
is asymmetric, and it is possible to select the vector ω = (1/2)∇ × u (according the cyclic rule
ω1 = −ω23 , etc.), along the local axis of rotation
with its modulus equal to the rotation angle.
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ROUGHNESS OF SURFACE
See Surface roughness.
RUBBERS

Rubber itself is a natural (cis-polyisoprene) or
synthetic high polymer material characterized by
its high elasticity. Rubbers are products of raw rubber vulcanization, and they have the capability for
large reversible strain. They are divided into the
following groups: general use rubbers (operational
temperatures from −50 to 150 ◦ C), heat-resistant
(operational temperatures above 150 ◦ C), frostproof (operational temperatures below −50 ◦ C);
rubbers stable in hostile media (e.g., gasoline- and
oil-proof); dielectric, electrically conducting, frictional, etc. rubbers. They are used to produce tires
(more than 50% of all the world output of rubber),
conveyor belts, driving belts, footwear, etc. Biological protein rubbers include abductin, elastin
and resilin.
RUBBERS, RAW
See Raw rubbers.
RUBIDIUM, Rb

A chemical element of Group I of the periodic
system with atomic number 37 and atomic mass
85.4678; it is an alkali metal. Natural rubidium
consists of two isotopes: stable 85 Rb (72.165%)
and radioactive 87 Rb (27.835%), which is a
β-emitter with half-life T1/2 = 4.88·1010 years. It
is not found in nature in its free form. Electronic
conﬁguration of outer shell is 5s 1 . Ionization energies are 4.176, 27.501, 39.68 eV. Atomic radius
is 0.243 nm; radius of Rb+ ion is 0.147 nm. Oxidation state is +1. Electronegativity is 0.77.
Rubidium is a silvery-white metal, it ignites
spontaneously in the air, and reacts with water explosively. It has a body-centered cubic lattice; a = 0.570 nm. Density is 1.5348 g/cm3 ;
Tmelting = 311.8 K, Tboiling = 976 K. Heat of
melting is 2.310 kJ/mole; heat of evaporation is
76.02 kJ/mole; speciﬁc heat is 29.61 kJ·kg−1 ·K−1
(at 273 K) and 31.206 kJ·kg−1 ·K−1 (at 323 K);
coefﬁcient of the thermal expansion is
9.0·10−5 K−1 (273 to 311 K). Electrical resistivity is 0.1125 μ·m. Mohs hardness is 0.3; Vickers
hardness is 0.022 in HV units. Metallic rubidium
is a paramagnetic material with speciﬁc magnetic
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RUDERMAN–KITTEL–KASUYA–YOSIDA INTERACTION

susceptibility 0.2·10−6 CGS units (at 290 K). It
is used in lasers, magnetometers, fuel elements,
photomultipliers, and also as a getter in vacuum
electronic engineering.
RUDERMAN–KITTEL–KASUYA–YOSIDA
INTERACTION, RKKY interaction
(M.A. Ruderman, Ch. Kittel, T. Kasuya, K. Yosida,
1954–1957)
Indirect exchange interaction of spins of paramagnetic impurity atoms in metals with each other
through the conduction electrons. Electron spinip scattering by a paramagnetic atom leads to the

polarization of their spin near the atom. This disturbance spreads over distances far exceeding the
screening radius of the impurity potential (Debye
radius) due to the mechanism of Friedel oscillations. As a result, the spins of other paramagnetic
atoms located at distances smaller than the electron mean free path l are also polarized, which
leads to the effective interaction of atoms with
each other. This interaction is described by the effective Hamiltonian

Jeff (Rij )Si Sj ,
Heff =
ij

where
Jeff (Rij )
 2
p3
J
=
ν(εF ) F3
n
π


2pF Rij −3
2pF Rij
×
cos



−4

2pF Rij
2pF Rij
−
sin






2pF Rij kB T
Rij
exp −
,
× exp −
l

εF
where J is the exchange constant of the electron
spin interaction with the paramagnetic impurity,
n is the density of atoms, ν(εF ) is the density
of electron states at the Fermi surface, pF is the
Fermi momentum (see Fermi–Dirac statistics), Si
and Sj are spin operators of paramagnetic impurities, located at the distance Rij from one another,
and εF is the Fermi energy (the dependence of
Jeff on T is appreciable only in semimetals and

degenerate semiconductors). Many physical phenomena are associated with the RKKY interaction.
In particular, at a sufﬁciently low temperature, it
may lead either to the ordering of the paramagnetic atom spins (see Magnetic phase transitions,
Curie point), or to the transition of the paramagnetic atom system to the spin glass state.
RUSSELL–SAUNDERS COUPLING,
LS -coupling (H. Russell, F. Saunders, 1925)

A situation in a many-electron atom where the
electrostatic interaction of electrons (responsible
for the addition of their orbital angular momenta,
L = i Li ) signiﬁcantly exceeds the corresponding spin–orbit interaction, responsible for forming
the total angular momentum J = L + S (where
S = i S i is the total spin angular momentum).
In that case the quantities L and S are approximately conserved, each separately from the other,
and 2S + 1 is the multiplicity of a level with a
given S, its value depending on L and S. The energies of separate states of the multiplet depend on
the value of the total angular momentum J . As a
rule, levels lower in energy correspond to larger
L and larger S, because of the greater number
of negative exchange integrals for electron pairs
with parallel spins (see Hund rules). For lighter
elements, such as those of the ﬁrst transition series, the ground state has a lower J value when
the d-shell is less than half full, and a higher
J value when it is more than half full (10 electrons ﬁll the 3d n shell). As an illustration, the
ion Cr3+ with the 3d 3 conﬁguration has a ground
state with L = 3, S = 3/2 and J = 3/2, whereas
Co2+ with the 3d 7 conﬁguration has a ground
state with L = 3, S = 3/2 and J = 9/2.
For heavier atoms, as the nuclear charge grows
and hence the spin–orbit interaction, which is proportional to Z 4 , also increases, there develops a
deviation from Russell–Saunders coupling since
the role of the electrostatic interaction of electrons in the outer shells correspondingly decreases
(particularly in excited atoms). The total angular momenta of individual electrons are approximately conserved: J i = Li + S i , and there develops the so-called jj -coupling scheme, whereby
the total angular momentum of a conﬁguration is
given by the sum over individual total angular momenta: J = i J i . Selection rules for allowed
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optical transitions are ΔL = 0, ±1, ΔJ = 0, ±1.
Transitions between the terms of differing multiplicity, ΔS = 0, that have a low probability in
Russell–Saunders coupling, become possible in
jj -coupling.
RUTHENIUM, Ru

A chemical element of Group VIII of the periodic system with atomic number 44 and atomic
mass 101.07. Natural ruthenium has 7 stable isotopes 96 Ru (5.57%), 98 Ru (1.86%), 99 Ru
(≈12.7%), 100 Ru (≈12.8%), 101 Ru (16.98%),
102 Ru (31.61%) and 104 Ru (≈18.5%). Electronic
conﬁguration of outer shells is 4d 7 5s 1 . Ionization
energies are 7.364, 16.76, 28.46 eV. Atomic radius
is 0.132 nm; radius of Ru4+ ion is 0.067 nm. Oxidation state is +8, +6, +5, +4, +3 (more rarely
+7, +2, +1). Electronegativity is 1.45.
In free form, ruthenium is a silvery-white highmelting metal (in powder form, it is gray), it
is very hard and brittle; has high corrosion resistance. It has a hexagonal close-packed lattice;
a = 0.2706 nm, c = 0.42816 nm at 300 K, space
4 ). For ruthenium, polymorgroup P 63 /mmc (D6h
phous transformations are possible at 1308, 1463
and 1773 K. Density is 12.45 g/cm3 ; Tmelting =
2607 K (for ruthenium monocrystal with purity
of 99.98%), Tboiling is around 4370 K. Binding energy is 6.615 eV/atom at 0 K. Heat of
melting is 24.3 kJ/mole, heat of evaporation is
620 kJ/mole, heat of sublimation is 670 kJ/mole.
Speciﬁc heat is 0.238 kJ·kg−1 ·K−1 at 298 K. Debye temperature is 580 K; linear thermal expansion coefﬁcient is 11.1·10−6 K−1 along the principal axis 6 and 6.7·10−6 K−1 perpendicular to
this axis (at 300 K); coefﬁcient of thermal conductivity is 105.1 W·m·K−1 (at 293 K); adiabatic

elastic moduli of ruthenium monocrystal: c11 =
562.6, c12 = 187.8, c13 = 168.2, c33 = 624.2,
c44 = 180.6 (in GPa) at 298 K; bulk modulus is
284.49 GPa, Young’s modulus is ≈454 GPa, shear
modulus is ≈171 GPa, Poisson ratio is 0.25 (at
298 K); tensile strength of the annealed ruthenium is 0.49 GPa, Vickers hardness is ≈230 to
≈430 in HV units (range of values is caused
by anisotropy). Polycrystalline ruthenium is practically undeformable metal, hardly subjected to
plastic deformation at temperatures above 1770 K.
Zone-reﬁned monocrystalline ruthenium is plastic at room temperature (it holds ﬂexure of more
than 90◦ ). Ruthenium is hardly volatile in high
vacuum (pressure of saturated vapor is 0.0133 Pa
at 2273 K). Coefﬁcient of linear (in temperature)
term in low-temperature molar electronic speciﬁc
heat is 2.97 to 3.35 mJ·mole−1 ·K−2 . Electrical resistivity is 74.27 n·m (at 298 K); temperature
coefﬁcient of electrical resistance 0.00458 K−1
at room temperature; Hall constant is +2.25·
10−10 m3 /C; transition temperature to superconducting state is 0.493 K; critical magnetic ﬁeld is
6.6 mT (at 0 K); molar magnetic susceptibility of
paramagnetic ruthenium is +39.2·10−6 cm3 /mole;
nuclear magnetic moment of 101 Ru isotope is
−0.69 nuclear magnetons.
Ruthenium alloys are noted for their hardness and wear resistance. Ruthenium forms broad
ranges of solid solutions, sigma phases and
Laves phases with transition metals.
RYDBERG, EFFECTIVE

See Effective Rydberg.
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of surface loads with others that are more convenient for the analysis. A general proof of the
Saint-Venant principle is unavailable; but it has
been veriﬁed for many special cases. For example, a load system that is statically equivalent to
zero, and is distributed on a small area of an elastic half-space, exhibits rapidly decreasing stresses,
∝ r −4 or ∝ r −3 , depending on the direction of the
surface forces.

SADOVSKI EFFECT (A.I. Sadovski, 1898)

The appearance of a mechanical moment of rotation in a solid under the effect of elliptically polarized light. The Sadovski effect is caused by the
transfer of the angular momentum of an elliptically
polarized electromagnetic wave to a solid interacting with the wave. The experiment can involve the
use of a 1/4-wave plate of an uniaxial crystal cut
parallel to the crystal optical axis. Historically the
Sadovski effect was one of the direct proofs of the
applicability of the conservation of angular momentum law to processes involving the interaction
of electromagnetic radiation with matter.

SAMARIUM, Sm

A chemical element of Group III of the periodic system with atomic number 62 and atomic
mass is 150.4; it belongs to lanthanides. Its content
in the Earth’s core is 7·10−4 %. In the natural state
it has six stable isotopes and one α-radioactive isotope with half life T1/2 = 1.3·1011 years. There
are 10 radioactive isotopes obtained artiﬁcially by
the ﬁssion of uranium or plutonium. Due to the
large neutron trapping cross-section, samarium is
a “reactor nucleus”. Outer shell electronic conﬁguration is 4f 6 6s 2 , successive ionization energies
are 5.6 and 11.2 eV. Atomic radius is 0.1804 nm;
radius of Sm3+ ion is 0.104 nm. Oxidation state is
+3, more rarely +2. Electronegativity is 1.1.
Samarium is silvery-white soft metal; in the air
it quickly grows dim, being coated by gray oxide ﬁlm. It has two modiﬁcations: α-Sm, β-Sm.
At room temperature α-Sm has a rhombohedral
crystal lattice; a = 0.8996 nm and α = 23◦ 13 .
At temperatures over 1190 K α-Sm transforms
to β-Sm with a body-centered cubic lattice; a =
0.407 nm. Density of α-Sm is 7.536 g/cm3 (at
293 K), of β-Sm is 7.40 g/cm3 (at 1190 K);
Tmelting = 1345 K, Tboiling = 2073 K. Heat of
melting is 8.6562 kJ/mole; heat of evaporation
is 19.32 kJ/mole; speciﬁc heat is 0.1764
kJ·kg−1 ·K−1 ; temperature coefﬁcient of linear
expansion is 1.04·10−5 K−1 . Resistivity is

SAINT-VENANT PRINCIPLE, principle of
statically equivalent loads (A. Saint-Venant, 1855)

A general principle in mechanics whereby a set
of forces that add vectorially to zero, acting on a
region of a solid, will only be felt near that region,
and will decay to become negligible sufﬁciently
far beyond that region. When applied to elasticity
theory the principle states that the replacement of
a system of loads imposed on a small surface site
with the characteristic size l by another statically
equivalent one (that is having the same principal
vector and principal moment of force) results in
only a localized change of the deformation mode,
and has only a negligible effect at large distances
r
l. A.E.H. Love formulated the Saint-Venant
principle as follows: “If the forces impressed on
a small surface portion of a body are equivalent
to zero force and zero torque, then the stress decreases away from the place of load application,
and is negligible at distances large compared to the
linear dimension of the loaded part of the body.”
The Saint-Venant principle allows one to modify
the boundary conditions, to simplify them, and
to derive approximate analytical solutions to elasticity problems by replacing some conﬁgurations
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SAMARIUM–COBALT MAGNET

0.9 μ·m; temperature coefﬁcient of resistivity
is 1.48·10−3 K−1 . Normal elastic modulus is
34.104 GPa, shear modulus is 12.603 GPa, Poisson ratio is 0.352. Vickers hardness is ≈0.427 GPa.
Samarium is paramagnetic up to the Néel point
TN = 14 K. Upon alloying with metals, it forms
compounds. Samarium is obtained by reduction
from its oxide by lanthanum. It is used in screens
for protection from neutron irradiation, because
samarium oxide Sm2 O3 strongly adsorbs thermal
neutrons. An intermetallic compound of samarium with cobalt (see Samarium–cobalt magnet) is
used for the manufacture of very strong permanent
magnets.
SAMARIUM–COBALT MAGNET

A permanent magnet made of the intermetallic
compound SmCo5 having a high magnetic anisotropy. Fine powders of this compound have a very
high coercive force (∼800 kA/m). Samarium–
cobalt magnets may be obtained from this powder by cold pressing in a magnetic ﬁeld with or
without the aid of a binding material (see Magnetodielectric, Powder magnets). In technology, the
caking of blanks premanufactured by cold pressing is used to obtain cermet magnets. There are
other modiﬁcations of samarium–cobalt magnets,
e.g., on the basis of the compound Sm (Co, Fe, Cu,
Zr)8 . Samarium–cobalt alloys are the most powerconsuming and highly-coercive among the hard
magnetic materials (for its properties, see Table 1
in Hard magnetic materials).
SASAKI EFFECT, Sasaki–Shibuya effect
(W. Sasaki, M. Shibuya, 1956)

Variation of the angle between the directions of
the electrical ﬁeld E and the current density j as
a result of the hole and electron heating in a semiconductor. It is described by the redistribution of
current carriers according to the state of the energy band that creates or changes the anisotropy
of the electrical conductivity. In the case of manyvalley semiconductors of cubic symmetry (germanium, silicon) the conductivity caused by each valley is anisotropic, and the electric current j D in
the general case is noncollinear to E. As a result of the symmetry of the location of the valleys

in the space of quasi-wave vectors at low (nonheating) electrical ﬁelds, the total electric current
in all the valleys j = j D is parallel to E, and
the conductivity is isotropic. If the valleys are oriented inequivalently with respect to E, then due to
the differing ﬁeld direction values there are differing contributions from the effective masses of the
current carriers in the nonequivalent valleys, the
warming-up of electrons is different, and this leads
to an intervalley redistribution of electrons different
from the above values of j D and their contribution
to j . In such a situation an angle different from
zero appears between the directions of j and E.
In long samples where the direction of j is ﬁxed,
the Sasaki effect involves a change in the direction
of E, in short samples the direction of E is ﬁxed
and the vector j rotates.
At an initially equivalent orientation of valleys with respect to E, due to ﬂuctuations the
stable redistribution of electrons between the valleys, which leads to a transverse ﬁeld, may occur
spontaneously. In silicon the direction along 110
or 111 corresponds to this phenomenon, in germanium those directions are along 110, 111
or 100. Redistribution probabilities leading to
transverse ﬁelds with the same absolute magnitudes, but opposite directions, are equal to each
other. This is called the multivalued Sasaki effect,
or the multivalued distribution of electrons over
valleys.
SATELLITE LINES in spectra

Low-intensity lines accompanying a main spectral line that is usually more intense. They appear
due to weaker types of interaction. Thus satellite lines in magnetic resonance spectra are lowintensity lines at frequencies 0, 2ν0 , 3ν0 , . . . (ν0 is
the frequency of the fundamental line), caused by
the mixing of the states of isolated spins by means
of the dipole–dipole interaction. Taking them into
account is important when comparing the moments of experimental spectra with those calculated theoretically. In electron paramagnetic resonance, superhyperﬁne satellite lines can appear
which arise from the interaction of the electron
spin with nearby isotopes having nonzero nuclear
spins.

SATURATION MAGNETIZATION CURVE

SATURATION EFFECTS in magnetic resonance

A phenomenon whereby the power absorbed
by a spin system fails to increase further despite increased power pumped into it by the incident radio-frequency (rf) electromagnetic ﬁeld
used to produce the resonance transition. Saturation effects are described by a saturation factor S = (n1 − n2 )/(n01 − n02 ), where n0i and ni
are level populations for energy levels 1 and 2 in
thermodynamic equilibrium and during resonance
absorption, respectively. For the simplest case
(when high-frequency modulation, coherence effects, etc. are absent), we have S = (1+2T1 W )−1 ,
where T1 is the longitudinal or spin–lattice relaxation time, and W is the probability of a transition induced by the rf ﬁeld. Sometimes the value
x = 2T1 W is called the saturation factor (saturation parameter). Saturation effects take place
when 2T1 W > 1, and are absent when 2T1 W  1.
The power absorbed by a spin system is given by
the expression P = ω(n1 −n2 )W (1+2T1 W )−1 ,
where ω is the energy of a single rf ﬁeld quan1, the value P gives the
tum. When 2T1 W
maximum power that the spin system can transfer to the lattice (note that here n1 = n2 ). For particles with spin 1/2 that are in exact resonance,
one has x = γ 2 B12 T1 T2 , where B1 is the rf magnetic ﬁeld strength, T2 is the transverse or spin–
spin relaxation time, and γ is the gyromagnetic
ratio. A magnetic resonance line saturates when
γ 2 B12 T1 T2 > 1. In such a case the intensity U , the
shape, and the width, of the resonance signals all
become complicated functions of the conditions
under which the spectra are recorded (i.e. rf ﬁeld
strength B1 , amplitude and frequency of modulating ﬁelds, etc.). By studying the dependence of U
on B1 (as well as on other conditions of signal
recording), one may determine the relaxation times
for the spin system, and perhaps deduce mechanisms of line broadening. As a rule, T2  T1 in
solids (T2 ≈ T1 in low-viscosity liquids), so the
condition γ 2 B12 T1 T2 > 1 can be met in solids for
γ B1 T2 < 1. When γ B1 T2 > 1, describing saturation effects becomes much more difﬁcult, since
one then needs to take into account the effects of
coherence.
SATURATION, MAGNETIC
See Magnetic saturation.
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SATURATION MAGNETIZATION CURVE
Curve describing the process of magnetization
of ferromagnetic materials under the effect of ei-

ther an internal, B, or an external, B0 = μ0 H0 ,
magnetic eld, while being driven to saturation
(range 3 in Fig.). Saturation means that the magnetization M approaches the spontaneous magnetization (true magnetization) Ms at a given temperature. Further increases in the applied magnetic ﬁeld may result in a weak linear growth of
Ms (called a paraprocess), as shown in the ﬁgure.
The difference of B from B0 is explained by the
demagnetizing effect of the sample surfaces. The
true ﬁeld B affecting M inside the ferromagnet is a
sum of the external and the demagnetization elds.
Thus, the M(B) versus B curve characterizes the
properties of the material itself. In many cases,
e.g., while magnetizing a crystal along its easy
magnetization axis, saturation may be reached in
quite weak applied ﬁelds B0 , fractions of a millitesla. Generally saturating magnetic ﬁelds vary
from 10−2 to 1 T.
The nature of magnetization may vary from
material to material. In multidomain ferromagnets
it proceeds via displacement of the domain walls
(DW) (see Domain wall displacement processes).
In many cases the initial stage of magnetization involves reversible DW displacement, corresponding to the beginning of the M(B) versus B
curve, range 1 in Fig. As B increases further, irreversible displacements become important (steeper
range 2 in M(B) curve). After these displacement
processes are completed then magnetization rotation processes operate. To rotate M towards B

Saturation magnetization curve.
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magnetic anisotropy forces must be overcome, and
the growth of M at higher B is slower. In practice
it is not always possible to separate the processes
of rotation and displacement. In a more general
case these processes may either develop in parallel, in sequence, or a combination of these.
SATURATION, RF
See Radio-frequency selective saturation.
SATURATION, SELECTIVE
See Selective saturation.
SCABBING, aking, chipping-off
A type of failure, induced by a short-time in-

tensive action that results in the separation of a
part of a sample (chipped-off plate). Scabbing or
ﬂaking is observable at collisions of solids, under action of powerful laser radiation, at polymorphic transformations (see Structural phase transition), and so on. The ﬂaking fracture was ﬁrst
observed experimentally by B.E. Hopkins (1914)
during the collision of metal rods. The mechanism for this, in brief, is as follows. Under the
impact-wave conditions of loading, compression
waves start to propagate from the contact zone.
Upon reaching the free surface the waves reﬂect
back from it. In the region where incident and reﬂected waves meet, high-intensity tensile stresses
appear, which cause thermal-ﬂuctuation-induced
nucleation and the development of microscopic
damage. For a sufﬁcient intensity and duration of
the tensile stress, the growth of microscopic damage leads to the formation of the main crack and
eventually sample break-up.
To describe the ﬂaking, use is made of the instant ﬂaking model whereby the failure is regarded
as a loss of continuity, which occurs at reaching a
certain magnitude of load (breaking stress), and
lasts for a time close in order of magnitude to the
period of interatomic oscillations (10−12 s), i.e.
practically instantly. This scheme of instant ﬂaking is applicable in the range of stresses comparable in order of magnitude to those of interatomic
bonds (for metals, decimal fractions of Young’s
modulus), when the ﬂaking surface is sufﬁciently
smooth (specular ﬂaking). At lower tensile stress
levels, the regions near the ﬂaking surface are
characterized by the presence of a large amount

of microscopic damage. Under these conditions,
there is no single value of critical stress that can
specify a failure of the same sample in a series of
experiments involving different loading regimes.
Then, when performing calculations, one should
use the temporal criteria of failure, which allow
for the time-dependent accumulation of damage.
The phenomenological criteria of ﬂaking failure
are mostly threshold criteria with respect to accumulated damage, and involve some kind of kinetics of damage growth depending on the material
rheology. According to the form of microscopic
damage, one can distinguish tough ﬂaking involving spherical regions of damage, and brittle ﬂaking
involving damage with the shape of ﬂat disks.
SCABS

Thin slag or oxide lm , which disturbs the continuity of a metal. Scabs are generated mostly on
the surface of the melt, jet, or casting mold. The
strength properties of the material, which experiences the attack of scabs, are several times decreased, up to the complete loss of strength and
impact viscosity. Deep-lying scabs are detected by
application of methods of magnetic defectoscopy
and infrared defectoscopy. The generation of internal scabs is prevented by protecting the alloys from aggregations of nonmetallic (slag) inclusions, cavities, and pores.
SCALE EFFECT (G. Sharby, 1912)

Deviation from the law of similarity in the deformation of an elastic solid body. This law implies that equal relative strains are produced by
equal stresses. The scale effect was ﬁrst observed
during measurements which showed that, when
notched, geometrically similar specimens are subjected to an impact, the failure work decreases with
an increase of the specimen size. In tension tests,
the scaling effect shows up in the decrease of the
ultimate characteristics of plasticity (relative constriction) and strength (true ultimate strength) with
an increase in size. The physical nature of the scale
effect is related to the greater degree of localization of plastic deformation in large specimens, and
to an increased probability of ﬁnding large defects
and sharp stress concentrators in these specimens
(see Stress concentration). In cold-strained materials (wire, strip), the scale effect shows itself in a
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decrease of the plasticity margin (of allowable total reduction) with an increase in diameter, which
is due to nonuniform distribution of strain across
the section. In measurements of hardness and microhardness, the scale effect shows itself in their
increase as the load on the indenter decreases.
SCALING INVARIANCE HYPOTHESIS, similarity
hypothesis, scaling

Assumption that certain features, typically the
most fundamental ones, of a system’s behavior are independent of temporal or spatial scales
(static similarity hypothesis). The scaling invariance hypothesis is mathematically formulated in
terms of similarity relationships that connect values of physical quantities corresponding to different scales.
Most generally the scaling invariance hypothesis assumes homogeneity of the functions under consideration. In phase transition theory, such
functions are thermodynamic potentials and correlation functions in the critical region. For instance,
considering a function of two arguments f (x, y),
this means that for arbitrary x, y and λ we may
write f (λa (x), λb (y)) = λp f (x, y), where a, b
and p are similarity parameters. It follows from
this relationship that f (x, y) = y p/b F (x/y a/b ),
where F (z) = f (z, 1). The latter means that the
function f (x, y) has a rather speciﬁc form. The
scaling invariance hypothesis in phase transition
physics evolved on a semiempirical basis, and
initially it provided a rationale for summarizing and classifying a large body of experimental data on magnetic, structural, superﬂuid, and
other second-order phase transitions. In the late
1960s the scaling invariance hypothesis received
microscopic substantiation. Since the early 1970s
it has been considered an integral part of critical
phenomena theory based on the renormalization
group method. Scale invariance becomes manifest
for a second-order phase transition at distances
much greater than interatomic ones; at T = Tc the
pattern of critical ﬂuctuations of the order parameter is scale invariant only as long as the distances do not exceed the correlation radius. The
term scaling relationships often refers to formulae that connect critical indices of various thermodynamic and kinetic quantities. They are exempliﬁed by α + 2β + γ = 2, and α = 2 − dν, where

α, β, γ , ν are indices of speci c heat, order parameter, susceptibility, and correlation length, respectively, and d is the system dimensionality. The
scaling concept is widely applied not only in phase
transition physics, but also in disordered system
theory (percolation theory, localization theory), in
polymer physics, in hydrodynamic instability theory, etc. (see Dynamic scaling). The scaling invariance hypothesis has been veriﬁed in works beyond the scope of the phenomenological theory of
phase transitions, which depend upon such concepts as the renormalization group method, and
feature self-similarity and the Gibbs distribution at
the critical point.
SCALING THEORY OF LOCALIZATION

A theory intended to explain the behavior of
disordered systems (in the single-particle approximation at zero temperature). The theory proceeds from the concepts of similarity theory (scaling invariance hypothesis) and the renormalization group method. These have their origin in
phase transition theory and in quantum ﬁeld theory. In accordance with them, the scaling theory of localization proceeds from the assumption that the properties of a disordered system
are those of an insulator or a conductor, changing
from one to the other at the passage of the Fermi
level through the mobility edge (Anderson localization), and are describable in a sufﬁciently large
sample L with a uniﬁed dimensionless electrical conductivity parameter (electrical conductance)
g(L). It follows then that the change of g under varying dimensions depends only on g itself,
i.e. may be described by an equation of the form:
(d ln g/d ln L) = β(g). Deep in the ﬂuctuation region of the spectrum, i.e. for g  1, the states
decay exponentially; therefore, g ∝ exp(−L/ l)
in this region, where l is the localization length
(localization radius). On the other hand, when
g 1, the system should exhibit excellent conducting characteristics, and in such a situation
for a d-dimensional system g ∝ σ Ld−2 , where
σ is the microscopic conductance. That is why
β(g) ∝ ln g when g  1, and β(g) ∝ d − 2 when
g
1. More accurate argumentation based on a
modiﬁed perturbation theory (see weak localization) shows that β(g) = d − 2 − a/g − b/g 2 − · · ·
when g
1). Under the additional assumption
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that β(g) is a smooth monotonic function, the
above asymptotic expressions indicate that at
d = 1, 2 total localization takes place (although
at d = 2 and higher energies, the states may happen to decay as a power function and not exponentially), while a mobility edge that is deﬁned
by the equation β(gc ) = 0 exists at d = 3. In
the neighborhood of this boundary, the conductivity goes continuously to zero: g ∝ (EF − Ec )ν ,
with the slope of the curve β(g) at g = gc acting as the critical index. The same index, as is
always the case in one-parameter scaling, determines the divergence of the localization length as
the Fermi energy approaches Ec from the insulator side: l ∝ (Ec − EF )−ν .
SCANDIUM, Sc

A chemical element of Group III of the periodic system with atomic number 21 and atomic
mass 44.95591. Natural scandium has one stable isotope 45 Sc. Outer shell conﬁguration is
3d 1 4s 2 . Successive ionization energies are 6.7,
12.8, 26.19 eV. Atomic radius is 0.162 nm; radius of Sc3+ ion is 0.081 nm. Oxidation state
is +3, less commonly +2, +1. Electronegativity
is ≈ 1.26.
In the free form scandium is a soft metal
of a silvery color. It exists in two modiﬁcations (α-Sc, β-Sc). Below 1607 K α-Sc is stable
with hexagonal close-packed crystal lattice, space
4 ), with parameters a =
group P 63 /mmc (D6h
0.33088 nm, c = 0.5268 nm (at 298 K). Above
1607 K up to Tmelting = 1812 K β-Sc is stable with body-centered cubic lattice, space group
I m3̄m (Oh9 ), with parameter a = 0.4541 nm.
Binding energy is −3.93 eV/atom (at 0 K);
above 1870 K it is volatile. Density of α-Sc is
2.99 k/cm3 at 293 K; Tboiling = 3123 K. Heat
of melting is ≈ 16.9 kJ/mole, heat of sublimation is 293.1 kJ/mole, heat of evaporation is
329 kJ/mole, speciﬁc heat is 0.560 kJ·kg−1 ·K−1 .
Debye temperature is 359 K, linear thermal expansion coefﬁcient is 15.1·10−6 K−1 along the
principal axis 6 and 7.61·10−6 K−1 in perpendicular to this axis at 300 K; adiabatic elastic moduli of α-Sc monocrystal: c11 = 99.3, c12 = 45.7,
c13 = 29.4, c33 = 109.6, c44 = 27.7 (in GPa)
at 293 K; isothermal bulk modulus is 43.5 GPa
at room temperature; tensile strength is 0.245 to

0.294 GPa, compression strength is 0.981 GPa.
Brinell hardness is 75 to 100, cross-section of thermal neutron trapping is 13 barn; Sommerfeld term
of linear low-temperature electronic speciﬁc heat
is ≈10.5 mJ·mole−1 ·K−1 . Electrical resistivity
of α-Sc is (47–71)·10−8 ·m, temperature coefﬁcient of the electrical resistivity is 0.000815 K−1
at room temperature, work function is 3.23 eV;
molar magnetic susceptibility of paramagnetic
scandium is +315·10−6 CGS units at room temperature (value along the principal axis 6 in α-Sc
is higher than in perpendicular direction), nuclear
magnetic moment of isotope 45 Sc is 4.749 nuclear
magnetons. Elements of fast-response memory for
computers are manufactured from scandium ferrites. Other areas of application are metallurgy,
rocket and aircraft building.
SCANNING ELECTRON MICROSCOPE (SEM),
raster electron microscope (introduced by
M. Ardenne, 1938)

An electrooptical device designed for observation and analysis of solid surfaces. Its spatial resolution, which reaches ∼1.5 nm, is much
closer to that of a transmission electron microscope than it is to an optical microscope. In an
SEM a narrow electron probe beam with diameter 1–5 nm is scanned across a solid surface using a scanning system. The interaction of the electron beam with a sample produces secondary, reﬂected Auger electrons (see Auger effect), X-rays,
etc. Depending on the type of the detector, the
radiation emitted by the sample is transformed
into electrical signals which, after ampliﬁcation,
are used to modulate a cathode-ray tube display
where an image of the sample surface is formed
(see Fig. 1). During the investigation of a semiconductor surface structure by an SEM there appears
a charge-induced emf which arises from nonequilibrium charge carriers generated by the scanning
electron probe beam in the subsurface layer, and
these induce surface band bending and a redistribution of surface states, leading to variations of
the surface charge and potential. The local surface potential gives rise to a charge-induced emf in
a metallic ring-shaped detecting electrode located
above the sample, which is then ampliﬁed and displayed on the microscope screen. The video image carries information about local states on the
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The advantage of SEM is the possibility for
examining large samples without prior sample
preparation, with sufﬁciently high resolution and
signiﬁcant depth of focus (see Fig. 2). An apparatus combining SEM and an X-ray microanalyzer
offers the best experimental potentiality, and allows not only the examination of sample surface
structure, but also can provide the chemical analysis of structural components with the help of a
crystal diffraction spectrometer, and a spectrometer with energy dispersion and a spatial resolution
of ∼1 μm. Together with a computer this apparatus
allows the quantitative analysis of the experimental data.
SCANNING ELECTRON MICROSCOPY

Fig. 1. Block diagram of a scannning electron microscope (SE, secondary electrons; CRT, cathode-ray tube).

Fig. 2. SEM picture of the structure of a fracture in α-Fe
deformed at 293 K (magniﬁcation 18,000).

surface, and the distribution of electrophysical parameters in the subsurface semiconductor layer.
The charge-induced emf method is effective for
the nondestructive, noncontact detection of defects
in semiconductor materials and devices (see Defectoscopy).

A microprobe analysis technique for studying
the microstructure and the local composition of
solid surfaces. It is based on scanning a focused
electron beam over the target surface (see Raster).
It provides a signiﬁcant improvement in the resolution of the image of a solid surface compared
to light luminescence. The resolution of modern scanning electron microscopes reaches several nanometers. To obtain an image of the surface topography of a bulk solid specimen scanning
electron microscopy uses secondary or reﬂected
electrons that are collected together (see Scanning
electron microscope). The structure of thin targets
may also be studied in the transmission mode.
Recording absorbed electrons provides one with
information on the local subsurface properties of
the target. Detecting X-rays and cathode luminescence emissions from the target makes it possible
to conduct elemental and chemical analysis of the
target composition. Scanning electron microscopy
techniques ﬁnd applications in the study of both
electric and magnetic microﬁelds, and the electrophysical properties of semiconducting structures,
as well as for fundamental and applied investigations in the physics of solids, physics of metals and
material science, mineralogy, biology, and other
branches of science and technology.
SCANNING OF OPTICAL RADIATION

Spatial movement of an optical beam on or
across a particular path or area on a surface. Scanning is performed using light de ectors, devices
that deviate the direction of a light beam. The simplest light deﬂectors are opticomechanical types.
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Solid-state light deﬂectors depend on changes of
refractive index of a crystal under exposure to electric or magnetic ﬁelds, as well as on their interaction with electromagnetic and acoustic waves (see
also Kerr effect, Faraday effect).
Scanning of optical radiation is also used in
laser TV systems, aerial surveillance, detection
and tracing of targets, image sensing, optical techniques of information recording and other technologies.
SCANNING SEMICONDUCTOR
PHOTODETECTOR
See Sprite.
SCANNING TUNNELING MICROSCOPY
Technique for examining solid surfaces based

on the measurement of the current I arising from
the tunneling of electrons through the potential
barrier in a gap of width l (tens of nanometers)
between the material surface and a scanning electrode shaped in the form of a sharp tip. If the
current I and the bias voltage V are maintained
constant, the topographic image of the surface,
which represents the surface distribution of electron density, can be recorded, thereby making
possible the determination of the surface atomic
structure. The very sharp (exponential) dependence of I on l guarantees a high spatial resolution: 0.01 nm normal to the surface and up to
0.1 nm laterally. By modulating l it is possible
to determine the distribution of the work function across the surface of a sample. Measuring
the current–voltage characteristics I (V ) can provide information on the spectrum of surface electron states. The change of l and the scanning
across the surface with an electrode are performed
using piezoelectric elements. Scanning tunneling
microscopy is useful for examination of atomically clean surfaces, as well as real surfaces of
metals and semiconductors, adsorbed layers on
these surfaces, and various biological objects. The
technique uses low (of the order of several volts)
operating voltages, is non-destructive (see Nondestructive testing techniques), and does not always
require a vacuum. The Scanning Tunneling Microscope inventors G. Binnig and H. Rohrer (1982)
shared the 1986 Nobel Prize in physics with the
electron microscope inventor E. Ruska.

SCATTERING AMPLITUDE



Amplitude f (k  ) of a spherical wave eik r /r
scattered by a particle during its excitation by an
incoming plane wave eikr , where k  = |k  |. It has
the dimension of length and provides the magnitude (or effective differential cross-section) of the
scattering with the wave vector k  :
dσ (k  ) = f (k  , θ, ϕ) sin θ dθ dϕ,
2

where θ is the angle between k  and k, and ϕ is the
azimuthal angle. Integration over all angles yields
the total scattering cross-section in the channel
k → k  (for elastic scattering only one channel
k  = k exists). The total scattering cross-section
in all channels is expressed via the imaginary part
of f (k, 0) (optical theorem). The scattering amplitude can provide the angular and energy distribution of the scattered particles, including when
multiple scattering is taken into account. The
propagation of the beam of particles in a medium
is determined by the interference of the incoming
and all elastically scattered waves. In an amorphous medium (see Amorphous state), the only
waves that are in phase are those scattered in the
forward direction (θ = 0), so that the result of interference depends on the value of f (k, 0), and it
is expressed by the change of the resulting phase
velocity of the wave, i.e. in terms of an index of
refraction n = 1. Therefore, the value of n is determined by the scattering amplitude in the forward direction. For example, for a homogeneous
medium with a weak enough scattering interaction, we have
4π
n2 = 1 + 2 Nf (k, 0),
k
where N is the number of scatterers per unit volume. Because f (k, 0) is a complex quantity, the n
has an imaginary part describing the absorption of
the beam. In crystalline solids, due to the spatially
periodic arrangement of their atoms, the scattered
waves can constructively interfere in a discrete
number of directions, which depend on the crystal
lattice geometry. Under certain conditions (Bragg
law), the diffracted beams can be observed in these
directions, with an intensity and phase that depends on the individual scattering amplitude f (k).
The concept of scattering amplitude can be applied
to a scatterer with a complicated spatial structure,
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e.g., a system of atoms arranged regularly along a
line or a plane.
SCATTERING OF CURRENT CARRIERS
See Current carrier scattering.
SCATTERING OF ELECTRONS
See Current carrier scattering.
SCATTERING OF LIGHT
See Light scattering, Induced light scattering,
Light scattering in liquid crystals, Photoinduced
light scattering, Raman scattering of light, Rayleigh
scattering of light.
SCATTERING OF PARTICLES

Change in direction of incoming particles due
to their interactions with particles in a target
medium. One may identify elastic scattering
(without change in particle internal state or total
kinetic energy) and inelastic scattering (e.g., with
a change in total kinetic energy). The scattering
is characterized by its cross-section and scattering
angle. The latter is the angle between the direction along which the particle traveled prior to the
interaction with the scattering particle, and the direction of motion after the interaction. A differential scattering cross-section dσ/dΩ or dσ/dE
characterizes the elastic and inelastic scattering
processes. These two quantities correspond to the
ratio of the number of particles scattered within a
unit solid angle Ω, or those which have their energy E changed by a unit energy increment during the act of scattering, relative to the density of
the incident particle ﬂux, nv (n is concentration
of incident particles, v is their velocity). The total scattering cross-section σ is obtained by integrating the differential cross-section over angles
or energies, respectively. A quantum description
of the scattering of particles yields a distribution
of probabilities of scattering into various angles,
presented as a scattering amplitude f (θ) that is
related to the differential scattering cross-section:
dσ/dΩ = |f (θ)|2 . The angle of scattering, θ , is
measured in a coordinate system with its origin
at the center of mass of the colliding particles.
A popular approximation technique for calculating the scattering amplitude is the Born approximation that uses ﬁrst-order perturbation theory,

with the perturbation itself as the particle interaction potential V (r):
 ∞
sin qr 2
V (r)f (θ) = 2π
V (r)
r dr,
qr
0
q = 2k sin

 
θ
,
2

where k is the wave number in the coordinate system of the particles’ center of mass, and the energy of the particle is large enough, λdeB  R0 .
At low particle energy (de Broglie wavelength
R0 , where R0 is the interaction force
λdeB
range of action) when bound or quasi-bound states
of the colliding particles (those having a ﬁnite lifetime) exist, a resonance scattering can take place.
The scattering cross-section is a maximum when
the energy of the relative motion of the particles
equals the energy of the bound (or quasi-bound)
state. The scattering of quasi-particles (electrons,
holes, phonons, etc.) off each other from defects of the crystal lattice controls various kinetic
processes, such as electrical conductivity, thermal
conductivity, galvanomagnetic effects, and others.
See also Current carrier scattering.
SCATTERING OF PHONONS
See Phonon scattering.
SCATTERING OF X-RAYS
See X-ray scattering, Diffuse scattering of
X-rays, Small-angle scattering of X-rays.
SCHER–MONTROLL THEORY (H. Scher,
E.W. Montroll, 1975)
A model of hopping conductivity in amorphous
semiconductors. It starts from the assumption that

the time distribution of jumps is broadly spread
out, and the peak concentration of the current carriers injected by current or induced by light tends
to remain in the initial region where it is generated. In practice a typical semiconductor ﬁlm of
width 50 μm is commonly enclosed in a structure of a “sandwich” type with two attached electrodes. Carriers may be injected from either electrode by an electrical impulse, or be produced as
electron–hole pairs by means of an absorbed electron beam or light. The time of ﬂight of carriers
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to the opposite electrode is determined by observing the arrival a transient current of rectangular
shape, or an increase of charge. The transient current in the Scher–Montroll theory arises from the
number of carriers reaching the opposite electrode
from the forward edge of the hopping time distribution. Physically, it means that the injected carrier moves to the second electrode by a hopping
mechanism. The activation energy of these hops is
taken as constant, but sometimes a charge carrier
lands on a site and remains there fairly long before the next jump. This causes a blurring of the
forward moving fronts, and a broadening of the
current pulse.
SCHLIEREN-METHOD
See Optical defectoscopy.

SCHOTTKY DEFECT, Schottky pairs
(W. Schottky, 1930)
A defect, a missing atom or vacancy in a crys-

tal lattice, commonly occurring in a monatomic
lattice, or in a binary crystal MX. In the latter
case two vacancies often occur in different sublattices M and X. If the pair of vacancies are bound
by their mutual attraction and are located at adjacent sites, then the defect is called a double vacancy. The energy of Schottky defect formation
is deﬁned as the energy required for the pair of
atoms M and X to depart from the bulk of the crystal and move to its surface. It often amounts to one
or more eV in energy. In many crystals (e.g., alkalihalide crystals, oxides MgO, SrO, etc.) Schottky
defects are the main type of equilibrium defects at
high temperatures in the presence of thermal u ctuations.

SCHOENBERG EFFECT (D. Schoenberg, 1962)

Instability of the uniform distribution of magnetic induction B in a metallic sample at low
temperatures. The Schoenberg effect is due to a
nonmonotonic dependence of the sample magnetization M on the magnitude of the magnetic induction B (e.g., de Haas–van Alphen effect). See
also Diamagnetic domains.
SCHOTTKY BARRIER, depletion layer
(W. Schottky, 1939)

Potential barrier in the vicinity of a metal–
semiconductor contact arising from differing work
functions of the materials in contact, and the presence of surface states at the boundary. The Schottky barrier involves band bending, with the depletion of majority charge carriers near the surface (see Semiconductor surface). In this region
of width L (Schottky layer width) the charge is
due only to ionized impurities, so charges of free
electrons and holes may be neglected. For the approximation of a uniform impurity distribution in
the semiconductor the band bending of the energy barrier varies with the distance x from surface
as ϕ(x) = e2 n0 (L − x)2 /(2ε0 ε), and the electric
ﬁeld varies as E(x) = −en0 (L − x)/(ε0 ε), where
n0 is the impurity concentration, L is the width
of Schottky layer, and ε and ε0 are the dielectric
constants of the semiconductor and free space, respectively. In 1939, W. Schottky developed a theory of semiconductor diodes with such a barrier
(see Schottky diode). See also Nonohmic contact.

SCHOTTKY DIODE
A semiconductor diode containing a Schottky
barrier at a metallized semiconductor boundary.
The voltage dependence of the barrier capacitance

was put to practical use when Schottky diodes with
nonlinear capacitances were developed: varicaps,
varactors, frequency doubling diodes. In Schottky
rectiﬁers the sharp dependence of direct electric
current through the barrier on the applied voltage
is utilized. The same principle is applied in mixer
Schottky diodes, where the decrease of super highfrequency radiation is handled by mixing two signals with nearby frequencies to produce their difference frequency.
SCREENING DISTANCE
See Screening radius.
SCREENING, ELECTRIC
See Electric charge screening.
SCREENING LENGTH
See Screening radius.
SCREENING RADIUS, screening distance,
screening length

A characteristic length beyond which there is a
signiﬁcant (exponential) decrease of the Coulomb
interaction (either attractive or repulsive) between
electric charges in various media (e.g., solids, liquids, gases). The phenomenon arises from the
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presence of free mobile particles, such as conduction electrons and holes in metals, semimetals,
semiconductors, ions in electrolytes, electrons and
ions in gas discharge plasmas, etc.; see Electric
charge screening. In a classical (nondegenerate)
plasma in a semiconductor (or gas discharge) as
well as in a weak electrolyte solution, the screening radius is rDH = [kB T /(8πe2 n0 )]1/2 , where
n0 is the concentration of free charged particles
(electrons or ions) with the charge e. This radius
is called the Debye–Hückel screening radius (see
Debye–Hückel theory). When computed within
the Thomas–Fermi approximation (L. Thomas,
E. Fermi, 1928) the effective screening radius of a
static point charge in a degenerate electron gas will
be rTF = [EF /(6πe2 n0 )]1/2 . Here EF is the Fermi
energy, and n0 is the electron concentration. The
value of rTF is called the Thomas–Fermi screening
radius.
SCREW AXIS, called helical axis in Russian
literature

An element of crystallographic space group
symmetry denoted by np (see Crystal symmetry)
combining an n-fold rotational symmetry axis (rotation by 360/n degrees) and a translation axis
parallel to it. The pitch of the screw motion is
p/n and the translation is p/n times the shortest lattice translation vector along the axis. The
screw axes of symmetry are: 21 , 31 , 32 , 41 ,
42 , 43 , 61 , 62 , 63 , 64 , 65 . The pairs 31 and
32 , 41 and 43 , 61 and 63 , 62 and 64 are called
enantiomorphic (see Enantiomorphism), because
for the same value of translation they are distinguished only by the direction of the rotation.
The axes with smaller indices in these pairs are
called right-handed, and those with larger indices
are left-handed. The screw axes 21 , 42 and 63 are
called neutral because right- and left-handed rotations are equivalent.
SCREW DISLOCATION, called helical dislocation
in the Russian literature
Rectilinear dislocation with a Burgers vector

parallel to the dislocation line. In an inﬁnite elastically isotropic medium (see Isotropy of elasticity) a screw dislocation creates anti-plane strain inversely proportional to the distance from it. By this
the displacements of the elements of the medium

Sketch of a screw dislocation.

are parallel to the dislocation line and depend only
on the coordinates of the point in the plane, perpendicular to it. In a crystal the Burgers vector of
a screw dislocation coincides with one of the lattice vectors. Successive lattice planes passing the
dislocation are transformed into the surface of a
helix. The ﬁgure shows a model of a screw dislocation in a simple cubic lattice.
SCREW ROTATION
See Crystal symmetry.
SECONDARY ELECTRON EMISSION

Emission of secondary electrons from solids
and liquids (emitters) upon their bombardment
with primary electrons. Secondary electrons can
be emitted from the surface facing the primary
beam, and from the back surface if the emitter thickness is less than the penetration range
of the primary electrons. Quantitavely this secondary electron emission is characterized by the
secondary electron emission coefﬁcient δ = i2 /i1 ,
where i1 and i2 are the current ﬂows of primary
and secondary electrons, respectively. The coefﬁcient δ depends on the primary electron angle of
incidence, on the nature and structure of the material, on the surface state, and on the primary electron energy (En ), reaching its maximum in most
materials at En = 100 to 1000 eV.
Secondary electrons have a continuous energy
spectrum from 0 to En . They consist of elastically
(usually called back-scattered) and inelastically
reﬂected electrons, Auger electrons, and slow,
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truly secondary electrons with the most probable
energy of the order of 1 eV for non-metals, and
2 to 4 eV for metals. The ﬁne structure of the
electronic spectrum of secondary electrons is determined by the characteristic energy losses, by
the Auger effect, and by the electron diffraction on
crystalline emitters. It is used for diagnostics, and
allows one to make a judgement about the chemical composition and electronic state of the atoms
of the surface layer. Most materials have small values of δ (δmax ∝ 1 to 2), but in insulators with
wide gaps and small electron af nity χ , δmax = 20
to 40 at En of several hundred electron-volts. In
semiconductor emitters with a negative electron
afﬁnity (χ < 0) δ increases up to 102 –103 . Secondary electron emission has found wide practical use in the secondary electron multiplier, a device for the measurement of very small electron
currents. Secondary electron emission is also the
basis for obtaining a high-resolution image of the
surface in scanning electron microscopes by utilizing a so-called secondary electron detector.
SECONDARY HARDNESS, secondary hardening
The transformation of residual austenite to
martensite (not decomposed at a high annealing

temperature) during its subsequent cooling. The
causes of this phenomenon are the depletion of
the residual austenite of carbon, they can involve
the alloying elements (see Alloying) at the annealing, and therefore exert their inﬂuence during the temperature increase at the start of the
martensitic transformation. The effect of relaxation processes is also not excluded. To achieve
complete or almost complete transformation of
the residual austenite to martensite it is necessary to repeat the high-temperature annealing several times. The secondary hardness displays itself
especially prominently in high-speed and highchromium tool steels.
SECONDARY ION EMISSION, ion–ion emission
Emission by a solid surface or liquid to the

vacuum of positive or negative secondary ions
in the form of charged atoms, molecules, atomic
complexes (clusters) during bombardment of the
surface by a ﬂux of primary ions. Quantitatively
secondary ion emission is characterized by the
secondary emission coefﬁcient (K), which equals

the ratio of the secondary to the primary ion ﬂux,
and also by the energy distribution of the secondary ions. The K value depends on the chemical composition and temperature of the target, on
the physico-chemical condition of the surface under bombardment, and also on the kinetic energy,
angle of incidence, and density of the primary ion
beam.
In most cases the secondary ions of metals
have a single positive charge, and those of nonmetals have a negative one, but the emission of
multicharged ions is also possible. For metals
K = 10−2 to 10−5 ions per ion. The secondary
ion distribution has been characterized by mass
spectrometry, as containing ions of the basic target material, from impurities, from ions of the
primary beam, as well as of atomic complexes
formed during physical and chemical processes at
the target surface both before the bombardment
and after it. This secondary ion emission can be
enhanced by bombarding the target with ions of
chemically active gases, e.g., of oxygen, or by a
surface coating with an adsorbed layer of oxygen
(positive secondary ions) or cesium (negative secondary ions). Secondary ion emission is a physical process which forms the basis of the method of
analysing the composition of matter via secondary
ion mass spectrometry.
SECONDARY ION MASS SPECTROMETRY
(SIMS), mass spectrometry via secondary ions

A technique for investigating materials through
determination of masses and quantities of atoms,
molecules and atomic clusters formed as a result of secondary ion emission by bombarding
the sample under study with a ﬂux of primary
ions. Secondary ion mass spectrometry exhibits a
high absolute (up to 10−14 g) and relative (up to
10−7 %) concentration sensitivity, and a broad dynamic range of measurement of concentrations. It
is used for the analysis of surface composition of
solid and liquid bodies, for layer-by-layer analysis of near-surface layers and thin lms , for local
analyses of substances of heterogeneous composition. The technique makes it possible to carry out
analyses of all elements and their isotopes, as well
as of compounds, in particular of large organic
and bioorganic molecules. It is carried out using specialized instruments called secondary ion
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mass spectrometers. The composition of a surface
and surface physicochemical processes are analyzed by using a primary ionic ﬂux of low density
(10−7 A/cm2 ) (method of statistical mass spectrometry of secondary ions). The layer-by-layer
analysis is performed by measuring the quantity of
impurity ions from deeper layers revealed as a result of sputtering the surface by a primary ion ﬂux.
Layer-by-layer resolution reaches several nm. Local analysis is performed either through bombardment of the sample by a focused ion beam (ionic
microprobe), or through formation of magniﬁed
ionic images of the surface, which are separated
according to mass (ionic mass-spectrum microscope). In the ﬁrst case, the spatial resolution
reaches 30 nm, and in the second case about 1 μm.
SECONDARY LUMINESCENCE

Total light response of a system with a complex spectrum (crystal or polyatomic molecule)
to optical excitation. Secondary luminescence includes the coherent (transmission and re e ction
of light, photon echo, optical harmonics, etc.) as
well as incoherent (light scattering, hot and ordinary luminescence) components. This luminescence approach is useful for the description of
non-coherent components of emission when the
lines of luminescence and of light scattering have
similar or coinciding spectral and polarization
characteristics, and are also of comparable intensity. There are several radiation processes which
are differentiated by the time constant involved.
Those processes, for which there is no time delay between optical excitations and secondary luminescence, are related to scattering. The radiation, which appears during the course of energy
relaxation of an excited state, is called hot luminescence. The most common type of luminescence
occurs after the completion of the relaxation, when
the energy distribution between the sublevels of
the excited states has attained a quasi-equilibrium
character described by an effective temperature.
SECOND HARMONIC GENERATION
in nonlinear optics (P. Franken, 1961)

The doubling of a light frequency by a nonlinear medium. The generation of a second harmonic became possible with the appearance of

lasers which provide high power, monochromatic,

phase coherent radiation. In classical electrodynamics this generation is explained on the basis
of an anharmonic oscillator model, i.e. by a nonlinear dependence of the polarization of atoms
and molecules on the electric ﬁeld strength of
the light wave. The principle of superposition
which is a basis of linear optics is violated, the
waves interact with each other, and this results
in distortion and the appearance of harmonics.
In quantum mechanics second harmonic generation is looked upon as the coalescence of two
phonons with the frequency ω. When the thickness of the crystal in which the generation takes
place is much greater than the wavelength, the
second harmonic intensity depends on the phase
relations between the main wave and the second
harmonic wave. As a result, in the general case,
the intensity of the second harmonic has a pulsating (interference) nature with an efﬁciency of
10−10 –10−12 . The maximum transfer of energy
from the wave of frequency ω to the that of frequency 2ω is possible when there is phase matching, i.e. equal phase velocities at frequencies ω
and 2ω. In quantum mechanics this condition corresponds to the conservation of momentum in the
coalescence of photons. The phase matching takes
place in anisotropic crystals as a result of the interaction of differently polarized waves. For example, in KH2 PO4 crystals, a plane ordinary ray of
frequency ω propagating at a certain angle relative
to an optical axis (angle phase-matching) is phasematched to an extraordinary ray of frequency 2ω.
The phase matching determined by the dispersion
and the anisotropy of crystals is only a necessary
but not a sufﬁcient condition for efﬁcient second
harmonic generation in a thick crystal. A second
condition is the vanishing of a component of the
nonlinear susceptibility tensor χ (a polar tensor of
rank three) for a given kind of interaction. The second harmonic generation is used for the transformation of long-wavelength laser radiation into the
short-wavelength range. The maximum efﬁciency
for the transformation to a second harmonic in the
presence of phase matching is approximately 0.8.
SECOND-ORDER PHASE TRANSITION
The phase transition of a material from one
thermodynamic phase to another, during the
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course of which the state of the material varies
continuously. At a second-order phase transition
both the free energy and its derivative with respect to the temperature are continuous, and there
is no latent heat. It may involve growth from
zero of particular characteristics such as: spontaneous electric polarization or magnetization, spontaneous deformation of the crystal lattice, concentration of superconducting electrons, etc. Certain
thermodynamic quantities, such as the dielectric
constant in ferroelectrics and the magnetic susceptibility in ferromagnets, show an anomalous rise
when approaching the transition point from the
region of a symmetric as well as from an ordered phase (see Ordered system). The secondorder transition point is a singular point of the
thermodynamic potential of the system when this
potential is expressed as a function of corresponding variables, e.g., of temperature and external ﬁeld. In the neighborhood of the transition
the characteristic quantities are proportional to
|(T − Tc )/Tc |−ε , where ε is a dimensionless critical exponent. The critical exponents α for speciﬁc heat, β for magnetization, γ for susceptibility, and ν for coherence length obey the scaling
law α +2β +γ = 2. For the two-dimensional Ising
model these exponents have the values α = 0,
β = 1/8, γ = 7/4, and ν = 1.
A second-order phase transition involves a
change of the system symmetry and the onset of
a certain new system property (e.g., magnetic or
ferroelectric order, superconductivity). In its most
general form, this fact was realized by L.D. Landau (1937), and forms the basis of his phenomenological theory of phase transitions (see Landau theory of second-order phase transitions). This theory
is widely used for interpreting experimental data.
Characteristic features of second-order phase transitions are the increase of the correlation length
and the relaxation time of thermodynamic ﬂuctuations of the order parameter, as well as of the ﬂuctuation amplitude, as the transition point (in the
critical region) is approached. These features manifest themselves as anomalies in the scattering of
light and neutrons, in EPR and NMR spectra, in
Mössbauer spectra, etc.

SECOND QUANTIZATION

A quantum method of treating identical particles using, instead of wave functions, the operators
 ψ
+ :
ψ,


+ =
=
ai ψi ,
ψ
ai+ ψi∗ ,
ψ
i

i

where ψi with i = 1, 2, . . . is a complete set of
single-particle wave functions with complex conjugates ψi∗ , and ai+ , ai are the creation and annihilation operators of particles in the ith state, satisfying the relations:
ai+ |N1 , . . . , Ni , . . .
#
= Ni + 1 |N1 , . . . , Ni + 1, . . .,
ai |N1 , . . . , Ni , . . .
#
= Ni |N1 , . . . , Ni − 1, . . .,
where the symbol |N1 , . . . , Ni , . . . describes the
state of the system with N1 , N2 , . . . particles when
i = 1, 2 . . . ,
ai+ , aj+ = [ai , aj ] = 0,

ai , aj+ = δij

for Bose–Einstein statistics, and


 + +
ai , aj+ = δij
ai , aj = {ai , aj } = 0,
for Fermi–Dirac statistics, where δij is the Kronecker symbol, [b̂, ĉ] = b̂ĉ − ĉb̂ is a commutator,
{b̂, ĉ} = b̂ĉ + ĉb̂ is an anticommutator. A singleparticle Hamiltonian H (1) in this representation
(1)
(1)
has the form H = ik Hik ai+ ak , where Hik =
 ∗
ψi (x)H (1) ψk (x) dx. Interactions of particles
of a particular type with each other and with
other types of particles can be described with the
help of second quantization operators. For example, the Hamiltonian for harmonic vibrations (see
Harmonic approximation) of the crystalline lattice
+
bks + 1/2),
has the form Hϕ = k,s Ωs (k)(bks
where the indices k, s determine the values of the
wave vector k of the sth branch of vibrations,
+
, bks are
Ωs (k) is the frequency of vibration, bks
the creation and annihilation operators of the corresponding phonons. The cubic term of the expansion of the potential energy in powers of atomic
displacements provides the anharmonicity operaϕq,t , 
ϕks 
ϕk  s  , where the
tor W = Vss  t (q, k, k  )
summation is carried out over all repeated indices,
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+
ϕks = bks + b−k,s

 , and the coefﬁcients Vss  t are
expressed in terms of the third derivative of the
potential energy of the atoms with respect to their
displacements. The Hamiltonian of a free electron in the crystal has the form H = λ Eλ aλ+ aλ ,
where Eλ is the energy of the electron in a periodic potential in the state λ (the index λ denotes
the quasi-wave vector and spin of the electron).
The interaction of conduction electrons with
crystal lattice vibrations is described by the Fröh-

lich Hamiltonian


1 
+
+ 
H=√
F (k)aq+k
aq bks − b−ks
,
N k,s,q
where index q numbers the values of the electron
wave vector q, aq+ and aq are creation and annihilation operators of the electron in the qth state, and
N is the number of unit cells in the crystal. In an
ionic crystal for long-wavelength optical phonons
F (k) = e|k|−1 (2πΩc/V )1/2 (here Ω is the optical phonon frequency, V is the crystal volume,
−1
− ε0−1 , ε∞ and ε0 are the high-frequency
c = ε∞
and static dielectric constants).
The interaction with long-wave acoustic vibrations leads to F (k) = −iσ [|k|/(2Mca )]1/2 ,
where σ is a parameter of the strain potential, ca is
the velocity of the longitudinal acoustic vibrations,
and M is the total mass of the atoms in one unit
cell). Interaction of the long-wave optical phonons
with photons in an ionic crystal is described by the
Hamiltonian


+ 
+ 
Dk a−kα − akα
bkα + b−kα
,
H=
kα
+
, aQα are creation and annihilation opwhere aQα
erators of photons with the wave vector Q and polarization α,

i Ωt ωQ (ε0 − ε∞ )
,
Dk = −
2
(ε0 ε∞ )1/2

k = Q, Ωt is the frequency of the transverse optical vibrations, ωQ is the photon frequency, etc.
The second quantization method is convenient
for applications to linear transformations involving interacting particles. Such canonical transformations, which satisfy the canonical equations of
mechanics, but adopt the Hamiltonian form (see

Canonical transformation method), have been suggested by N.N. Bogolyubov for use with non-ideal
Bose gases and Fermi gases, and they are widely
used in the theory of Bose gas super uidity and of
superconductivity.
SECOND SOUND

Temperature waves in the gas of elementary
excitations in solids and quantum liquids, e.g.,
phonons in crystals or quasi-particles in liquid
3 He. Second sound can be considered as ordinary sound (ﬁrst sound) in a gas of quasiparticles.
In superﬂuid phases of helium second sound involves weakly damped antiphase oscillations of
the density of the normal and superﬂuid components. Such antiphase oscillations produce negligible changes in the overall density and pressure,
and correspond to temperature waves. The speed
and attenuation of second sound have been investigated in detail in 4 He and in 3 He–4 He mixtures.
Second sound has also been found in 3 He (see
Super uid phases of 3 He), and in quantum crystals of 4 He and 3 He. In crystals second sound can
propagate in the so-called hydrodynamic regime,
i.e. when its wavelength and period of oscillation
are much longer than, respectively, the mean free
path and mean free path time of the quasiparticles
(phonons, rotons). The velocity of second sound in
a gas of phonons has the same order of magnitude
as that of ordinary sound.
SEEBECK EFFECT
See Thermoelectric phenomena.
SEEGER ZONE (A. Seeger)

A region with a high (about 0.2) concentration of vacancies that forms as a result of a collision cascade of atoms in a crystal irradiated by
high energy particles. This zone forms after the recombination and escape of atoms displaced from
the cascade region to interstitial sites during the
course of collisions. The lifetime of a Seeger zone
is determined by the rate of the diffusional escape of vacancies. The presence of such zones
contributes to the radiation hardening of irradiated
metals and alloys (see Irradiation hardening).
SEEPAGE THEORY
See Percolation theory.
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SEGREGATION (fr. Lat. segregatio , separation of
lamb from the ock)

The formation of regions enriched by individual components (impurities, defects) under the inﬂuence of heat treatment or other factors in compounds with a complex composition. Segregation
can involve nonequilibrium composition differences in the material. One basis for segregation
is a phase transition to a state with a different
equilibrium composition that involves a distinct
binding energy for separation into the individual
phases. Segregation is often observed at the surfaces of multicomponent solid solutions. The main
reason for surface segregation is the availability of
free valence bonds on the surface. Therefore, the
grain boundaries, dislocation walls, and other defects are centers of preferential detached localization. In the case of solidiﬁcation of a metal alloy,
the segregation is sometimes called liquation. Segregation is used in metallurgy, in the production of
high purity compounds (zone melting), in crystal
growth (see Crystallization); it affects the strength
of alloys. Porous compounds ordinarily obtained
by the powder metallurgy approach can contain a
considerable amount of impurities, e.g., due to the
adsorption of impurities by the compressed particles. Auger electron spectroscopy and other methods of local analysis ﬁnd the preferential segregation of impurities close to various crystal structure
defects in alloys with a body centered cubic lattice. Segregation is observed on grain boundaries
and at interparticle contacts that form during sintering, but the most acute segregation is observed
close to surface of pores, involving both both interparticle and intraparticle types. The segregation zone of impurities close to the pore surface
is usually about 10 nm wide; thus, the competitive segregation region is found in the segregation
zone itself, so the impurities most responsive toward segregation (sulfur and potassium in molybdenum) are located close to the surface (within
several atomic layers), forcing out oxygen, carbon, and other elements. The impurity segregation
taking place close to the pore surface reduces the
surface energy, and this usually results in decreasing the sintering rate, and healing the pores (see
Healing of defects). The simultaneous lowering of
the surface energy on many extended sites (e.g., on
a porous grain boundary) results in a decrease of

the breaking stress. Impurity segregation on grain
boundaries which inhibit the processes of collective recrystallization can be considered as a positive phenomenon for refractory materials, as the
high-temperature strength rises and the metal becomes slightly more brittle (see Alloy brittleness)
as a result of high temperature exposure.
SELECTION RULES

Rules determining the system states (e.g., energy levels) between which transitions are possible
under the effect of a particular disturbance (e.g.,
incoming radiation). The selection rules depend
on the symmetry of the states and the perturbation
that induces the transition. In solid state physics
the selection rules usually assume no displacement of the atoms (molecules) of the crystal from
their equilibrium positions. Such displacements
can cause violations of the selection rules, and
lead to the appearance of “forbidden transitions”
or weak lines of light absorption and light scattering. See also Optical spectroscopy of solids.
SELECTIVE ETCHING

Special processing of a crystal solid surface
that results in the formation of a surface contour,
or an increase of optical contrast between surface sites with different physicochemical properties. Depending on the surface processing technique the following types of selective etching are
distinguished:
(1) Chemical etching based on the difference of
chemical activity and the dissolving rate of
different crystal sites.
(2) Electrolytic etching consisting of nonuniform
anodic dissolving of separate surface sites;
the combination of chemical and electrolytic
etching methods which can enhance the selective exposure on the surface.
(3) Color etching based on differences in phase
oxidizability. During the etching oxide layers
of different widths are formed for differing
phases, which imparts color contrast to these
sites.
(4) Ion etching which consists in extracting the
compound from the crystal surface by ion
bombardment. The selective effect of ion etching consists in the fact that the atomization
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rate of the compound from the surface under exposure to the ion beam is unequal for
crystal sites with different structural inhomogeneities.
Selective etching is used in metallographic
phase analysis to identify the crystal microstruc-

ture boundaries of blocks and grains, and for detection of the direction of the rotation of light polarization plane in a crystal. Selective etching is
widely used in the study of semiconductor devices
to establish the location and depth of semiconductor junctions by etching a polished section, and to
determine the color contrast of crystal sites of different types of conductivity. Selective etching is
one of main research techniques for characterizing
dislocations.
SELECTIVE SATURATION (T. Sanadze et al.,
1966)

The appearance of one or more dips (holes) on
an electron paramagnetic resonance (EPR) spectral line during fast passage after saturation by a
short high power microwave pulse. The passage
through resonance is fast compared to the spin–
lattice relaxation and cross-relaxation rates. The
phenomenon of selective saturation is observed
in diamagnetic non-metallic crystals containing
paramagnetic centers if the Zeeman energy of the
nuclei (see Nuclear Zeeman effect) E0 surrounding the paramagnetic center, and the hyper ne interaction energy of these nuclei E hf are of the
same order. For such systems the probability of an
allowed (only the electron spin reorients) and of a
forbidden (the nuclear spins also ﬂip) have about
the same values.
The appearance of selective saturation can be
explained in terms of two electronic spins S = 1/2
and two equivalent nuclear spins I = 1/2 with the
energy level diagram shown in the ﬁgure. The systems of nuclear sublevels 1, 2, 3, (with energy
spacings ε+ ) and sublevels 1 , 2 , 3 , (with spacings ε− ) are labeled with the electron spin projections +1/2 and −1/2. The values ε+ and ε−
depend on E0 and E hf . In the state of thermodynamic equilibrium the level populations of levels 1, 2, and 3 are less than those of the levels
1 , 2 , and 3 . If a short high power microwave
pulse (solid vertical line in Fig.) saturates and
thereby equalizes the populations of levels 2 and

Selective saturation.

2 of the allowed transition, then observation of
the EPR spectrum at a low (non-saturating) microwave power level causes a hole to appear at the
allowed saturated 2–2 transition and dips to appear on the spectrum at the forbidden transition
positions indicated by dashed vertical lines on the
ﬁgure. This occurs because the corresponding differences of the populations are less than their equilibrium values so the forbidden transitions at these
frequencies strongly inﬂuence the EPR line shape.
The forbidden transition dips are located on both
sides of the hole, separated from it by ±ε+ and
±ε− . Measurement of the distances between the
dips provides values of hyperﬁne interaction constants.
SELECTIVE SPUTTERING
The predominant sputtering of one component

of a target compound compared to the other components. The selectivity A is the ratio of sputtering
rates (or factors) of compound B, sputtered at its
maximal rate, to that of the other components D:
S
V
A= B = B ,
VD
SD
where VB and VD are the rates, SB and SD are
the sputtering factors for compounds B and D,
respectively. Selectivity at physical sputtering is
insigniﬁcant, it does not exceed 2–3; at chemical
sputtering, it can be much higher than 20. This difference is determined by the fact that the chemical activity of bombarding particles in relation to
the target components, and the volatility of interaction products, can differ by many orders of mag-
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nitude. At the same time the difference in the binding energy that determines the selectivity of physical sputtering cannot vary by nearly as much.
SELENIUM, Se

A chemical element of Group VI of the periodic system with atomic number 34 and atomic
mass 78.96. It is related chemically to S, Te and
Po; in nature it is found associated with sulfur
compounds. Outer shell electronic conﬁguration
3d 10 4s 2 4p4 . Successive ionization energies are
9.75, 21.2, 32.0, 42.9, 68.3 eV. Atomic radius is
0.116 nm, radii of Se2− , Se4+ , Se6+ are 0.2 nm,
0.05 nm, 0.042 nm, respectively; oxidation states
are −2, +4, +6. Electronegativity is 2.48. Electron afﬁnity is 2.02 eV.
Solid selenium has several allotropic modiﬁcations, among which the γ -modiﬁcation is
the most stable (so-called gray selenium) with
a hexagonal crystal lattice and parameters a =
0.4363 nm, c = 0.4959 nm. The density of gray
selenium is 4.807 g/cm3 . Besides gray selenium,
also known are the red modiﬁcation with a monoclinic lattice, which exists in an α-form (a =
0.9054 nm, b = 0.9083 nm, c = 1.601 nm, β =
90◦ 42 ) and in a β-form (a = 0.931 nm, b =
0.807 nm, c = 1.285 nm, β = 93◦ 08 ); there
is also vitreous (amorphous) selenium black in
color, and amorphous selenium of red color. All
these modiﬁcations, upon long-term storage and
holding at temperatures 373 to 423 K, transform
to the hexagonal modiﬁcation. For the hexagonal modiﬁcation, Tmelting = 494 K, Tboiling =
958.4 K. Heat of melting is 6.7 kJ/mole, heat
of evaporation is 30 kJ/mole, speciﬁc heat cp =
25.3 J·mole−1 ·K−1 , Debye temperature is 89 K.
Selenium is a semiconductor. The band gap
width for gray selenium is 1.8 eV, for an amorphous selenium ﬁlm it is 2.25 eV. Electrical resistivity of gray selenium is 8·10−2 ·m (at 0 ◦ C),
temperature coefﬁcient of electrical resistance is
0.6·10−3 K−1 . Solid selenium is a diamagnet. Dielectric constant of amorphous selenium is 6.24 (at
290 K). Brinell hardness of gray crystalline selenium is about 750 MPa; normal elastic stretching
modulus is 10.2 GPa, shear modulus is 6.6 GPa;
Mohs hardness of selenium is 2.0.
Selenium is brittle, its plasticity grows upon
heating above 373 K. Selenium is used in rectiﬁers and as a semiconductor material. The ability

of selenium to change its electrical resistance upon
illumination is used in electrical engineering (selenium photoresistors). Introduction of selenium
into glass provides a material opaque to IR radiation. Compounds of selenium with the elements of
zinc, germanium, and the arsenic subgroup (e.g.,
the selenides ZnSe, GeSe, As2 Se3 , etc.) possess
semiconductor properties. In addition selenium is
used in metallurgy, in chemical synthesis (as a catalyst), and for other purposes.
SELF-ACTION OF LIGHT WAVES
Broad class of nonlinear optical phenomena

where the inﬂuence of intense electromagnetic radiation on the optical parameters of a nonlinear
medium causes variations in the propagation characteristics of the radiation itself in the medium.
There are two main groups of self-action effects
of light waves, namely coherent phenomena displayed in the case of short light pulses (compared to characteristic relaxation times of nonlinear medium polarizability), and effects which
occur under quasi-stationary conditions. The phenomenon of self-induced transparency is included
in the ﬁrst group, whereas saturation of absorption,
self-focusing, self-diffraction of light, formation
and propagation of optical solitons, self-curving,
self-induced light polarization change, etc., are associated with the second group.
The phenomenon of saturation of absorption
involves the equalization of energy level populations through resonant light absorption by the nonlinear medium; the absorption is reduced and the
corresponding transmittance grows. This was predicted by R. Karplus and J. Schwinger (1948) for
the case where resonance absorption is caused by
phototransitions in two-level centers. During the
growth of intensity of the radiation the level populations (ground and excited) are equalized, and the
absorption is correspondingly reduced. In crystals,
saturation of absorption is observed at the excitation of impurity centers, as well as near the intrinsic light absorption edge. The Burstein–Moss
effect associated with the generation of a large
number of electron–hole pairs in the intensive resonance ﬁeld is one of the mechanisms activated in
the latter case. The effect of absorption saturation
is used in laser engineering for modulation of the
quality factor of resonators, etc.
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The phenomenon of self-focusing of light involves the reduction of the divergence of the light
beam (compared to the diffraction case) in proportion to its propagation in the nonlinear medium.
This was predicted by G.A. Askarian (1962) and
observed by N.F. Pilipetski and A.R. Rustamov
(1965). As the density of energy ﬂow across the
cross-section of the light beam is not uniform, the
refractive index, depending on the light intensity,
will vary across the cross-section of the beam.
Depending on the mechanism of nonlinearity, the
sign of the nonlinear addition to the refraction index n2 E 2 (E is electric ﬁeld intensity) may be either positive or negative, If n2 > 0, then for a beam
with its cross-section intensity distribution falling
toward the periphery, the velocity of propagation
in the outer regions is greater than it is toward the
center. As a result, the phase front of the beam,
which is uniform at the input, transforms during
its propagation in the nonlinear medium to a concave phase front, and self-focusing takes place.
The path length traversed in the nonlinear
medium by a Gaussian beam with input radius a
and ﬁeld intensity along the axis E0 , during which
the beam converges (or “collapses”) toward the
axis, is called the effective self-focusing length:


n0 1/2
a
.
zsf =
2 n2 E 2
0
If the convergence angle of the beam, determined by nonlinear refraction θnl ≈ a/zsf , is equal
to the angle of the diffraction divergence θ d ≈
0.3λ/a (λ is wavelength of light in the nonlinear medium), the nonlinear refraction completely
compensates for the diffraction spreading of the
beam in this medium. Thus the beam creates for
itself an effective waveguide along which it propagates without divergence, an effect called selfchanneling.
When the nonlinear addition to the refraction
index is negative, n2 < 0, then self-defocusing
appears, or an increasing divergence of the light
beam during its propagation. Self-curving of a
light beam is the deviation of its trajectory from
a rectilinear one upon its propagation in a nonlinear medium. It was observed by M.S. Brodin and
colleagues (1969); it is exhibited by beams with an
unsymmetrical intensity proﬁle across their crosssection. Due to the corresponding unsymmetrical

variation of the refraction index of the medium trajectory the beam curves toward the side of greater
refractive index. The angle of curvature ϕ is proportional to the intensity gradient ∇E 2 of the
beam:
ϕ∼

2π
an2 ∇E 2 .
λ

The self-curving has no threshold, and it appears in the nonlinear medium with any sign of
the nonlinear added factor n2 .
SELF-AVERAGING QUANTITY

A characteristic of a disordered system that is
valid in the macroscopic limit. The existence of
a self-averaging quantity is the result of two fundamental properties of disordered systems: spatial
uniformity in the mean and reduction of correlation at large distances. For each self-averaging
quantity f it is possible to ﬁnd some small volume Vc , such that for Vc  V its distribution becomes Gaussian (see Gaussian distribution) with
the mean value f , independent of V , with a root
mean square deviation (f 2  − f 2 )1/2 , proportional to (Vc /V )1/2 . In systems with a volume
smaller than Vc ﬂuctuations of the (mesoscopic)
values f become pronounced, due to which various mesoscopic effects are displayed. Simple examples of self-averaging quantities are speciﬁc
extensive (additive) physical values: density of
states, speciﬁc free energy, electrical conductivity,
diagonal elements of single-particle Green’s function in k-space, etc. In mesoscopic materials these
quantities do not self-average. The notion of selfaveraging quantity was introduced by I.M. Lifshits
who proved its applicability to the dipole moment
of a unit volume of a crystal with isotopic disorder.
SELF-CONSISTENT FIELD

An averaged potential ﬁeld of many interacting particles which determines the state of each
particle. The self-consistent ﬁeld method permits
the reduction a many-particle problem to that of a
single particle moving in the self-consistent ﬁeld.
The self-consistency lies in the fact that every particle of the system makes some contribution to the
average potential ﬁeld, and its state is determined
by this ﬁeld. The varieties of self-consistent ﬁeld
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approaches depend on the method used for averaging the particle interactions. The dependence
of the energy of a particle in the ﬁeld of all the
other particles on the average number of particles having a particular energy is the condition
for self-consistency. The self-consistent ﬁeld approximation is used in the quantum and statistical
theories of solids, e.g., to calculate and describe
the states of electrons in metals and semiconductors (Hartree–Fock method, Hartree method and
Thomas–Fermi method, see Atom), and spin systems in magnetic materials (see Molecular eld),
to study atomic alloy ordering, to deal with various
phase transitions (see Landau theory), including
the transition to the superconducting state (in this
case the interpretation is far from simple, see Selfconsistent eld method in superconductivity theory), etc. The introduction of a self-consistent ﬁeld

simpliﬁes the calculation of physical properties of
solids, but this method does not give qualitatively
correct results in situations when long-wave u ctuations have a pronounced effect (see Critical region).
SELF-CONSISTENT FIELD METHOD
in superconductivity theory

An approximate method for calculating the
ground state energy and the spectrum of elementary excitations (quasi-particles) in superconducting (superﬂuid) Fermi systems. It is based on the
partial replacement of Cooper pair creation (annihilation) operators by their average values, which
is an introduction of the so-called Bogolyubov
anomalous mean values
+ a+
apσ
−p,−σ  = 0;

a−p,−σ apσ  = 0. (1)

+
(apσ ) is the fermion creation (annihilaHere apσ
tion) operator with momentum p and spin σ , angular brackets . . . mean quantum-mechanical averaging in the ground state of the system at T = 0,
and thermodynamic averaging at a ﬁnite temperature T = 0. This approach simpliﬁes the Hamiltonian of the Bardeen–Cooper–Schrieffer theory
by converting it to a quadratic form with respect
+
to apσ
(apσ ):

H =



+ a
(Epσ − μ)apσ
pσ

p,σ

+

1
+ a+
(Δp apσ
−p,−σ
2 p,σ
+ Δ∗p a−p,−σ apσ ).

(2)

Here Epσ and μ are the fermion energy and chemical potential, and Δp is a complex order parameter that describes the superconducting (superﬂuid)
condensate of Cooper pairs, and is determined by
the expressions

Vpp a−p ,−σ ap σ ,
Δp = −
p  ,σ

Δ∗p = −



p  ,σ

+
Vpp ap+ σ a−p
 ,−σ ,

(3)

where Vpp is a Fourier component of the fermion
pair interaction. The simpliﬁed (reduced) Hamiltonian (2) allows exact diagonalization with the
help of the canonical transformation method (see
also Bogolyubov method), and leads to a spectrum
of quasi-particles of the form
;
Ep = (Epσ − μ)2 + |Δp |2 ,
(4)
which is similar to the spectrum of quasi-particles
in the Bardeen–Cooper–Schrieffer theory. The
self-consistent ﬁeld method is asymptotically accurate in the thermodynamic limit when the number of particles N → ∞ and the volume of system V → ∞, with the density N/V remaining
ﬁnite. In coordinate space this method is used to
describe spatially nonuniform states in superconductors (see Bogolyubov–de Gennes equations).
SELF-DIFFRACTION OF LIGHT

A phenomenon observed upon the interference
in a nonlinear medium of at least two mutually coherent beams converging at an angle θ , and resulting in the appearance in transmitted and reﬂected
radiations of additional beams propagating at angles that are multiples of θ with respect to each
of the source beams. The periodic nonuniformity
of the complex dielectric constant of the nonlinear
medium created within the interference ﬁeld of the
source beams, or a dynamic hologram (see Realtime holography), and the diffraction of the source

SELF-INDUCED LIGHT POLARIZATION CHANGE

beams which leads to the appearance of additional
beams, is the cause of the self-diffraction of light.
The condition for observing the self-diffraction of
light is 2θ sin(θ/2) < λ/d, where λ is the wavelength of the source radiation, and d is the thickness of the nonlinear medium.

SELF-DIFFUSION

See Diffusion.

SELF-INDENTING

Appearance of a source of plastic deformation
in the region of contact of two similar bodies
limited by sections of convex surfaces. A model
situation is the contact of two spheres (with radius R). The indenting force is the force Fc of
capillary origin, which appears where two free
surfaces belonging to the osculating spheres (surface energy α) disappear in the zone of contact in some area S of the contact circle with
radius x (S = πx 2 ), and one boundary surface
(surface energy αb ) is formed in its stead. The
force Fc may be found also in such phenomena as the merging of two liquid drops that
touch each other, or the mutual depression of
two contacting soap bubbles. The reduction of energy associated with the surface upon indenting
is Ws = −S(2α − αb ) = −πx 2 α. Since for
x  R the approaching of the centers of spheres
h = x 2 /(2R), Ws = −2πRh α and therefore
Fc = d Ws /dh = 2πR α ∼ R. The indenting
stress σc = Fc /(πx 2 ) = 2R α/x 2 for small x
may exceed the elastic limit and cause plastic selfindenting. For this, the condition of multiplication
of dislocations should be met: σc > Gb/x (G is
shear modulus, b is Burgers vector); this yields
an estimate of the maximum value of x/R, at
which plasticity is possible in the zone of contact: (x/R)max = [2 α/(Gb)]·10−1 . The effect
of self-indenting of crystals is observed by formation of dislocation aggregations, the so-called
dislocation rosettes, in the contact zone. Selfindenting is detected in the well-known process
of caking (self-pressing) of disperse powders (see
Disperse structure).
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CHANGE
An effect of the self-action of light waves which

involves the variation of its polarization as it propagates in an optically nonlinear medium. The effect is due to the anisotropy of the refractive index,
absorption coef cient, and optical activity (see Rotation of light polarization plane) induced by the
light. The value and nature of the self-induced
change of the light polarization depend on the
medium symmetry, the optical nonlinearity, and
the light intensity. The most detailed investigations
of self-action are performed for systems where the
polarization of weak light beams either does not
change in the absence of optical activity (isotropic
media, cubic crystals, uniaxial crystals with light
propagation along the optical axis of a crystal), or
it changes slightly and does not mask the effect.
In isotropic non-optically active media a selfinduced light polarization change is possible only
for elliptically polarized light which violates
“right” and “left” symmetry within the medium,
and where circular birefringence or dichroism of
crystals is present. In transparent media a selfinduced light polarization change appears as a
rotation of the polarization ellipse, the so-called
Maker–Terhune effect (P.D. Maker, R.W. Terhune, 1964). With nonlinear absorption present,
the shape of the polarization ellipse varies with the
change in light propagation.
In non-optically active cubic and uniaxial crystals, due to their lower symmetry (compared to
isotropic media), a self-induced light polarization
change also appears for linearly polarized incident radiation. However, there are preferential directions for which this polarization change is absent. In the general case they are determined by
the symmetry (in particular, planes of symmetry
of the medium). As a rule, there are several such
directions in commonly used experimental geometries where the radiation propagates along one of
the symmetry axes.
Self-induced light polarization oscillations and
self-induced light polarization plane rotations are
characteristic manifestations of the self-action of
light waves. The former case involves oscillations
of the orientation of the polarization ellipse with
respect to one of the selected directions (depending on the incident light polarization), accompanied by oscillations of the degree of ellipticity up
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to the limit of linear polarization. This effect is
displayed in regions of comparatively weak absorption. The latter effect involves the rotation of
the polarization plane to one of the selected directions (also depending on the initial radiation polarization). The effect shows itself in the region of
nonlinear resonance absorption when the refraction nonlinearity is low.
In optically active gyrotropic media the light
intensity dependent nonlinear optical activity is
superimposed. A self-induced light polarization
change in liquid crystals has a speciﬁc nature since
the nonlinear response is essentially nonlocal.
Due to the high sensitivity of polarization measurements, the study of self-induced light polarization changes, its spectral dependence, and its
kinetics, allows one to determine the parameters of various physical systems (impurity centers,
biexcitons, electron–hole systems, etc.), which induce the appearance of optical nonlinearity.
SELF-INDUCED TRANSPARENCY

A phenomenon of light pulse propagation without attenuation in an absorbing medium (selftransmission of light pulse). It appears in the coherent interaction of radiation with a resonantly
absorbing medium when the duration of a strong
light pulse is shorter than the phase memory time
(dephasing time) of the corresponding
transition,
∞
E dt > π (E is the
and its area Θ = (μ/) −∞
envelope of the electric ﬁeld pulse at its entry into
the material, μ is the dipole moment matrix element of the transition). A light pulse that coherently excites the medium loses energy at its front
edge; and this energy returns to it at its rear edge
due to the induced re-radiation of the medium. As
the duration of the exciting pulse is shorter than
the dephasing time, the pumping of the light energy to the medium, and vice versa, occurs more
rapidly than the relaxation processes destroy the
coherence of the interaction. The processes of energy pumping lead to the decrease of the speed
of the pulse motion (as a whole), so the pulse
deforms and acquires some ﬁxed shape. Selfinduced transparency differs from the clearing up
of the medium as a result of absorption saturation (see Self-action of light waves). Self-induced
transparency was discovered by S.L. McCall and
E.L. Hahn (1967) during the resonance excitation

of ruby (Cr3+ doped Al2 O3 ) cooled to liquid helium temperature by strong laser pulses with a
modulated Q-factor.
SELF-LOCALIZATION, also called
autolocalization (fr. Gr. αυτ oς , self)

The localization of an electron, exciton, or
other electronic excitation in some part of an ideal
crystal.
By virtue of the translation crystal symmetry, the electron excitation is described by Bloch
wave functions (see Bloch theorem), and the corresponding electron density is periodically distributed over the entire lattice. However, because of
the interaction between electronic reexcitation and
the atoms of the crystal lattice, the former is capable of causing a local deformation of the regular atomic order (the latter creates the potential for
localizing the electronic excitation sustaining this
deformation). In a polar crystal, if the electronic
excitation involves a conduction electron (hole),
such an autolocalized state is called a polaron.
A self-localized state can move through the crystal as an integral whole (the electronic excitation
moves along with the wave of deformation). However, the effective mass of such a quasi-particle
can be much greater than that of the “bare” electronic excitation. Self-localization was predicted
by L.D. Landau in 1933. See also Self-localized
exciton, Soliton.
SELF-LOCALIZED EXCITON, also called
autolocalized exciton

An electronic excitation in a crystal, formed as
a result of the self-localization of a band exciton.
Under self-localization, the exciton makes a
transition from a band to a localized state of a potential well arising from the crystal lattice deformation brought about by the selﬂocalizing quasiparticle itself. The term self-localization (or selftrapping) underscores that the phenomenon is due
to the interaction of the particle with the ideal lattice, and is not due to its trapping by an impurity or a structural defect (see Defects in crystals).
The microstructure of a self-localized exciton is
mainly determined by the properties of the initial exciton and its ability to deform the lattice.
Self-localization is energetically favorable if the
increase in the quasi-particle’s kinetic energy, and
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the energy of the lattice strain of the self-trapping
is compensated by the decrease of the potential energy during the formation of the potential well, as
occurs for the case of a sufﬁciently strong exciton–
phonon interaction. Self-localized excitons are experimentally observed mainly in semiconductors.
Frenkel excitons (small-radius excitons) are selflocalized in a single-site state within a single
unit cell (molecular crystals). The self-localization
of Wannier–Mott excitons (large-radius excitons)
depends on the band structure and the type of
inter-atomic bond. A typical example of selflocalization occurs when the ratio of the electron
to hole effective mass is small. In this case, the region of deformation of the crystal is determined
mainly by the interaction between the lattice and
the heavy hole, and it can be small, while the electron cloud has a large radius and interacts only
weakly with the lattice (alkali-halide crystals). The
self-localization of excitons of intermediate radius
is highly sensitive to the symmetry of the exciton–
phonon interaction. Such a self-localized exciton
can be formed both as a single-site excitation of
the quasi-atomic type and as a two center structure
of the excimer type of molecule (see Excimer), in
which two neighboring lattice atoms are coupled
by a resonant bond (crystals of inert elements, and
alkali-halides). In three-dimensional crystals selflocalization requires overcoming an energy barrier which is higher, the lower the effective mass
of the exciton. In the case of wide-band insulators (crystals of inert gases and alkali-halides), a
high barrier height indicates the concurrent existence of free and self-localized excitons. Theoretical and experimental investigations of this coexistence provide information on the energy barrier,
the structure of the self-localized exciton, and the
magnitude of the exciton–phonon interaction. An
energy band corresponds to the translation of selflocalized excitons through the crystal. However,
the band is narrow so the diffusion coef cient of
the self-localized excitons is determined by a jump
mechanism, and is smaller by several orders of
magnitude than that for initial free excitons. As a
result, a self-localized exciton substantially retards
the energy transfer by excitons and the energy relaxation of excitation in a crystal.

SELF-OSCILLATION, also called auto-oscillation

Undamped nonlinear oscillation in a dissipative system where the frictional loss is compensated by an external energy source (term introduced by A.A. Andronov, 1928).
Self-oscillations arise in nonlinear systems over
a range of parameter values which is speciﬁc for
each system. The amplitudes and frequencies of
self-oscillations are determined by the values of
the system parameters only. The time-varying energy input from the applied source is controlled
by the system itself, and is determined by its set of
natural frequencies and eigenfunctions. Its nature
is complicated, especially in systems with several degrees of freedom. Self-oscillations may be
of different forms, including both strictly periodic
and stochastic types. Self-oscillating systems are
referred to as systems with hard excitation when
some critical value of the initial amplitude must be
exceeded to initiate them, or as systems with soft
excitation when they can arise from the inﬁnitesimal u ctuation of a variable. Self-oscillations are
found in mechanical systems (pipes, buildings, or
bridge supports swaying in the wind, ﬂutter-type
vibrations of airplane wings associated with bending and torsion of the wing; ship yaw, pitch, and
roll, etc.); in electric circuits (current and electromagnetic ﬁeld oscillations); in optical systems (interaction of light beams in real-time holography,
and light intensity oscillations in lasers); and in
acoustic, acousto-electric, thermal, and other systems. In many cases, self-oscillations are caused
by physical processes in solid-state active media. In semiconductors, there are different mechanisms of bound auto-oscillations associated with
nonequilibrium concentrations of current carriers
in conduction bands and at local electronic levels; as well as auto-oscillations of the temperature,
the electric current, and the electric ﬁeld. A more
general phenomenon than self-oscillations is autowaves.
Self-oscillations ﬁnd wide use in generators
and ampliﬁers of electromagnetic and acoustic oscillations, lasers, etc.
SELF-SIMILARITY

The similarity of system characteristics at different moments of time (see Similarity of phenomena).
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System characteristics can be expressed
through a set of independent dimensionless parameters Πi (i = 1, 2, . . .) (similarity parameters),
some of which involve the time t . It is the invariability of the similarity parameters with changes
in time (a possibility in the presence of time dependence of the dimensional parameters entering Πi , usually coordinates) which indicates that
the system exhibits self-similarity. A transformation to dimensionless variables in the differential equations describing the system in the case
of self-similarity should correspond to the initial
and boundary conditions for the original dimensional variables. Such a situation, corresponding
to a complete self-similarity, very seldom occurs.
However, in many cases it proves possible to treat
the system as approximately self-similar in certain spatial-temporal domains (so-called intermediate asymptotic) which considerably simpliﬁes
the description of the system. The property of selfsimilarity is helpful in solving problems of diffusion, heat transfer, propagation of elastic and other
waves in a medium, etc. For example, the diffusion
equation ∂ρ/∂t = D∂ 2 ρ/∂x 2 (where ρ is the density of diffusing particles, D is the diffusion coefﬁcient, t is time, and x is a coordinate) admits the
introduction of a single dimensionless parameter
S = x 2 /(Dt). Assume the initial condition at t =
0 to be ρ = ρ0 = const(x), x  0, and the boundary condition at x = 0 to be ρ = 0 (such conditions describe, in particular, the gettering of impurity atoms through the plane x = 0 from the impurity phase located at x < 0). The two conditions
at t = 0 and at x = 0 lead to consistent conditions
for S both at S → ∞ and at S = 0, i.e. the system has the property of self-similarity. The substitution ρ = ρ0 f (S) provides a differential equation
for f (S), namely 4Sf  + Sf  = 0, i.e. it involves
the transition from a partial differential equation
to an ordinary differential equation. The solution
of this latter equation is ρ(x, t) = ρ0 Φ([S/2]1/2 ),
where Φ is the probability integral.
SELF-SUSTAINING CRYSTALLIZATION
Crystallization of an amorphous ﬁlm which

spreads from the initial crystallized area, and
is maintained by the release of the latent heat
of the phase transition. Other names for selfsustaining crystallization are autocatalytic, impact, explosion, avalanche crystallization. There

are two types of self-sustaining crystallization:
solid-phase (direct transition of amorphous into
crystalline phase) and liquid-phase (initial melting
of amorphous phase, then overcooled melt crystallizes). The possibility of this type of crystallization in amorphous ﬁlms of metals, semiconductors and insulators is determined by the relation Wc  βQc , where Wc is the activation energy,
Qc is the latent heat of crystallization, and β is a
coefﬁcient taking into account the heat loss from
radiation and heat conduction.
Initially self-sustaining crystallization was observed in amorphous ﬁlms of Sb, then in ﬁlms
of Ge, Bi, Si, CdTe, and of the insulators SiO2 ,
Si3 N4 , beginning from a thickness adequate for
the accumulation of heat, upon heating and conservation of the internal stresses within the ﬁlms. The
start of self-sustaining crystallization requires the
establishment of conditions at the ﬁlm by shock,
puncture, laser or electron-beam pulse, whereby
crystal nuclei are formed. Then the growth of crystallites continues with the formation of either a radial structure, or of several concentrically located
ring-like sections with crystals of various sizes.
During the transverse motion of the ﬂat front of
self-sustaining crystallization in amorphous ﬁlms
on an unorientable substrate (of the type α-Si at
SiO2 ) it is possible to obtain, depending on the initial temperature and heating pulse, either coarsegrained (periodic) or ﬁne-grained structures. Pulse
heating of an amorphous ﬁlm on an orienting substrate promotes the process of epitaxy under the
conditions of self-sustaining crystallization. The
self-sustaining crystallization velocity of propagation is 1 to 30 m/s, which corresponds to the velocity of heat conduction or of phase transition kinetics at the crystallization temperature.
SELF-WAVES
See Autowaves.
SEMICONDUCTING SUPERCONDUCTOR
See Superconducting semiconductors
semimetals.

and

SEMICONDUCTOR DEVICES

Electronic devices, whose action is based on
control of electronic processes by semiconductors.
In electronics semiconductor devices are used for
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the transformation, processing, and storage of information contained in electrical, acoustic, electromagnetic and other signals; in power engineering they are used for the direct transformation of
one form of energy into another.
The effects caused by electronic processes in
semiconductors were discovered in the second half
of the 19th century, such as the variation of selenium column resistance upon its illumination
(1873), and the unilateral conductivity and evident
nonlinearity of the current–voltage characteristic
of a semiconductor crystal junction (1874). Transistors appeared in the late 1940s. In subsequent
years different semiconductor devices were developed: tunnel diodes, Gunn diodes, impact ionization avalanche transit time diodes, barrier injection
transit time diodes, varicaps, thyristors, etc. Semiconductor optoelectronics then provided photodiodes, light emitting diodes, photothyristors (switch
controlled by radiation), optoisolators, semiconductor lasers. In the 1960s came microelectronics,
integrated circuit engineering, microwave semiconductor devices, and eld-effect transistors. The reduction of the temperature of semiconductor devices leads to reduction of inherent noise, increasing fast response, improving sensitivity, and
the possible application of high-temperature superconducting materials in integrated electronics
(see High-temperature superconductors). Dielectric and magnetoelectric devices using physical effects in piezoelectrics materials, ferroelectrics, ferromagnets, ﬁnd their application in semiconductor
devices.
Industry worldwide produces more than 300
billion transistors and approximately the same
quantity of integrated microcircuits at the average
integration level of more than 10,000 transistors
at one crystal. Thus, the general number of transistors produced in the world annually (including
also those within integrated microcircuits) is more
than 50 thousand times greater than the number
of vacuum tubes during the peak years of the late
1980s. The use of semiconductor devices in electronics increased the reliability of devices and systems due to the dramatic reduction (by 4 to 5 orders of magnitude) of the incidence of defects in
a single active element (of lamp and transistor,
respectively). Similarly, the mass-weight indices
and energy consumption have been reduced by

tens or hundreds of times. For manufacturing devices and integrated microcircuits a wide range of
semiconductor materials is used: germanium, silicon, compounds of elements of Groups III and V,
and also II and VI, of the periodic system (gallium
arsenide, indium antimonide, lead–tin–tellurium,
etc.).
The so-called planar technology includes the
application of thin lms of dielectric (mainly silicon dioxide) and metallic materials, photolithography (electron lithography, X-ray lithography),
different types of thermal treatments, and other
types of chemical treatments. Integrated microcircuits have achieved extremely high accuracy and
resolution by endowing their main and auxiliary
materials with maximum achievable degrees of
purity from foreign inclusions and impurities.
In the 1980s several tens of thousands of
transistors had connections at a crystal with an
area of about 50 mm2 , and at present there is
the possibility of the placement of up to 10 to
20 million transistors on a single crystal with
an area up to 100 mm2 . Manufacturing difﬁculties and a series of technological and physical restrictions cause the reliability and fast response
of integrated microcircuits to be limited, not by
the parameters of the active semiconductor devices, but rather by the interconnections between
them. The search for an alternative solution led
to the appearance of charge-coupled semiconductor devices which developed within the framework
of the important area of integrated electronics
called functional electronics. Thus, semiconductor
devices which evolved from discrete devices to
active elements of integrated microcircuits, have
now reached the stage of functional electronics.
This is a non-circuit engineering approach in integrated electronics which uses the integration of
different physical effects in solids as the basis
of action principles of functional electronics devices. In power engineering, semiconductor devices are used for the conversion of alternating
current energy to that of direct current, for the
transformation of light (mainly solar) energy to
electrical energy (solar batteries), of thermal energy into electrical energy (thermogenerators) and
for the inverse transformation (refrigerators), etc.
See also Diode, Generation type semiconductor
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diodes, Charge coupled devices, Varactor, p–i–n
diode, Semiconductor memory, Semiconductor
photodetectors, Schottky diode.
SEMICONDUCTOR DIODE

A two-electrode device with unipolar conduction, with a nonlinear dependence of the current
passing through the diode, or of its capacitance, on
the voltage across it. These properties of a semiconductor diode are caused by nonlinear properties of the doped semiconductor used to construct
it, by the electric properties of its p–n-junction
(see Semiconductor junction), or by the properties
of the Schottky barrier of the diode (see Schottky
diode). Semiconductor diodes may be used as active elements of generators and ampliﬁers in the
UHF range (see Generation type semiconductor
diodes, Varactor), for rectifying and transforming
electromagnetic signals with frequencies from low
(50 Hz) to the optical range (see Photodiode), and
as controlling diodes (see p–i–n-diodes).
SEMICONDUCTOR–ELECTROLYTE
BOUNDARY

A boundary between a semiconductor and an
electrolyte (solution containing ions that carry
electric current) characterized by the presence of
an electric double layer formed by charges of
opposite sign in the two phases in contact (see
Fig. (a)). In the semiconductor a charge accumulation in the near-surface region results from the
redistribution of electrons and holes; and in the
electrolyte it arises from the redistribution of ions
which form an ionic coating at the double layer;
under equilibrium conditions the charge magnitudes on the facing double layer coatings are equal
to each other.
The double layer comprises the three regions
sketched in Fig. (a). A dense region called the
Helmholtz layer lies in the electrolyte immediately
adjacent to the semiconductor surface formed by
ions attracted to the surface, as well as by solvent
molecules; this layer is very thin, approximately
one ion radius in thickness. On the electrolyte
side of the Helmholtz layer there is a diffuse
region with a charge gradient called the Gouy–
Chapman layer which is clearly evident in dilute
electrolytes (10−1 mole/l). On the other side of
the Helmholtz layer there is a space charge region

(a) Structure of the electric double layer at a
semiconductor–electrolyte boundary, (b) variation in potential, and (c) variation of charge across the boundary, where V GC is the potential drop in the Gouy–
Chapman layer, V H is the potential drop in the
Helmholtz layer, V SC is the potential drop in the space
charge region of the semiconductor, QI is the ionic
charge adhering at the interface of the double layer, and
QSC is the charge in the space charge region of the semiconductor.

arising from with the accumulation of charge at
the surface inside the semiconductor, and Fig. (c)
sketches the charge variation on these two sides
of the Helmholtz layer. There is a continuous potential drop across the semiconductor–electrolyte
boundary, sketched in Fig. (b), that is associated
with the capacitance of the space charge region
of the semiconductor C SC being less than the
the capacitance C H of the of the Helmholtz layer
(C H ≈ 6 to 20 μF/cm2 ). The rate of electrochemical reactions at the semiconductor–electrolyte
boundary is determined by the free current carrier concentration in the semiconductor, by the ion
concentration in the electrolyte, and by the positions of the energy bands and the Fermi level in the
semiconductor with respect to the energy levels of

SEMICONDUCTOR JUNCTION

ions in solution. The stability of the boundary depends on the rate of chemical and electrochemical
reactions on the semiconductor surface, which are
associated with the irreversible processes of oxidation (reduction) of ions and molecules in the electrolyte, the adsorption of products of the reactions,
and the degradation of the semiconductor.
The properties of the semiconductor–electrolyte boundary are widely used in the chemical
etching and electrolytic polishing of semiconductors, and for obtaining metal contacts in semiconductors in the instrument-making industry. This
boundary can be used for the determination of
the impurity concentration and the impurity distribution over the depth within semiconductors
(method of volt–capacity differential proﬁling
during etching of semiconductors). The high photosensitivity of the semiconductor–electrolyte
boundary allows one to employ it for the photoelectrolysis of water.
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Fig. 1. Energy diagram of semiconductor junction in
equilibrium: E c is the conduction band bottom, E v is
the valence band top, E F is the Fermi level, ⊕ denotes
uncompensated charges of donors, and ' indicates uncompensated charges of acceptors.

SEMICONDUCTOR JUNCTION, p –n junction

Transition region in a contact between two
semiconductors, one with electron-type (n) and

the other with hole-type (p) conductivity. The
junction can be formed either in a semiconductor having a homogeneous chemical composition
by nonuniform doping (p–n homojunction), or as
a contact between two semiconductors with differing chemical compositions (anisotropic heterojunction or p–n heterojunction). As a rule, the term
semiconductor junction ordinarily denotes a p–n
homojunction.
When forming a contact, the equilibrium between the semiconductors is established by the
ﬂuxes of current carriers and corresponding differences in work functions. The electrons from
the semiconductor with a smaller work function
pass to the semiconductor with a larger work
function, leaving behind a non-compensated positive charge; holes pass in the reverse direction
and leave behind a negative charge. As a result, a space charge builds up in the transition
region; its electric ﬁeld induces a potential barrier which is so high that the Fermi levels in the
two semiconductors become equal, and the movement of the carriers comes to a halt. The barrier height is determined by the contact potential
difference V k . In the case of a p–n homojunction, the n-type-semiconductor becomes depleted

and hence positively charged as electrons diffuse
into the p-region, while the p-type-semiconductor
become depleted of holes and charged negatively. A space charge in the transition region
is formed by impurity ions which are donors in
n-type-semiconductors, and acceptors in p-typesemiconductors. The contact electric ﬁeld induces
the potential barrier for the majority (most numerous) charge carriers. Its value is equal for electrons
in the conduction band and for holes in the valence
band (see Fig. 1). In a p–n heterojunction, the depletion of the transition region of majority charge
carriers also takes place, but the heights of the potential barriers for electrons and holes are not the
same. This is determined not only by the contact
ﬁeld, but also by the misalignment of the edges of
the valence band and conduction band.
As long as the space charge region is depleted
of majority carriers the potential drop signiﬁcantly
inﬂuences the passage of electrical current. The
external voltage changes the barrier height and
disturbs the equilibrium between the charge carrier ﬂuxes through the junction. If the polarity
of the voltage is opposite to the contact electric ﬁeld (forward bias), the potential barrier decreases, and there is an uncompensated ﬂow of
majority charge carriers through the barrier to the
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other semiconductor, i.e. a ﬂux of holes from the
p-type to the n-type semiconductor (where these
carriers are minority ones). The injection of minority carriers takes place, and their concentration increases with the applied electric potential (which
drops in the space charge region) in accordance
with an exponential law. For example, the hole
concentration at the edge of the space charge region in an n-type semiconductor is equal to p =
pn exp[eV /(k B T )] where pn is the equilibrium
concentration of holes in the n-type semiconductor. Simultaneously with the injection of minority
carriers through the current-conductive contacts,
an equal quantity of majority carriers enters the
n- and p-regions. Within the Maxwell relaxation
time the majority carriers compensate the charge
of the minority carriers, and an injection plasma is
produced. The current through the semiconductor
junction is determined by the total number of recombination events involving electrons and holes
over the entire bulk per unit time. The recombinations occur in three space regions: in the regions
where there exists a quasi-neutral plasma in n-type
and p-type-semiconductors, and in the semiconductor junction itself. Corresponding to them are
two components of current density: J = j D + j R .
Here j D is the diffusion current associated with
the diffusion and recombination of charge carriers
in quasi-neutral regions


eV
,
(1)
j D = j S exp
kBT

Fig. 2. Current–voltage characteristic of a semiconductor
junction.

Dn and Dp are the diffusion coef cients of electrons and holes, respectively; Ln and Lp are the
diffusion lengths of carriers in semiconductors of
n- and p-type, respectively; np is the equilibrium
concentration of electrons in p-type semiconductors; pn is the equilibrium concentration of holes
in n-type semiconductors. The recombination current related to the recombination of carriers in the
semiconductor junction is


n kB T
eV
,
(3)
W exp
jR ≈ i
2τ Vk V
nkB T

the semiconductor junction, W is the semiconductor junction width, and n is a dimensionless number close to 2. In the case of a large forward bias
when V ∼ V k , the current increases so sharply
that the potential drop in n-type and p-type regions becomes substantial, and the current–voltage
characteristic deviates signiﬁcantly from the exponential law given by Eqs. (1) and (2) (see Fig. 2).
In the case of a reverse bias (negative potential in p-type semiconductor, V < 0), the potential barrier increases, the majority carrier current through the semiconductor junction drops,
whereas the minority carrier current (which experiences no barrier) remains almost unchanged.
As a result, the semiconductors in the vicinity of
the junction are depleted of minority charge carriers (depletion), and the current through the junction is due to thermally generated electron–hole
pairs. The pairs beyond the semiconductor junction diffuse to the barrier and are separated by its
ﬁeld, thus inducing the current j S independent on
the electric potential (saturation current). The current carriers generated inside the junction are also
separated by the contact ﬁeld: electrons and holes
go to n-type and p-type semiconductors, respectively. The resulting so-called generation current
is
n
(4)
jG = e i W (V ),
τe

where ni is the intrinsic carrier concentration in
the semiconductor, τ is the lifetime of carriers in

where ni is the natural concentration of carriers in
the semiconductors, and τ e is the life time for the

where


jS = e


Dp
Dn
pn +
np ,
Lp
Ln

(2)
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generation of carriers in the semiconductor junction. The total backward current is equal to the
sum of j S and j G . The generation current grows
with the increase in potential due to the widening
of the semiconductor junction. The generation and
recombination of charge carriers in it are usually
associated with deep impurity centers (see Deep
levels).
The width of a semiconductor junction and
its dependence on the applied potential are determined by the concentration of doping impurities
and their distribution in space. In the case of a
stepwise impurity distribution (sharp semiconductor junction),

W=

1/2
ε NA + ND
(Vk − V )
,
2πe NA ND

where N A is the acceptor concentration in a
p-type semiconductor, N D is the donor concentration in an n-type semiconductor, and ε is the
dielectric constant. If the impurity concentration
varies linearly with the distance (gradual semiconductor junction), then W ∼ (V k − V )1/3 . In the
case of a reverse bias the semiconductor junction
widens, while for a direct bias it narrows.
The current–voltage characteristic of the junction is sharply asymmetric (see Fig. 2). For a direct bias the current is higher than the inverse current by several orders of magnitude. At a sufﬁciently high inverse voltage −V br a sharp current
buildup in magnitude (breakdown, negative in direction) takes place. This is related to extra mechanisms of carrier generation whose intensity depends strongly on the electric ﬁeld in the junction,
or on the current. There are three main mechanisms of breakdown: avalanche breakdown due to
impact ionization of the crystal lattice by electrons
and holes in the junction; tunnel (Zener) breakdown related with carrier tunneling through a barrier (see Interband tunneling); and thermal breakdown induced by lattice heating with an increase
in the rate of thermally generating carriers. A tunnel current is signiﬁcant only for a sufﬁciently
small barrier layer width, i.e. for strong doping.
When a semiconductor is doped up to degeneracy, the tunnel current is also large for a forward
bias. As the potential grows, the tunnel current
increases, and it drops at reaching its maximum.

This results in N-shaped current–voltage characteristic for a direct bias (see Tunnel diode).
In an alternating current circuit, the semiconductor junction possesses a capacitance which in
the equivalent circuit is in parallel with a resistance. There are two mechanisms for the formation of the capacitive component current with two
corresponding capacitances: a charging capacitance due to the charge variation of the barrier
layer (regarded as a capacitor with the distance W
between plates) and a diffusion capacitance associated with the inertia of the carrier diffusion in
quasi-linear regions. The diffusion capacitance is
proportional to the nonequilibrium carrier concentration, and for this reason it is effective only for
a forward bias. The diffusion capacitance depends
on the frequency ω, and falls as ω−1 when ω exceeds the inverse carrier lifetime. In the case of a
reverse bias, the determining factor is the charging capacitance which is weakly dependent on the
frequency, and is effectively controlled by the potential (see Varactor).
Semiconductor junctions form the basis of
many semiconductor devices: diodes of various
types, transistors, thyristors, light emitting diodes,
injection lasers, p –i –n-diodes, stabilizers, varistors, varactors, etc. The high sensitivity of these
junctions with respect to external actions (thermal
and mechanical actions, action of light and ionizing radiation) is the reason for their application
in detectors of various kinds. Semiconductor junctions are also used for light energy transformation
in solar cells. The junction can be produced by diffusion or implantation of doping impurities (e.g.,
acceptors in n-type semiconductors), introduction
of a metal plus some needed impurities into a
semiconductor, epitaxial growth, and monocrystal
growth from the melt with a change of the impurity composition (see Monocrystal growth).
SEMICONDUCTOR LASERS
Lasers with semiconductors as the active medium, using radiative quantum transitions, and conduction electron and hole mobile charge carriers.

Induced radiative transitions occur between levels
in the bands, and also between the levels of small
impurity centers. In order to obtain optical ampliﬁcation it is necessary to invert the population density of the working levels (see Semiconductors),
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Fig. 1. Energy level diagram (left) showing the band
gap E g and a radiative transition hν from the inverted
population of the occupied bottom of the conduction
band (E c ) and the empty top of the valence band (E v ).
The electron and hole Fermi levels F e and F h , respectively, are indicated. Right: the distribution of the densities of states ρ(E) (horizontal axis) in the semiconductor
bands.

and the condition for this may be expressed in the
form
Fe − Fh > hν,
where F e , F h are, respectively, the Fermi quasilevels of electrons and holes; hν is the photon energy. This condition for intensive pumping is fulﬁlled at the band edges, therefore hν is usually
close to the width of the band gap E g (see Fig. 1).
In semiconductor lasers the so-called direct-gap
semiconductors are used, which have the bottom of the conduction band and the top of the
valence band at the same point (k = 0) in the
phase space. Many binary compounds of the type
AIII BV , AII BVI and AIV BVI (see Semiconductor
materials), e.g., GaAs, CdS, PbTe, and also the related series of solid solutions of these compounds,
form the basis on which these lasers were made.
The wavelength ranges spanned by various semiconductors, and their extent of overlap, are shown
in Fig. 2.
According to their methods of pumping, semiconductor lasers are subdivided into injection lasers (injection pumping via direct current through
an electron–hole junction), electron beam pumped
lasers (pumped by high-energy electrons, e.g.,
with energy 20 to 50 keV), lasers with optical

Fig. 2. Spectral overlapping for semiconductor lasers
constructed on the basis of binary compounds, and of
solid solutions formed from them.

pumping, and those with pumping by breakdown
in an electrical ﬁeld, including streamer lasers.
Semiconductor lasers are characterized by their
small dimensions (especially injection lasers), by
their economic efﬁciency, by the simplicity and
rigidity of their design, by the possibility of tuning
their frequency, by the availability of active media
with broad frequency ranges, by the possibility of
direct internal modulation of radiation within the
band of 1 to 10 GHz, by the possibility of generating of ultrashort pulses, by their compatibility
with semiconductor circuits, and by the possibility
of monolithic integration with other semiconductor devices and integrated-optical elements. In its
simplest version a semiconductor laser is a crystal diode with two-sided ﬂat-parallel mirror faces
forming the optical resonator. The laser radiation
generated in the active layer located along the
axis of resonator, i.e. perpendicular to the specular faces, exits through a face. In more complex modiﬁcations with many-element resonators,
structures with Bragg reﬂectors and coupled resonators are used. Heterolasers, where the active
area is a potential well for the carriers and a dielectric waveguide for the generated photons, is an
important variety of semiconductor lasers. In the
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Fig. 3. Diagrams of some laser double heterostructures
(left), and their corresponding band gaps (right).

so-called double heterostructure the active layer
is located among the passive emitter layers of the
broader-band semiconductor, and due to the total internal re ection, radiation is channeled along
it at its boundaries. The circuits of some double
heterostructures are shown in Fig. 3. If the active
layer thickness is comparable or smaller than the
de Broglie electron wave length, then due to the
quantization of electronic states in the potential
well the radiative properties of the medium are signiﬁcantly changed (quantum-size lasers). Within
the limits of one wave-guide layer of the laser
heterostructure there may exist several quantumsize layers. If they are strictly periodic, the laser
is called a superlattice laser. Reduction of the
radiative layer thickness and optimization of the
waveguide geometry permit the reduction of the
threshold current density in quantum-size lasers
to the level of 100 to 200 A/cm2 , and lower, at
300 K.
Stripline injection lasers where the active region is restricted to lateral directions within the
range of a narrow strip (from 1 to 10–20 μm)
are of practical signiﬁcance. In order to restrict
the current outside the strip the planar technology of oxide isolation is used, or a covering of
a poorly conducting material, e.g., one containing

“counter” (i.e. locking) p–n-junctions. In overgrown stripline lasers the threshold current is reduced to 5 to 50 mA. A typical radiation power
level is 10 mW in a stripline semiconductor laser,
and up to several watts in monolithic multistrip lattices; in the radiation pulse mode the peak power
of an injection laser radiation attains 10 to 50 W,
and in lasers with electronic or optical pumping,
up to several megawatts (due to a high active volume and a higher laser beam cross-section compared to an injection laser). Injection lasers operating in the wavelength ranges 0.78, 0.85, 1.3, and
1.55 μm have found wide practical applications, in
particular in systems for the storage and reading
of information, including audio and video disc devices, in ﬁber-optical communication systems, in
automation. Semiconductor lasers are used for optical pumping of other types of solid-state lasers.
Additional areas of semiconductor laser application are: high-resolution spectroscopy, monitoring of the atmosphere and other media, projection
television, night vision, optical detection and ranging, telemetry, and metrology.
SEMICONDUCTOR MATERIALS

Materials characterized by values of electrical
conductivity, intermediate between those of metals and insulators, i.e. 104 to 1010 (·cm)−1
(300 K). Unlike metals, the electrical conductivity of a semiconductor increases with an increase
in temperature. The band gap of a semiconductor varies within the range 0 to 5.6 eV. For these
materials the following is characteristic: the presence of two oppositely charged current carriers
(electrons and holes), and also a high sensitivity
of electrophysical properties to the impurity atom
content, to structural defects, and to external conditions (heating, radiation, deformation, etc.) (see
Semiconductors).
Classiﬁcation. Semiconductor materials are
subdivided into several groups, and the principal
ones are:
1. Elemental semiconductor materials, the most
important representatives being silicon and
germanium, the basic materials of modern
semiconductor electronics. Having four valence electrons, atoms of Si and Ge form a diamond type crystal lattice with covalent bonds
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between the atoms; they are indirect-gap semiconductor materials; they form a continuous series of solid solutions one with another.
Binary compounds of the type AIII BV , that
is compounds formed from elements of
Groups III and V of the periodic system. They
generally have a sphalerite (zinc-blende) structure, with the bonding of their atoms in the
crystalline lattice mainly of a covalent nature
(see Covalent bond) with some admixture (up
to 5 to 15%) of ionic bonding. They melt congruently with a narrow region of homogeneity.
The most important representatives gallium arsenide (GaAs), InP, InAs, InSb are direct-gap
semiconductor materials, although GaP has an
indirect band gap. Many AIII BV compounds
form continuous binary solid solution series
with one another, as well as some ternary or
more complex series.
Compounds of elements of Group VI (O, S,
Se, Te) with elements of Groups I to V of
the periodic system, and also with transition
metals and rare-earth elements. In this general
group of semiconductor materials AII BVI -type
compounds are of greatest interest, i.e. compounds of elements from Groups II and VI
of the periodic system. They have a crystal structure of either the sphalerite (zincblende) or the wurtzite types, less often of the
NaCl type. The bond between the atoms has a
mixed (covalent-ionic) character (ionic component reaches 45 to 60%). For the compounds
AII BVI the phenomenon of polymorphism is
common, as well as the presence of polytypes
(see Polytypism) of cubic and hexagonal modiﬁcations. They are mainly direct-gap semiconductor materials. The most important representatives are cadmium sulﬁde (CdS), CdTe, ZnO,
ZnS, ZnSe, ZnTe, HgTe. Many AII BVI compounds form continuous solid solution series
with each other.
Ternary compounds of the type AII BIV CV
2
formed from elements of the Groups II, IV
and V of the periodic system. They generally
crystallize in the chalcopyrite lattice. In many
aspects they are electronic analogues of the
compounds AIII BV . Typical representatives are
CdSnAs2 , CdGeAs2 , ZnSnAs2 .
Silicon carbide SiC exists in several structural
modiﬁcations, the most important being: α-SiC

(hexagonal structure), β-SiC (sphalerite structure).
6. Noncrystalline semiconductor materials. The
vitreous (see Vitreous state of matter), chalcogenide and oxide semiconductor materials are
typical representatives of this group. The solid
solutions of the series of amorphous semiconductors with hydrogen, hydrated noncrystalline semiconductor materials, are important:
α-Si:H, α-Si1−x Cx :H, α-Si1−x Gex :H, etc.
Atomic hydrogen is highly soluble in these
materials, and it attaches itself to a considerable number of dangling bonds, characteristic
of amorphous semiconductor materials. As a
result, the density of states in the band gap
sharply decreases, and there appears the possibility of creating semiconductor junctions. Also
many ferrites, ferroelectrics, and piezoelectrics
materials are semiconducting. Some organic
materials also exhibit semiconductor properties, and form a large group of organic semiconductors.
Obtaining semiconductor materials. A thorough puriﬁcation from foreign impurities is a necessary condition for the achievement of highly
reﬁned electrophysical characteristics of semiconductor materials. In the cases of Ge and Si
this problem is solved by syntheses from their
volatile compounds (chlorides, hydrides), after
carrying out a thorough puriﬁcation of these compounds by the methods of fractional distillation,
sorption, partial hydrolysis, and special thermal
treatments. Chlorides of speciﬁc purity are then
subjected to high-temperature reduction by hydrogen, after undergoing an intense preliminary
puriﬁcation. Ge and Si are separated from their puriﬁed hydrides by thermal decomposition. Semiconductor compounds are obtained using starting
components which have passed a thorough puriﬁcation. The most widespread method for obtaining monocrystals of semiconductors is their
crystallization from the melt using the Czochralski method. Techniques of directed and zone crystallization of the melt in the container, and also
ﬂoating zone melting, are widely used. The growth
of monocrystalline epitaxial lm s on different single crystal substrates is widespread. For epitaxial
growth the crystallization processes from the melt,
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from the gas phase, and also molecular beam epitaxy are employed.

For intentionally varying the electrophysical
properties of semiconductor materials they are
doped by the introduction of speciﬁc impurities. These impurities are added either during the
course of monocrystal growth and epitaxial structures, or in the course of their subsequent diffusion or ion implantation. Doping may be brought
about by the effect of radiation which induces nuclear reactions which form electrically neutral impurities. In order to obtain semiconductor materials with n-type electrical conductivity that varies
with the concentration of the current carriers (electrons) over wide limits one ordinarily uses donor
impurities, which form shallow levels in the band
gap (see Donor). For hole or p-type semiconductor
materials the analogous task is solved by the introduction of acceptor impurities (see Acceptor). The
atoms of these impurities at room temperature are
almost completely ionized so the concentration of
the charge carriers coincides almost exactly with
the concentration of the introduced impurity.
Applications of semiconductor materials.
Microelectronics is the fundamental area of application of semiconductor materials. These materials are the basis of modern large-scale and
superlarge-scale integrated circuits. At present integrated circuits are mainly manufactured on the
basis of Si. Further progress in increasing the
fast response and reducing the power consumption may result from the development of integrated
circuits based on GaAs, InP, and their solid solutions with other AIII BV compounds. On a broader
scale, semiconductor materials have been prepared
for the manufacture of “power” electronic devices
(gates, thyristors, powerful transistors). Here Si is
also the main material, and further progress in the
area of higher operating temperatures should be
associated with the use of GaAs, SiC and other
broad-band semiconductor materials. The application for solar batteries is promising. Semiconductor materials are widely used for creating sources
of radiation (lasers and light emitting diodes), and
also photodetecting devices. Semiconductor lasers
and photodetectors are especially important components of ﬁber-optic communication lines. These
materials are widely used for the creation of various ultrahigh frequency generators, and of de-

tectors of nuclear radiation. Thermal refrigerators, strain gauges, highly sensitive thermometers,
sensors of magnetic ﬁelds, modulators and wave
guides of infrared radiation, “optical windows”,
and a series of other devices are fabricated on the
basis of these materials.
SEMICONDUCTOR MEMORY

Devices for storage of digital information,
fabricated on the basis of semiconductor integrated circuit technology. They are distinguished
by their manufacturing technology: bipolar memory, metal–insulator–semiconductor (M–I–S) elements, memory based on gallium arsenide; according to their functional designation: random access
memory (RAM), read-only memory (ROM); according to the method of information storage: dynamic memory, static memory; according to the
method of information sampling: RAM, associative sampling. An integrated circuit contains memory elements and control circuits. A memory storage unit with random sampling consists of a memory element array connected to a system of buses,
the control of which facilitates the sampling of
the separate elements of the array for the purpose
of reading, writing, and storing information. The
control circuit transforms the address code into the
signal at one of the control buses, and performs the
exchange between the memory element and the information buses of the integrated circuit.
Integrated circuits of RAM are the most frequently used, and among these are dynamic integrated circuits of M–I–S transistors, which possess high information storage capability. An
M–I–S capacitor connected with the array buses
by the key M–I–S transistor is their memory element. Information is stored in the form of a capacitor charge, its discharge being refurbished by
periodic reading and re-recording, through regeneration. In the integrated static random access
memory of M–I–S transistors the symmetric trigger of 4 to 6 transistors serves as the memory element. In terms of information capacity they are
four times inferior to dynamic ones, but they have
a faster response and low dissipated power (memory with 256 kbyte capacity in the storage mode
consumes only a few milliwatts). A bipolar RAM
exceeds an M–I–S type RAM in its fast response,
but it is inferior in terms of information capacity. Read-only memories are energy-independent,
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i.e. information is stored with the power supply
switched off. In addition, a combined memory
may be used, or an energy-independent memory,
which involves a complicated memory element
combining the functions of random access memory and reprogrammable read-only memory.
In 1997 the leading manufacturers of dynamic
RAM devices released memory microcircuits with
a capacity of 64 Mbyte; we now have 256 Mbyte
capacity using a 0.25 μm technology, and eventually we expect to have integrated circuits of dynamic RAM with 1 Gbyte capacity, with an access time of 30 ns (using a 0.18 μm technology).
A change in the industrial standard for the diameter of the silicon plate, on which the crystals of integrated circuits are formed, from 200 to 300 mm,
has been proposed, which would reduce the cost of
integrated circuits. See also Information recording
in solids.
SEMICONDUCTOR MICROWAVE DEVICE
See Microwave semiconductor device.
SEMICONDUCTOR PHOTODETECTORS
Semiconductor devices for the transformation

of information contained in optical radiation to
an electrical signal. Thermal photodetectors and
photoelectronic semiconductor photodetectors
may be distinguished. In thermal or heat sensitive photodetectors, bolometers, the adsorption of
electromagnetic waves leads to a rise in temperature which causes an increase of the current carrier concentration and of the electrical conductivity of the sensitive element. In photoelectronic detectors the adsorption of radiation leads to excitation of the semiconductor electronic subsystem
accompanied by an external photoeffect (photoemission photodetectors), or by an internal photoeffect (photoelectric semiconductor receivers).
The main types of photoelectric semiconductor
receivers are photoresistors, photodiodes, metal–
insulator–semiconductor structures. The main parameters of semiconductor photodetectors are the
spectral range of sensitivity and the threshold sensitivity (minimal recordable optical signal). In order to improve their threshold sensitivity the photodetectors are cooled with the help of different
cryogenic devices. The development of an integrated technology leads to the design of integrated photosensitive microcircuits, providing
receiving, preampliﬁcation, and processing of the

signals entering photodetectors. Charge-coupled
device (CCD) cameras read the relative brightness of each picture element, while a self-scanning
semiconductor imaging device varies the intensities of the incoming light.
SEMICONDUCTOR, PULSED ANNEALING
See Pulsed annealing of semiconductors.
SEMICONDUCTORS

Broad class of materials, in which the concentration of mobile current carriers is much lower
than the concentration of atoms, and may vary
over wide limits in response to temperature, exposure to light, and addition of relatively small
amounts of impurities. These properties of semiconductors set them apart from metals: thus there
is a qualitative difference between semiconductors
and metals. The difference between semiconductors and insulators is much less pronounced and
is, in fact, established by convention: it is customary to classify as insulators the materials with resistivity 1011 –1012 ·cm at room temperature
(300 K).
According to structure, semiconductors are divided into solid, amorphous, vitreous and liquid
types. A special class is represented by solid solutions in which atoms of different types are randomly distributed over the crystal lattice sites.
Crystalline semiconductors are discussed below.
According to the chemical composition, semiconductors are divided into single-element (elemental) semiconductors (Ge, Si, Se, Te), and twoelement, three-element, four-element, etc. compounds. Organic semiconductors are also known.
It is common practice to classify semiconducting compounds according to the numbers of the
groups of the periodic table to which the semiconductor constituent elements belong. For example, AIII BV compounds contain elements of the
Groups III and V (GaAs, InSb, etc.). The elements Ge, Si, together with AIII BV compounds
and their solid solutions play the most important role in semiconductor electronics. The AII BVI
and AII BV semiconducting compounds are also
widely studied (see Semiconductor materials).
Semiconductor band structure. Electrical and
optical properties of semiconductors are related
to the fact that ﬁlled electron states are separated
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Table 1. The width of the band gap Eg (eV) for some
semiconductors at T = 300 K
Material

Eg

Material

Eg

Ge
Si
Se
InSb
InAs

0.65
1.10
1.89
0.17
0.35

InP
GaSb
GaAs
GaP
AlSb

1.26
0.67
1.35
2.24
1.60

citation in the form of a positively charged quasiparticle, i.e. a hole. Current carriers in semicon-

Fig. 1. Energy band diagram of a semiconductor:
electron-ﬁlled states are designated by shading. The conduction band, band gap, and valence band are indicated.

from vacant energy states by a forbidden band
called a band gap, which represents a range of
energy that cannot be acquired by electrons (see
Fig. 1). Impurity atoms and structural defects can
give rise to local electronic levels in the band gap,
but the number of these local levels is relatively
small, and the concept of band gap retains its validity. The lower (almost) completely ﬁlled band
is called the valence band, and the upper (almost)
empty band is called the conduction band (see
Band theory). The width of the gap Eg is an important characteristic of a semiconductor, and many
of its electronic properties are to a great extent
determined by it. This width varies over a wide
range, and Table 1 lists the band gap width of several semiconductors in eV at 300 K.
There exist gapless semiconductors with
Eg = 0 (e.g., α-Sn, HgTe, HgSe), and in solid
solutions which include these semiconductors the
value of Eg may acquire very low values (see
Narrow-gap semiconductors).
The state of an electron in a semiconductor is
characterized by the band number s and the quasimomentum p = k, where k is the wave vector.
The band structure is determined by the dispersion
law E(p). If the valence band is completely full of
electrons, then there are no excitations in it. If for
some reason one electron is absent in the valence
band, then the valence band is said to have an ex-

ductors are the electrons in the conduction band
(conduction electrons) and the holes in the valence
band.
Nondegenerate bands. Conduction bands of
typical semiconductors (Ge, Si, AIII BV ) do not
have degenerate states near the minimum of the
E(p) function (except for the Kramers degeneracy with respect to spin). Certain semiconductors
exhibit a minimum value of E(p) at p = 0, i.e. at
the center of the Brillouin zone. In the local neighborhood of this point E(p) may be expanded in a
power series of p. For crystals of cubic symmetry this expansion may be limited to the ﬁrst two
terms, to give
p2
,
(1)
2m
where Ec is the energy of the bottom of conduction band, and m is a constant with the dimensionality of mass. Eq. (1) is applicable to electrons
of moderately high energy; with the quantity m
the electron mass or, more generally, the effective
mass. If, e.g., an electron is placed in a potential
ﬁeld and the characteristic distance over which the
ﬁeld changes is considerable compared with the
lattice constant a0 , then the energy levels and wave
functions of this electron may be found with the
help of the Schrödinger equation. Performing this
calculation, one does not have to take any account
of the periodic potential generated by the crystal
atoms: all one needs to do is to replace the mass
of a free electron in vacuo m0 with an effective
mass m (effective mass method). Thus, the effective mass m = 2 /(∂ 2 E/∂k 2 ), which is a measure
of the curvature of E(k), determines the kinetics
of electrons at low energies, and several effective
mass values are listed in Table 2.
E(p) = Ec +
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Fig. 2. Arrangement of electron isoenergy surfaces in the
Brillouin zone for Si: Brillouin zone edges are indicated
by dashed lines. Coordinate axes are px along the [100]
direction, py along [010], and pz along [001].
Table 2. The effective mass m of
conduction electrons for several
semiconductors with the minimum
of E(p) at the center of the Brillouin zone (at T = 300 K)
Material

m/m0

InSb
InAs
InP
GaSb
GaAs

0.01
0.02
0.08
0.05
0.07

The dispersion law (1) is quadratic and isotropic, and is sometimes called the standard law.
Isoenergetic surfaces in the momentum space
E(p) = const in the vicinity of the point p = 0 are
spheres centered at the point p = 0. If the minimum value of E(p) is not located at the center of Brillouin zone but rather at p = 0, then
the constant energy surfaces in its neighborhood
are ellipses (see Fig. 2). For this case the effective mass m depends on the direction with respect
to crystallographic axes (crystal symmetry axes)
even in crystals of cubic symmetry. An energy
band in the neighborhood of a minimum is called
a valley; and a semiconductor with several equivalent minima is called a many-valley semiconductor.
Degenerate bands. The valence band of a typical semiconductor (Ge, Si, AIII BV ) is sixfold de-

Fig. 3. Energy bands located directly above and directly
under the band gap of gallium arsenide (T ≈ 300 K):
1, heavy hole band; 2, spin orbit split-off band; 3, light
hole band.

generate at the point p = 0 ignoring the spin–orbit
interaction. However, the valence band splits into
bands, which are twofold and fourfold degenerate
at the point p = 0 by virtue of the spin–orbit interaction (see Fig. 3). The energy interval Δ between these bands is called the spin–orbit splitting
energy. For p = 0 the fourfold degeneracy is removed and two doubly degenerate bands arise: a
band of light holes (E l ) and a band of heavy holes
(E h ). The dependence of the energies of these
bands on the momentum is given by the following
expression:
E l,h (p)
=−



1 <
γ1 p2 ± 4γ22 p4 + 12 γ32 − γ22
2m0

 1/2 =
× px2 py2 + py2 pz2 + px2 pz2
,
(2)

where the plus sign is related to the band of
light holes, the minus sign denotes the band of
heavy holes; γ1 , γ2 , γ3 are dimensionless parameters (Luttinger parameters, see Table 3) (see Luttinger Hamiltonian).
The surfaces E(p) = const, which are described by Eq. (2), do not possess spherical symmetry, they are slightly corrugated. In a number
of semiconductors, including Ge, the anisotropy of
isoenergetic surfaces is low. Therefore, the bands
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Table 3. Luttinger parameters and spin–orbit splitting
energy Δ (eV) for Ge and Si
Material

γ1

γ2

γ3

Δ

Si
Ge

4.22
13.35

0.39
4.25

1.44
5.69

0.04
0.29

of light and heavy holes (E l and E h ) are approximately described by the equations
El = −

p2
,
2ml

(3)

p2
Eh = − h ,
2m
where ml = m0 (γ1 + 2γ )−1 is the light hole effective mass, mh = m0 (γ1 − 2γ )−1 is the heavy
hole mass, and γ = (3γ3 − 2γ2 )/5. For Ge we
have ml = 0.04m0 , mh = 0.3m0 . In the absence
of transitions between bands of heavy and light
holes, ml and mh describe the dynamics of light
and heavy holes, respectively. This pattern of hole
bands holds good for Si and Ge crystals, which
possess a center of symmetry. A more complicated
form of the dispersion law is observed for crystals
of semiconductors of type AIII BV for small values
of p.
Kane model (E.O. Kane, 1956). The kinetic
energy E − Eg of an electron or a hole shows
a quadratic dependence on the momentum provided that it is small compared with Eg . This
condition is violated for narrow-gap semiconductors (small Eg ). However, for E > Eg it is
also possible to obtain simple equations for the
dispersion law, which will hold good when the
electron wavelength far exceeds the lattice constant a0 , and the distance to other allowed energy bands exceeds the electron energy. In this
case only the overlap of wave functions of valence band electrons and conduction band electrons should be taken into account: the interaction with other bands is insigniﬁcant. This approximation is called the Kane model. Except for
the quantities Eg and Δ, only one parameter P
appears in it, which characterizes the overlap of
wave functions. It is expressed in terms of the
effective mass of an electron at the bottom of
the conduction band Ec . For very small values of
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the momentum p, when E  Eg , the Kane model
provides the following parabolic expressions for
the energy of electrons E e (p), the energy of light
holes E l (p), the energy of heavy holes E h (p), and
the energy of the holes of the band that is split off
as a result of the spin–orbit interaction E so (p):


p2 P 2 2
1
e
,
E = Eg +
+
32 Eg Eg + Δ
El = −

2p2 P 2
,
32 Eg

(4)

E h = 0,
E so = −Δ −

2p2 P 2
32 (Eg + Δ)

.

As may be seen from Eq. (4), this approximation
does not provide the spectrum of heavy holes. If
E g  Δ, then by comparing Eq. (4) with Eqs. (1)
and (3) we ﬁnd that an electron and a light hole
have identical masses m
m=

32
Eg .
4P 2

(5)

If therefore p  (2mΔ)1/2 , then the energies of
both the electrons and the light holes are given by
the following equations:

1/2
Eg Eg
p2
,
+
1+4
Ee =
2
2
2mEg
(6)

1/2
Eg Eg
p2
l
1+4
.
E =
−
2
2
2mEg
Eqs. (6) show the energies of electrons and of light
holes deviating from quadratic behaviour when the
kinetic energy of an electron or a hole is of the
order of Eg .
Impurities and defects in semiconductors. Electrically active and electrically inactive impurities
are recognized. Electrically active ones can acquire a positive or negative charge which is compensated by the creation of an electron in the
conduction band or a hole in the valence band,
respectively. Electrically inactive impurities remain neutral and have only a slight effect on the
electrical properties of a semiconductor. As a rule,
electrical activity is related to the fact that the impurity atom and the atom that is substituted for in
the process of introducing an impurity, often have
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different valences (i.e. different numbers of valence electrons), and the order of arrangement of
nearest neighbors around the foreign atom is determined by the crystal lattice of the doped semiconductor. Thus, e.g., when a Group V element enters
the lattice of Si, which exhibits tetrahedral symmetry, it rearranges its valence electrons in such a
way, that four of them make up a stable tetrahedral
conﬁguration, and the ﬁfth one becomes relatively
loosely bound to the impurity atom. As a ﬁrst approximation, assume that this ﬁfth electron is an
“extra” one experiencing only the force of electrostatic attraction to the impurity ion, which is weakened by the dielectric constant of the lattice (see
Electrically active extended defects). In the simplest case of a nondegenerate standard band the
equation of motion of the extra electron appears
identical to that of an electron of a hydrogen atom.
The binding energy is given by the expression


me4
m e4 m 1
,
(7)
E0 = 2 2 = 0 2
m0 ε2
2ε 
2
where e is the electron charge, and ε is the lattice
dielectric constant. For typical semiconductor values (m/m0 = 0.1, ε = 12) E0 is smaller than the
hydrogen atom binding energy (13.6 eV) by a factor of approximately 103 . The thermal motion easily strips this electron off the impurity atom, after
which it is available to take part in the conduction
of electric current. Such impurity atoms are called
donors.
On being added to a lattice of tetrahedral symmetry, Group III elements capture an electron
from the valence band and form a stable tetrahedral conﬁguration with its help. A hole, which is
thereby created in the valence band, becomes attracted to the negatively charged impurity atom,
and remains in the bound (localized) state at low
temperatures. In the case of a standard band the
binding energy of a hole is also deﬁned by Eq. (7),
where m is the hole effective mass. When this hole
breaks away from the impurity atom it can also
take part in the conduction of current. Impurity
atoms, which produce holes, are called acceptors
(acceptor impurity). At interatomic distances the
potential created by an impurity ion differs substantially from that of a point charge potential,
and depends on the chemical nature of the impurity. This short-range component of the impurity

potential is responsible for an additional (with respect to Eq. (7)) shift of the impurity level, which
is called the chemical shift. By virtue of the chemical shift the levels of various impurities differ from
each other. This difference is much sharper for
s-states than for p-states, because the wave function of a p-state vanishes at the impurity center. If
there are several equivalent extrema in the band
(e.g., the band consists of several equivalent ellipsoids) then the impurity levels exhibit an additional degeneracy, the degeneracy multiplicity being equal to the number of equivalent ellipsoids.
This degeneracy (e.g., fourfold in Ge, sixfold in Si,
see Fig. 2) is partially removed by the short-range
component of the impurity potential: the ground
impurity level of Ge splits into three levels, and
the ground impurity level of Si splits into two levels. In the presence of degeneracy, valence band
acceptor states have characteristic features. If the
value of the spin–orbit splitting Δ is large compared with the acceptor binding energy E0 , then
the split-off degenerate band can be neglected. Ignoring corrugation of isoenergetic surfaces, the acceptor states are rated in order of their values of
total angular momentum J and its projection on
the quantization axis. A fourfold degenerate state
with J = 3/2 turns out to be the ground state.
ml . In this
In many semiconductors mh
case, the wave function of an impurity electron exhibits two different scales, which are the lengths of
the de Broglie waves for particles with equal energy but different effective masses. As the distance
to the impurity center increases, the wave function
is determined ﬁrst by the smaller scale, which corresponds to the heavy holes, and then by the larger
scale, which corresponds to the light holes. The
binding energy, which is determined by the heavy
hole mass, may be derived from Eq. (7) by replacing m with mh and adding the multiplier 4/9.
Impurity states, whose binding energy E0 is
small compared to Eg , are called shallow levels.
The deep levels arise, as a rule, if the main contribution to the binding energy is made not by electrostatic attraction, which is weakened by the dielectric constant ε, but by the short-range potential, which is determined by the chemical nature
of the impurity. It may be said that shallow donor
states are split off from the valence band, and shallow acceptor states are split off from the conduc-
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tion band. Deep states belong to a comparable extent to both the valence and the conduction bands,
and may partake the nature of both donor and acceptor. The relationship between the concentrations of electrons and holes may vary depending
on the quantity and nature of the impurities. Those
(e or h) which are most numerous are called majority current carriers, the remaining ones being
called minority current carriers. The addition of
impurities provides semiconductors with speciﬁed
properties (see Doping). If the impurity atom and
the substituted atom belong the same group of the
periodic system (isovalent substitution), then this
impurity atom generally does not form any localized electron state (see Isovalent impurities), i.e.
it is electrically inactive. These inactive impurities may enter the lattice in large concentrations
and form solid solutions. The arrangement of lattice sites in solid solutions exhibits long-range order, but substitutional atoms are randomly distributed over these sites. Solid solutions are of vital
importance in semiconductor electronics, because
it is possible to vary their Eg values by varying
their composition. It is therefore feasible to obtain a number of crystals, in which the value of Eg
varies continuously, and even crystals in which E g
varies from one point to another. However, solid
solutions are disordered solids. Their composition
is spatially uneven, which results in the smearing
of band edges, and the presence of variations in
current carrier scattering (see also Heterojunction,
Heterostructure). Lattice defects in semiconductors also may be electrically active or inactive. An
important role is played by vacancies, interstitial
atoms, dislocations.
The behavior exhibited by impurities in noncrystalline and liquid semiconductors differs from
the behavior of impurities in their crystalline counterparts. The absence of a regular crystal structure
results in the fact that an impurity atom, which
has a valence different from that of the substituted
atom, may saturate all its valence bonds is such a
way that it will be disadvantageous for it to accept
an extra electron, or to lose one of its own electrons. As a result, the impurity atom turns out to be
electrically inactive. This circumstance prevents
the use of doping to change the type of conduction,
which is necessary, e.g., for the creation of semiconductor junctions. Certain amorphous semiconductors change their properties under doping, but
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the effect of doping is considerably weaker than in
the case of crystalline semiconductors. The doping sensitivity of the amorphous bodies may be
increased by a processing treatment.
Statistics of electrons in semiconductors. In the
state of thermodynamic equilibrium the concentrations of electrons and holes are uniquely determined by the temperature, by the concentration
of electrically active impurities, and by the band
structure parameters. For the calculation of concentrations of electrons and holes an electron may
be located in the conduction band, at a donor level,
at an acceptor level, or it may leave the valence
band (causing the generation of holes in it) because of thermal transfer, or some other factor.
Electrons obey Fermi–Dirac statistics, and the
distribution of the electrons in energy levels E
is described by the Fermi function. The parameters of this function are the temperature T and the
chemical potential μ = EF (sometimes called the
Fermi level). The probability of ﬁlling a level of
energy E is equal to
kBT
.
1 + exp(E − EF )
If the concentration of impurities is not too high,
then the Fermi level is in the gap (see Fig. 4). The
behavior of mobile electrons and holes obeys the
laws of classical statistics (see Maxwell distribution). The concentration of electrons in the conduction band n and the concentration of holes in

Fig. 4. Impurity levels (dashed lines) in a semiconductor:
E c is the bottom of the conduction band, E v is the top of
the valence band, E D , E A are the binding energies for
donors and acceptors, respectively, and E F (dash-dotted
line) is the Fermi level.
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the valence band p are given by the following relations (EF is measured from the bottom of the
conduction band):


EF
,
(8)
n = Nc exp
kB T


Eg + EF
,
(9)
p = Nv exp −
kB T
where Nc and Nv are respectively characteristic
concentrations of electrons and holes, which are
determined by the spectrum of electrons and holes.
For the standard spectrum we have (me and mh are
the effective masses of electrons and holes, respectively):
Nc =

(2πme kB T )3/2
,
4π 3 3

(10)

(2πmh kB T )3/2
Nv =
.
4π 3 3
In the case of ellipsoidal isoenergetic surfaces me
should be replaced by (m1 m2 m3 )1/3 , where the
effective masses m1 , m2 , m3 correspond to the
principal axes of the ellipsoid. In the case of a degenerate valence band the equations for Nc and Nv
acquire a more complicated form; however, if the
masses of the heavy holes far exceed the masses
of light holes then Eq. (10) may be used (mh in it
must be replaced by the heavy hole mass).
The concentration of electrons, which are located at donor levels, is given by the equations



ED + EF −1
−1
exp −
,
nD = ND 1 + gD
kB T
(11)
where gD is the degeneracy multiplicity of the
lowest donor band (taking into account the spin
degeneracy); ND is the concentration of donors;
ED is the donor binding energy (ED > 0). The
concentration of holes, which are trapped at the
acceptor levels, i.e. the concentration of neutral acceptors, is given by the equation



EA − EF − Eg −1
−1
exp −
,
pA = NA 1 + gA
kB T
(12)
where gA is the degeneracy multiplicity of the acceptor level; NA is the concentration of acceptors;
EA is the acceptor binding energy (EA > 0). The
Fermi level EF is determined from the electrical

neutrality condition, which states that the concentration of negative charges (electrons and charged
donors) must be equal to the concentration of positive charges (holes and negative acceptors):
n + NA − pA = p + ND − nD .

(13)

In order to determine the concentrations of
electrons n and holes p, one should substitute
Eqs. (8)–(12) into Eq. (13), solve the resulting expression for EF , and then insert the value of EF
into Eqs. (8) and (9). It is seen from Eqs. (8)
and (9) that the product n2i = np of the concentrations of electrons n and holes p is independent
of the concentrations of impurities:


Eg
2
.
(14)
np = ni = Nc Nv exp −
kB T
In the standard case
ni =

(2πkB T )3/2  e h 3/4
m m
4π 3 3


Eg
.
× exp −
2kB T

(15)

Intrinsic and extrinsic semiconductors. A semiconductor with a negligibly small impurity content is called an intrinsic (pure) semiconductor. It
contains an equal number of electrons and holes
n = p = ni . These electrons and holes were generated by thermal electron transfer from the valence band to the conduction band. The Fermi
level of the intrinsic semiconductor is located approximately at the center of the band gap and is
deﬁned by the following equation:
 h
Eg 3
m
+ kB T ln
.
(16)
EF = −
2
4
me
At sufﬁciently high temperatures, a semiconductor
may be intrinsic even if it contains large numbers
of impurities. The necessary condition is ni ND
and ni NA . The temperature region over which
a given semiconductor may be considered intrinsic is determined by the width of the gap Eg , the
concentration of impurities, and spectrum of electrons and holes. In Ge ni = 2·1013 cm−3 , in Si
ni = 1.5·1010 cm−3 (at 300 K).
The semiconductor is called an extrinsic (impurity) semiconductor if ND or NA far exceeds ni .
The main property of an extrinsic semiconductor
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is the sharp difference between the concentrations
of electrons and holes. If the dominant carriers are
electrons, then the material is an n-type semiconductor. If most of the current is carried by holes,
then it is a p-type semiconductor. The prevailing
impurities are donors in the ﬁrst case, and acceptors in the second case.
If the semiconductor contains only donor impurities and the temperature is high enough for the
ionization of all the impurities, but at the same
time low enough to neglect the ejection of electrons from the valence band (ni  ND ), then the
concentration of electrons n ≈ ND , and EF is deﬁned by the following equation:


ND
EF = kB T ln
.
(17)
Nc
For ND < Nc the Fermi level is located somewhat below the bottom of conduction band Ec . In
this case the concentration of holes is negligible
compared to concentration of electrons. In the case
of acceptor impurities an analogous temperature
interval is observed: the concentration of electrons
over this interval is negligibly small and EF is in
the neighborhood of Ev :


NA
EF = −Eg − kB T ln
.
(18)
Nv
If there are both donors and acceptors and
NA , every acceptor traps an electron from
ND
a donor. Then for the total ionization of donors the
concentration of electrons n = ND − NA . In the
ND , p = NA − ND . Thus,
same way, at NA
the impurities compensate each other. Therefore,
semiconductors, which contain both donor and acceptor impurities, are called compensated semiconductors; the ratio between the concentration of
the minor impurity and the concentration of the
major impurity is called the degree of compensation (K); 0  K  1.
At sufﬁciently low temperatures there will be
only a small density of electrons in the conduction
band of an n-type semiconductor. In this case, the
concentration of electrons in the conduction band
depends exponentially on the temperature:


ED
1
.
(19)
n = √ (ND Nc )1/2 exp
2kB T
2
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Eq. (19) holds only for a weakly compensated
semiconductor. EF is located approximately in the
middle of the gap between the donor level and Ec :
EF = −

ED 1
ND
.
+ kB T ln
2
2
2Nc

(20)

There exist analogous equations which are
valid for p-type semiconductors. In this case the
Fermi level EF is located between the acceptor
level and Ev , and the concentration of holes depends exponentially on the temperature T . In compensated semiconductors of n-type at low temperatures E F practically coincides with the donor
level, and the dependence N(T ) at n  N D has
the form


ND − NA
ED
.
(21)
exp −
n = Nc
2N A
kB T
Fig. 5 schematically shows the dependence of
ln(1/n) on 1/T in n-type semiconductors. The
steep slope region I corresponds to the semiconductor itself. According to Eq. (15) the activation energy characterizing the slope of the straight
line in this region is E g /2. In region II all the
donors are ionized and n = N D − N A . In the
lowest-temperature region III almost all the electrons are located at the impurities and, according
to Eq. (21), the activation energy is equal to E D .
In the weakly compensated semiconductors where
K  1, between regions III and II there is a region
where, according to Eq. (19), the activation energy
equals E D /2.
Thus, the concentration of mobile electrons
and holes in semiconductors decreases exponentially with the temperature, vanishing at T = 0
(see Fig. 5). This phenomenon is called the
“freezing-out” of carriers, and can be explained
by the localization of carriers at impurities. This
phenomenon disappears at a sufﬁciently high impurity concentration.
Heavily doped semiconductors. In semiconductors with a sufﬁciently high impurity concentration there is some residual concentration of mobile electrons (or holes) approximately equal to the
concentration of the impurities, and weakly depending on T at low temperatures. This leads to
the appearance of a residual electrical conductivity
of a metallic type, i.e. weakly dependent on T . For
instance, in n-Si with the addition of P the residual
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Fig. 5. Dependence of the logarithm of the electron concentration, ln(1/n), on 1/T in an n-type semiconductor.
In region I the slope of the line corresponds to an activation energy of E g /2. In region II all the donors and acceptors are ionized, so n is constant, i.e. n = N D − N A .
In region III almost all the electrons of a compensated
semiconductor are situated at impurities with the activation energy equal to E D .

conductivity is observed at N D > 3.7·1018 cm−3 ,
and in n-Ge with the addition of Sb it is observed
at N D > 1.5·1018 cm−3 .
The transition to metallic electrical conduction
is explained by the overlapping of the adjacent impurity levels, which causes an impurity band to
form and eventually overlap with the conduction
band. The critical concentration N cr at which the
metallic-type electrical conductivity is displayed
can, as a rule, be described by a correlation of the
following type:
N cr a 3 ≈ 0.02,

(22)

where a is the radius of the impurity state, corresponding to the particular type of impurity under
conditions of weak doping. At the concentrations
of donors N D satisfying the inequality N D a 3 > 1,
the electron gas at T = 0 is degenerate. The Fermi
level is within the conduction band, and for the
usual case is expressed by the formula
(3π 2 )2/3 n2/3
,
(23)
2m
whereas in the absence of compensation (N A = 0),
1 the Fermi energy E F
n = N D . At N D a 3
is higher than the interaction energy of electrons
EF =

Fig. 6. Energy level diagram of a compensated semiconductor: the irregular curve characterizes the bending of
the bottom of the conduction band, the upper solid line
labeled E c is the bottom of the conduction band in the
absence of an impurity potential, the lower solid line labeled E F is the Fermi level, and the dash-dotted line Enp
is the level of percolation. The shaded areas are occupied
by electrons (electron droplets).

with impurities and with each other, and hence one
can consider the electron gas to be ideal. Thus, the
statistics of electrons in highly-doped semiconductors are the same as in metals, although the concentration of carriers is much lower than in the
EF)
metallic state. At sufﬁciently high T (k B T
a Fermi degenerate electron gas disappears, it becomes a Maxwell gas, and E F is given by Eq. (17).
If the n-type semiconductor also has acceptors,
then it is necessary to substitute n = N D − N A
into Eq. (23). At exact compensation, when N D
and N A are sufﬁciently close, the electron gas is
not ideal. Electrons are located in the ﬁeld with
a random potential, created by donors and acceptors. The random potential may be considered
as the bending of the bottom of the conduction
band E c . At a very exact compensation the characteristic amplitude of the random potential becomes higher than E F determined by Eq. (23). In
this case electrons are only in the deepest places
of the potential relief, thus forming droplets, isolated from one another (see Fig. 6). At T = 0 such
a system becomes an insulator. The electron ﬂow
results from the thermal excitation of electrons
to the so-called percolation level (see Percolation
theory).
Transport processes. Conduction. Besides electrons, ions also may be charge carriers, but ionic
electrical conductivity in typical semiconductors is
low (ionic superconductors are an exception). In
semiconductors three main mechanisms of electron transfer are fulﬁlled: band transport (electron
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motion associated with variation of energy within
the limits of a single, allowed, energy band); jump
or hopping transport along localized states (see
Hopping conductivity), and polaron transport (see
Polaron). The electrical conductivity of semiconductors varies over a very wide range with variations of temperature and impurity concentration.
The variation occurs due to changes of the free
carrier concentration n, as well as due to the nature of their dissipation. In order to separate these
two factors, it is convenient to write the electrical
conductivity σ in the form
σ = enμ,

(24)

where μ is the mobility of current carriers, which in
a nondegenerate semiconductor does not depend
on n (or only weakly depends on it). Mobility is
deﬁned by the ratio of the drift velocity v drift of
the carriers under the effect of an electric ﬁeld to
the ﬁeld intensity E:
μ=

v drift
.
E

(25)

The value of μ and its temperature dependence
are determined by the state of the carriers (band,
impurity or polaron states), and by the mechanism of their scattering. For band conduction of
semiconductors high values of μ are inherent.
Thus in the weakly doped n-Ge at T = 77 K,
μ = 104 cm2 ·V−1 ·s−1 . If μ < 1 cm2 ·V−1 ·s−1 ,
it usually means that there is a polaron or hopping
mechanism of electric conduction.
An electron whose energy lies in the allowed
band of an ideal crystal lattice may move without scattering, thus preserving its quasi-momentum. Scattering is caused by deviations from the
ideal periodic structure associated with the thermal vibrations of atoms (scattering by phonons),
and by impurities and structural defects. Besides
this, the carriers may scatter off one another (see
Current carrier scattering).
The most important mechanisms which determine the mobility of carriers within the range
T  300 K are scattering by acoustic phonons
and by charged impurities. In nondegenerate semiconductors: upon scattering by acoustic phonons
μ ∼ T −3/2 , and upon scattering by charged impurities μ ∼ T 3/2 . At the higher temperatures one
mechanism prevails, and at lower temperatures the
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other dominates, so the dependence μ(T ) has a
maximum. If the energy of the thermal motion of
carriers (k B T ) is comparable to the energy of an
optical phonon or exceeds it, then the scattering by
optical phonons, especially strong in polar semiconductors, plays an important role. In solid solutions, the scattering from the variations of composition, for which μ ∼ T −1/2 , is important. In
heavily doped semiconductors at low temperatures
the scattering by charged impurities, screened by
free electrons, plays the main role. In this case also
the mobility μ and the electric conductivity σ depend weakly on T , and it is possible to talk about
the electrical conductivity σ (0), resulting from the
extrapolation of the function σ (T ) to T = 0 K. For
a concentration of impurities N smaller than N cr ,
the low-temperature electrical conductivity has an
activated character, because the concentration of
free carriers decreases exponentially with decreasing temperature. At N > N cr , σ (0) = 0, which
means that electrons are localized at the impurities. At low impurity concentrations the separate
impurities are centers of localization, and at concentrations approaching N cr the region of electron
localization includes many impurity centers. According to the theory the value of σ (0), as a function of N , vanishes at N → N cr via the power law
σ (0) ∼ (N − N cr )t ,

(26)

where t > 0 is a number called the critical index.
The transition from electrical conductivity of the
metallic type to conductivity of the activation type
is called the Mott metal–insulator transition.
Conduction in a strong electric ﬁeld. Deviations from Ohm’s law in a strong electric ﬁeld in
semiconductors is mainly associated with heating
of the carrier gas. Energy obtained by the carriers from the ﬁeld is transferred upon collision to
the phonons and leads to the release of Joule heat.
However, the power obtained from the ﬁeld may
be so high that the carriers do not succeed in transferring it to the phonons, so their temperature appears to be higher than the lattice temperature. In
this case it is possible to speak about hot carriers (see Hot electrons). The heating occurs if the
amount of energy obtained by a carrier from the
ﬁeld during the period between collisions exceeds
the energy transferred to the phonon during the
course of one collision.

1198

SEMICONDUCTORS

If the carrier temperature depends on the electric ﬁeld then Ohm’s law is not obeyed, and the
shape of the semiconductor current–voltage characteristics is determined by several factors. The
heated carriers, e.g., may be located in another region of the energy spectrum, and thereby sharply
change their mobility. This may lead to instability, exempliﬁed by the Gunn effect (see also Solidstate plasma). Avalanche breakdown is another
type of instability. Electrons in the electric ﬁeld acquire a kinetic energy comparable to the gap width
E g and thereby knock electrons out of the valence
band to the conduction band. In their turn they are
accelerated by the ﬁeld and knock out new electrons, etc. The so-called impurity breakdown (see
Frenkel effect), which appears in a signiﬁcantly
weaker ﬁeld, is speciﬁc for semiconductors. In this
case the electrons are not knocked out from the valence band, but from the impurity levels.
Galvanomagnetic phenomena in semiconductors provide ways to experimentally investigate
band structure parameters and impurity composition. Measuring the Hall constant R H in a weak
magnetic ﬁeld is the simplest method of obtaining the charge carrier sign and concentration. For
a single type of carrier we have
RH =

r
,
en

(27)

where r is a coefﬁcient depending on the mechanism of the carrier scattering. If both electrons and
holes serve as carriers, and it is possible to neglect
their interaction, then the electrical conductivity is
given by
σ = enμe + epμh ,

(28)

where μe , μh are the mobilities of electrons and
holes, respectively. The Hall constant is associated
with μe and μh by the expression
RH =

e2 (pμ2h − nμ2e )
σ2

.

(29)

The sign of R H in semiconductors of n- and
p-types is different. It is possible to determine the
carrier concentration by measuring the Hall effect
in a strong magnetic ﬁeld, when the cyclotron frequency of the carriers is high compared to the frequency of collision for electrons as well as for

holes. A useful expression for the Hall constant
R H is
RH =

1
.
e(p − n)

(30)

The so-called quantum Hall effect plays a speciﬁc role. It appears in two dimensional systems,
and occurs, e.g., in the inversion layer of an metal–
insulator–semiconductor structure, or in a quantum well. If a strong magnetic ﬁeld is directed normal to the layer the dependence of the Hall electrical conductivity σ H on the magnetic ﬁeld contains
“steps” described by the formula
σ (H ) =

νe2
,
h

(31)

where ν can have integer or fractional values.
The accuracy to which Eq. (31) is satisﬁed is so
high that the quantum Hall effect constitutes a
method for measuring and checking fundamental constants. Besides, measurements of negative
magnetoresistance in a weak magnetic ﬁeld may
play an important role. A magnetic ﬁeld destroys
the quantum interference of electron states, and
thus increases the electrical conductivity of the
system (see Galvanomagnetic effects, Weak localization).
Thermoelectric effects in semiconductors are
important both as a means of deﬁning semiconductor parameters, and also for practical applications. The thermal electromotive force of semiconductors is signiﬁcantly higher than that of metals.
That of a degenerate electron gas is of the order
of (k/e)(kB T /EF ), whereas for metals the factor
kB T /EF is very small. The thermal electromotive
force of a nondegenerate semiconductor does not
contain this factor, and therefore, it is considerably larger. In connection with this a semiconductor is used for the creation of thermoelements. The
measurement of thermoelectric phenomena in a
magnetic ﬁeld (see Thermomagnetic phenomena)
plays an important role.
Optical properties of semiconductors. Fundamental or inherent light absorption in semiconductors is associated with the transition of electrons from the valence band to any of the upper unﬁlled bands. These transitions may be direct or indirect. Only an electron and a photon (see
Fig. 7) take part in a direct transition. If the extrema
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Fig. 8. Direct (a → c) and indirect (a → b) transitions
involving the “indirect gap” band structure of Ge.

Fig. 7. Two direct transitions for the case when both the
bottom of the conduction band and the top of the valence
band are located at the point p = 0 in the center of the
Brillouin zone.

of both bands are at the same point of k-space,
then the threshold of direct transitions (absorption
edge) coincides with E g . Photons with ω < E g
may be adsorbed only through considerably less
probable processes, and the transparency is significantly enhanced for ω < E g .
Transitions in which, besides an electron and a
photon, phonons or impurity centers also take part,
are called indirect transitions. These indirect transitions are less probable, but they determine the
light absorption coefﬁcient when ω > E g , when
the extrema of the two bands are at different locations in phase space. For instance, for Ge the
minimum of the conduction band is at the point b
(see Fig. 8) which is the boundary of the Brillouin
zone. The maximum of the valence band lies at
point a where p = 0. The conduction band has a
higher minimum at point c at p = 0, and the difference of energies between the points c and a
is denoted by Eca . Direct transitions are possible only for ω > Eca . In the region of energies
E g  ω < Eca only indirect transitions can take
place (sloping line).
Exciton. The structure of the intrinsic light absorption edge band is complicated by the interaction of the electron in the conduction band with
the hole in the valence band at the absorption of

a quantum of light. The electron and hole may
form a bound state called a Wannier–Mott exciton, whereby the energy of the photon is reduced
to the value of the binding energy of the exciton. Because the exciton also has excited states,
the fundamental absorption edge has a structure
reminiscent of the Balmer series of a hydrogen
atom, but at much lower energies. For a sufﬁciently high light intensity an appreciable number
of excitons may be formed in the semiconductor.
With increasing concentration they may condense
and form an electron–hole liquid.
Inﬂuence of external ﬁelds. Size quantization.
The structure of the fundamental adsorption edge
changes under the inﬂuence of applied electric
and magnetic ﬁelds. An electric ﬁeld “slopes” the
bands and makes possible a tunneling transition
for hω < E g (see Franz–Keldysh effect). A magnetic ﬁeld causes the quantization of electron and
hole energies, i.e. the appearance of equidistant
Landau levels (see Quantizing magnetic eld). The
density of states near Landau levels grows, and
there appear oscillations of the absorption as a
function of the light frequency. A maximum of absorption corresponds to transitions between Landau levels. The investigation of these oscillations
helps to determine the spectra of electrons and
holes.
In addition, the so-called size quantization,
which appears if the sample is a thin lm or has
small dimensions in all directions, inﬂuences the
fundamental absorption edge. The corresponding
energy levels are also involved in the interband
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light absorption (see Quantum size effects). For
ω < E g the intraband absorption plays an important role. Quantization in a magnetic ﬁeld or
size quantization may signiﬁcantly increase the intraband adsorption at frequencies associated with
this quantization, which also makes possible the
study of the spectrum of current carriers. Cyclotron
resonance appears to be the most important phenomenon of this type: electrons in a strong constant magnetic ﬁeld B move along closed trajectories, with their period of revolution depending on
the type of energy spectrum of the semiconductor, on the value of magnetic ﬁeld B, and on its
direction relative to crystallographic axes. Experimentally the sample is placed in a high-frequency
magnetic ﬁeld, and a study is made of how the energy absorption depends on the value of B. Resonance appears when the applied magnetic ﬁeld frequency coincides with the electron cyclotron frequency.
Nonequilibrium charge carriers. Generation
of nonequilibrium carriers. The concentration of
nonequilibrium electrons and holes is strongly inﬂuenced by the sample temperature. Many of the
important properties of semiconductors are associated with the nonequilibrium carriers which may
be created by various methods, e.g., during excitation by light, and by injection through the junctions. Irradiation by light with ω > E g generates
electrons and holes which are not in equilibrium.
For stationary illumination their concentration is
independent of time, and depends on the light intensity and the carrier lifetime (in a free state).
They are responsible for the phenomenon of photoconductivity, or the increase of electrical conductivity brought about by the effect of light.
Sometimes the electrical conductivity under illumination is many orders greater than the so-called
dark electrical conductivity.
When the illumination is turned off, the carrier
concentration returns to its equilibrium value during a time of the order of the lifetime of the nonequilibrium carriers. The small inertia of this phenomenon makes possible the design of sensitive
devices for recording the light radiation, including
that in the IR range.
When current passes through the contact of a
semiconductor with a metal or with another semiconductor, the nonequilibrium electrons and holes

ﬁll the region near the contact, so their concentration is determined by the value of the current, and
the thickness of the region ﬁlled by the nonequilibrium carriers is determined by the distance over
which they diffuse during their lifetime (see Injection).
Recombination of electrons and holes. The
carrier lifetime is determined by recombination
processes as a result of which electron–hole pairs
disappear, i.e. electrons return from the conduction band to the valence band. Recombination
of nonequilibrium carriers may be accompanied
by the emission of light (luminescence). Luminescence may be caused by light (photoluminescence) or by an electrical current (electroluminescence). The operation of most semiconductor light
radiators is based on the phenomenon of electroluminescence. Due to the nonequilibrium carriers,
a population inversion may appear in semiconductors, when the number of electrons in upper energy
levels exceeds that in lower ones. Under such conditions the radiation of light exceeds its absorption, i.e. there occurs light ampliﬁcation, which is
observed only in the so-called active region of a
semiconductor. At other places the population inversion is absent, and the absorption of light prevails. If light ampliﬁcation in the active region is
so high that it compensates for the losses in the
passive area, as well as the release of light energy
to the outside, then light generation takes place.
In semiconductor lasers the population inversion
is usually achieved by injection of nonequilibrium
carriers through the junctions.
Due to nonradiative recombination the released energy eventually returns to the lattice.
There are various mechanisms of nonradiative recombination. At low carrier concentrations recombination through an intermediate state in the gap,
formed by an impurity, or by a lattice defect, is
the main mechanism. At ﬁrst the impurity traps a
carrier of one sign (e.g., an electron), and then of
the other sign (i.e. a hole). As a result of this, the
electron and hole disappear, and the impurity or
defect returns to its original charge state. Surface
recombination, which occurs in the presence of
surface states, has a similar mechanism. At high
concentrations the so-called Auger recombination
(see Auger effect in semiconductors) plays an important role, when the energy is transferred to a
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Fig. 9. Current–voltage characteristic of a p–n-junction.

Fig. 10. Energy level diagram associated with a superlattice; minibands are shaded.

third carrier. Auger recombination is caused by
the interactions of the electrons. In light emitting
diodes and lasers nonradiative recombination is
undesirable.
Semiconductor structures. The simplest semiconductor structure is an electron–hole junction
(see Semiconductor junction). It is obtained by
doping the sample in such a way that donor impurities prevail in one of its regions, and acceptor impurities dominate in the other. The main property
of a p–n-junction lies in the fact that the absolute
value of the current j which ﬂows through it depends strongly on the polarity of the applied voltage V (see Fig. 9). If the junction is switched to the
forward direction, the electrons and holes move
toward the boundary of the interface, and recombine in its vicinity. This mechanism provides a relatively high current. If the junction is switched to
the reverse direction, then the carriers move away
from the interface. In this case the current ﬂows
only due to the generation of electron–hole pairs
near the boundary, and the current is much lower
than that in the forward direction. Thus, a p–njunction may operate as a rectiﬁer. In addition solar cells, light emitting diodes, lasers, etc., operate
on the principle of p–n-junctions (see Semiconductor devices). Two p–n-junctions switched towards each other form a transistor.
For applications of semiconductor electronics
the so-called p–i–n-structures are manufactured,
where p- and n-regions are separated by an intermediate region with intrinsic conductivity (i), and
also there are periodic structures, which consist
of a large number of p- and n-regions (p–n–p,

etc.). All the above-listed structures are obtained
by doping particular materials with donors and
acceptors (see Doping). Heterostructures and heterojunctions, which are contacts formed from different semiconductor materials, are used for the
creation of semiconductor lasers and other semiconductor devices.
The methods of molecular beam epitaxy and
chemical vapor deposition provide different types
of heterostructures, e.g., superlattices which are
formed by the periodic interleaving of semiconductors with different gaps E g . By this effect there
emerge in the conduction and valence bands periodically spaced potential wells and barriers with
dimensions which may be of the order of several
interatomic distances. As a result, there appear in
the conduction band and in the valence band socalled minibands separated by forbidden energy
gaps (see Fig. 10). As a result of this superlattices
possess properties which have important applications in solid-state electronics.
The surface of semiconductors. A surface is
understood to be a region several atomic layers
thick near the boundary of a semiconductor. A surface possesses some properties that differ from
those within the bulk. The presence of the surface violates the translational symmetry of the
crystal, and leads to surface states for electrons,
and also to special electromagnetic waves (surface polaritons), as well as vibrational and spin
waves. Due to its chemical activity, the surface,
as a rule, is covered by a layer of foreign atoms or
molecules, adsorbed from the environment. These
atoms modify the physical properties of the surface, thus masking the states inherent to a clean
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surface. The development of superhigh vacuum
engineering permits one to obtain and to preserve an atomically clean surface for several hours.
Investigations of this pure surface by methods
of low-energy electron diffraction (LEED) showed
that crystallographic surfaces may be displaced as
a unit in the direction, perpendicular to the surface.
Depending on the surface orientation with relation to the crystallographic axes, this displacement
may be directed into the semiconductor or out of
it. Besides, the atoms of the surface layer change
their equilibrium positions in the plane, compared
to their positions at the same plane located far below the surface (surface reconstruction). On the
surface there can appear ordered structures with
lower symmetries than in the bulk, or incompletely
ordered structures. The former are in thermodynamic equilibrium, with a symmetry that depends
on the surface orientation. See also Semiconductor
surface.
See also Amorphous semiconductors, Degenerate semiconductor, Doped amorphous semiconductors, Gapless semiconductors, Highly-doped
semiconductors, Liquid semiconductors, Magnetic
semiconductors, Many-valley semiconductors,
Narrow-gap semiconductors, Semimagnetic semiconductor, Variband semiconductors.
SEMICONDUCTORS AND RADIATION
See Radiation physics of semiconductors.

or of a more complex type such as Cu3 Au or Al3 Ti
based upon the ratio 3 : 1. One of the main causes
of the order–disorder phase transition (superstructure) in a semiconductor substitutional solid solution is the internal (inherent) stresses caused by
the presence of the substituted components in the
initial crystal lattice. The internal strain energies
of the regularly organized solid solution are lower
than those for the disordered solution, and this is
the cause of the phase transition. The greatest difference between the internal strain energy of the
disordered and completely ordered states in triple
solid solutions with the ZnS structure occurs with
In0.75 Ga0.25 P and GaSb0.75 As0.25 . The presence
of external stresses applied to the solid solution
may considerably raise the phase transition temperature. In externally unstressed Six Ge1−x solid
solutions with the diamond structure the phase
transition usually does not occur because of the
low rate of self-diffusion of atoms at the transition
temperature. However, in externally stressed epitaxial layers of Six Ge1−x in a heterostructure the
phase transition temperature exceeds 700 K and a
semiconductor superstructure is formed, similar to
the double superstructure of the CuPt type, where
pairs of (111) planes interlace, with preferential
ﬁlling by the atoms of Si and Ge (see Fig.). The inﬂuence of external stresses on the phase transition
temperature is explained by the fact that the lattice

SEMICONDUCTOR SUPERSTRUCTURE

Crystallographic semiconductor structure involving a substitutional solid solution with longrange order (see Long-range and short-range order). The superstructure (enlarged unit cell) is
formed as a result of a phase transition which
converts a random substitutional compound into
a crystal structure of reasonably high symmetry.
The resulting superstructures may be of various
types and dimensionalities. The type depends on
the symmetry and on the composition of the initially disordered substitutional solid solution. In
triple solid solutions based on the binary structure
III
V
of ZnS, e.g., AIII
x B1−x C , semiconductor superstructures are formed in the sublattice which consists of the atoms of two varieties, and they may
be of the following types: CuAu I, CuAu II, based
upon the ratio of the molecular components 1 : 1,

Semiconductor superstructure.

SEMICONDUCTOR SURFACE
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constants for the disordered solution and those of
the solution with a superstructure do not coincide.
SEMICONDUCTOR SURFACE
The boundary between a semiconductor and

other phases (gaseous, liquid, solid). The distinctive property of a semiconductor surface is the existence of surface electron states on it. A physical model of a semiconductor surface is a model
of an electronic spectrum of free and localized
states at the surface, providing an explanation for
its structural, mechanical, optical, electric, etc.,
properties, which are observed at the investigation of surface-sensitive phenomena in semiconductors. This model may be adapted according to
the physicochemical state of the semiconductor
surface, and the material in contact with it.
The following types of semiconductor surfaces are recognized: (1) atomically clean surface; (2) real surface; (3) surface coated with
an insulating ﬁlm; (4) surface of the boundary between a semiconductor and a conducting
medium (metal, electrolyte, degenerate semiconductor, etc.); (5) heterojunction; (6) internal semiconductor surfaces: boundaries of bicrystal, of
two-dimensional dislocations (stacking faults).
An atomically clean surface is achieved
through spalling or through bombardment with
ions of inert gases in extra-high vacuum. It is characterized by a high concentration of surface electron states (1014 –1015 cm−2 ), which cluster into
two surface bands. The high concentration of surface electron states results in the stabilization of
the Fermi level at the surface near the middle of
the forbidden band gap of the semiconductor (see
Fermi level pinning position). Another characteristic feature of an atomically clean surface is the existence of a surface superlattice.
A real surface is often generated by treating
with a chemical etching-agent. Such a surface is
coated with a thin (2–7 nm thick) amorphous layer
of its own oxide.
The donor or acceptor nature of impurity atoms
at the semiconductor surface is determined by the
chemical electron afﬁnity of the particular element
with respect to the matrix material. It is therefore
possible to make an unambiguous prediction of the
type of center for the elements, which exhibit characteristic values of electron af nity (e.g., F and Cl

Band bending at a semiconductor surface: M, I and S
denote metal, insulator and semiconductor; Ec , Ev and
EF are the energy at the bottom of the conduction band,
the energy at the top of the valence band, and the Fermi
energy, respectively; y s is the band bending potential.
The dashed curve gives the surface density of states, with
occupied states cross hatched.

are always acceptors, whereas hydrogen and alkali
elements always act as donors).
Surface levels of heterostructures are close
to the above-discussed surface structures. They
are determined mostly by distortion of chemical
bonds, complexes of structural defects, and by the
presence of foreign atoms at the surface.
Surface electron states are responsible for the
properties of so-called surface phenomena, such
as: surface electrical conductivity, surface capacitance, surface recombination, work function, electron emission, adsorption phenomena, etc. The
real surface model includes two groups of surface
electron states, which differ radically from each
other in their times of exchange with bulk energy bands: “fast” surface electron states, which
are situated at the boundary between the semiconductor and the oxide, and “slow” surface electron states, which are localized at the internal surface of the oxide. A high proportion of long-term
conduction relaxation in the e ld effect method
may also be related to ionic processes, which take
place in the oxide layer. The existence of charged
surface electron states is responsible for the generation of a near-surface double layer of space
charge (see Space charge region), whose thickness is of the order of a Debye screening radius,
and for the existence of an electric ﬁeld which
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is directed normally to the surface. The onset of
an electric ﬁeld in the near-surface region is accompanied by a change in the distribution of an
electrostatic potential ψ(x) over the width of the
region, and consequently, by a change of the potential energy of electrons at the bands and local
levels E(x) = eψ(x). In accordance with what
has been said above, bands bend near the surface,
forming the so-called band bending y(x). At the
surface y = y s = ψx=0 − ψ0 , where ψ0 is the potential in the bulk (see Fig.). The potential distribution in the near-surface region, as well as the values of band bending and the surface potential, can
be calculated with the aid of the Poisson equation.
A semiconductor surface coated with an insulating ﬁlm has found wide application in devices,
in particular in the production of integrated circuits.
There is a thin interfacial layer at the boundary between a semiconductor and a conducting
medium: it is called the Helmholtz layer if the
materials in contact are a semiconductor and an
electrolyte; for the case of a contact between a
semiconductor and a metal, the interfacial layer
consists of chemical substances based on the semiconductor and metal. A Schottky barrier often
arises at the boundary between a semiconductor
and a conducting medium. In a number of cases
its existence is combined with the presence of an
inversion layer.

direct spin–spin interaction of Mn ions (over a
broad composition range of the magnetic component x) decreases to the point where the magnetization of a semimagnetic semiconductor is governed by magnetic ﬁelds which can easily be
experimentally attained. The difference between
semimagnetic semiconductors and semiconductors with low concentrations of magnetic ions is
the capability of the former to create a strong internal “molecular” ﬁeld B MF = −J S loc  (where
S loc  is the thermodynamic average of the spin of
localized moments of the magnetic component),
which acts upon the band electron spin S loc in addition to the external magnetic ﬁeld B, but considerably exceeds this external ﬁeld in magnitude
(effect of giant spin splitting). Since the exchange
constant of the magnetic impurity interaction for
the above-mentioned semimagnetic semiconductors is J = 0.1–0.2 eV for the conduction band and
0.5–1.5 eV for valence bands, at sufﬁciently high
spin polarization of magnetic ions |S loc |/Sloc 
1 the effect of giant spin splitting values is realized
beginning with concentrations of Mn, which correspond to x = 0.001–0.01. As the ﬁeld B MF is
not associated with the vector potential, the orbital
motion of electrons is subject only to the action
of the external ﬁeld B. Hence, the relatively weak
ﬁeld B inﬂuences the physical properties of semimagnetic semiconductors more sharply than in the
case of ordinary semiconductors.
SEMIMETALS

SEMIMAGNETIC SEMICONDUCTOR, magnetic
mixed semiconductor, dilute magnetic
semiconductor
Solid solution of a magnetic semiconductor in

a nonmagnetic one. Typical semimagnetic semiconductors are compounds of the general formula
VI or AIV Mn BVI , which contain
AII
x
1−x Mnx B
1−x
manganese ions as magnetic components and exhibit the crystal lattice symmetry of AII BVI or
AIV BVI , where AII is Zn, Co or Hg; AIV is Pb,
Sn; BVI is S, Se, Te. These semimagnetic semiconductors have electrical properties close to those
of the corresponding solid solutions of nonmagnetic semiconductors. Semimagnetic semiconductors exhibit an exchange interaction of band
electrons (holes) with the ensemble of localized
electrons at unﬁlled 3d-shells of magnetic ions.
Unlike magnetic semiconductors, the role of the

Materials with an even number of conduction
electrons per unit cell, which are intermediate in
their concentration of mobile charge carriers between metals and semiconductors. Unlike pure
(intrinsic) semiconductors, which at zero temperature have a completely ﬁlled valence band separated from an unoccupied conduction band by
a band gap, semimetals are characterized by a
slight overlap of the energy bands. In the absence of impurities the total number of electrons
ne in a semimetal is equal to the total number
of holes nh . The difference between semimetals and metals is expressed in terms of the conventional concept of “the amount of overlap”, so
the line of demarcation is not rigidly drawn between these two. Bi, Sb, As (and binary alloys
like BiSb) and carbon C in its graphite modiﬁcation are classed with semimetals. Ca and Sr are
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also sometimes classiﬁed with semimetals at pressures which give rise to strain of several tens of a
percent. The crystal structure of Bi, Sb, As is the
trigonal (see Trigonal system) space group R3m
5 ) with two atoms per unit cell. The lengths
(D3d
of the edges (nm) are, respectively, 0.474, 0.450,
0.412 nm, while the angles between the edges
are 57◦ 14 , 57◦ 6 , 54◦ 10 . Graphite is hexagonal (see Hexagonal system), has the space group
4 ) with four atoms per unit cell, and
P 63 mc (C6v
the ratio c/a ≈ 2.4. The mobile charge carrier
concentration, overlap energies εoverlap , cyclotron
masses m∗ , and electronic speci c heat temperature coefﬁcient γ in semimetals are, in order
of magnitude, 1017 –1020 cm−3 , 10−2 –10−1 eV,
10−2 –10−1 m0 , 10−2 –10−1 mJ·mole−1 ·deg−2 ,
respectively (for graphite γ ∼ 13 mJ·mole−1 ·
deg−2 , and the effective mass of electrons along
the c axis ≈6.7m0 ). In combination with the condition ne = nh and the presence of several isolated
regions of the Fermi surface, the above parameter values determine the features of the electronic
properties of semimetals: relatively slow growth
of electric resistance at low temperatures, strong
magnetoresistance, high amplitudes of quantum
oscillations of thermodynamic and kinetic characteristics in a magnetic ﬁeld, realization of diffusive
size effect and static skin-effect (Bi, Sb), transition to ultra-quantum limit in comparatively weak
magnetic ﬁelds (∼1 T in Bi), and the opportunity
to observe bulk phonon generation by the ultrasonic drift of charge carriers (Bi, C).
The best studied representative of the semimetal group is Bi (n = 3·1017 cm−3 , i.e. 10−5 electrons per atom; εoverlap = 3.7·10−2 eV, m∗min ≈
10−2 m0 ; γ ≈ 2.1·10−2 mJ·mole−1 ·deg−2 ),
which also exhibits a high coefﬁcient of specular
surface scattering of electrons (∼1), high values of
the g-factor (≈2·102 ), and of the static dielectric
constant (∼102 ), and similar values of the characteristic energies in electron, phonon and plasmon
spectra. Because of the unique properties of bismuth, the investigation of this metal has played an
important role in the development of solid state
physics: bismuth was the ﬁrst metal, in which
strong magnetoresistance, oscillation of physical
parameters caused by quantization of the density
of electron states in a magnetic ﬁeld, undamped
extra-high frequency waves, cyclotron resonance,

generation of acoustic noise in metals, quantum
size effect, and lateral electron focusing in a magnetic ﬁeld were observed. The ﬁrst thorough investigations of magnetic surface levels and geometric
oscillations of ultrasound were carried out in bismuth.
SEMIMETAL SUPERCONDUCTOR
See Superconducting semiconductors
semimetals.

and

SHADOW METHOD
See Optical defectoscopy.
SHAKE-OFF

A multielectron process of excitation of an
electron subsystem of atoms (including those that
compose molecules or solids) resulting from a
sudden change of the central atom potential with
the excitation of an electron to non-bonding states
of the continuous energy spectrum. In contrast
to a shake-up, a shake-off process includes electron transitions to the states of the continuous
spectrum. The sudden change of the potential occurs as a result of a change of either the nuclear
charge in the case of β-decay, or the effective
charge of the external electron shell due to the
formation of an electron vacancy at the core or
the valence level during photoelectron emission,
secondary electron emission, or ion–electron emission. Additional energy is expended for the excitation of these electrons. Therefore, in energy spectra of photo- or secondary electrons, diffuse lines
spread from the energy at the ionization limit of a
given level to the high energy loss region (lower
electron kinetic energy). The probability of shakeoff depends on the kind of atom, the structure of
its electron shells, and the excitation energy. The
shake-off produces a considerable contribution to
the excitation process (e.g., its probability is about
20% per absorbed X-ray quantum). The theory of
shake-off was developed in 1941 by A.B. Migdal
and Ye.L. Fainberg.
SHAKE-UP, monopole excitation

A process of excitation of an electronic subsystem of atoms, which forms part of a molecule
or a solid, by the sudden variation of the central potential, or upon the transition of an electron into a bound state. Sudden changing of the
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potential may occur either as a result of a change
in the nuclear charge, or of the electronic charge
due to the formation of vacancies at the valence
electron levels under the effect of photoelectron
emission, secondary electron emission, or ion–
electron emission. Some additional energy is expended for the shake-up. Therefore, in the energy
spectra of photo- and secondary emissions, besides the spectral lines (monochromatic groups of
electrons), satellites with less kinetic energies appear. Their position and intensity are characteristics for each set of molecular orbitals. The allowed
transitions occur between states with the same
symmetry. In solids there is high common background noise, and the characteristic energy losses
of the main spectral line mask the satellites. The
satellites manifest themselves most prominently
in electronic spectra of transition metals, of rareearth elements and their compounds. Decyphering the shake-up spectra can provide a more accurate understanding of the electronic state of the
system.
SHALLOW LEVELS
Local electronic levels with binding energy of

15–100 meV formed by substitutional impurities
of valence different from that of atoms of the crystal lattice. Atoms of lower valence are acceptors
(Al in Si, Be in GaAs, etc.), while impurities of
higher valence are donors (P in Si, S in GaAs,
etc.). The properties of shallow levels are determined by the long-range nature of the Coulomb
potential of an impurity, whose radius of action
far exceeds the crystal lattice constant a0 . As a result, details of the potential conﬁguration of the
crystal have no noticeable effect on characteristics of shallow levels, and their properties may
be described using the approximation of an effective mass. In this approximation, the characteristic wave function scale of localized electrons and
their binding energy are described by an effective
∗ = a εm/m∗ and effective RydBohr radius aB
B
berg constant R ∗ = Rm∗ /mε2 (see Effective Rydberg), respectively. Here, R is the Rydberg constant, ε is the relative dielectric constant, m is the
free electron mass, and m∗ is the effective mass of
carriers near the bottom of the band from which
the shallow level has split. The shallow level wave

function can be written approximately as
ψi (r) = F (r)Un0 (r),
where Un0 (r) is the wave function of an electron at the bottom of band n, from which the
level is split, F (r) is a “hydrogen-like” envelope described by the Schrödinger equation with
a screened Coulomb potential and effective mass
m∗ . For various bands in crystals Si, Ge and compounds AIII BV and AII BIV , the ratio m∗ /m varies
over a range of 0.01–0.15 eV, and ε is in the range
of 10–12. Accordingly, the effective Bohr radius
covers up to 102 coordination spheres around the
impurity atom, and R ∗ is 10−3 R. In the approximation of a spherical Coulomb potential of an
impurity, the spectrum of shallow levels forms a
hydrogen-like series with binding energies Ei =
R ∗ /n2 (n = 1, 2, . . .). In the ground state, the impurity electron exhibits s-symmetry. Deviations
from the simple model of hydrogen-like shallow
levels are explained by anisotropy of the effective
mass, divergences of the impurity potential from
the Coulomb potential at short distances from impurity centers, the spatial dependence of the dielectric constant, the presence of several conduction band valleys in Si, Ge, GaP, orbital degeneracy of valence bands, and the spin–orbit interaction
contribution to the spectrum of shallow acceptor
levels.
SHAPE MEMORY EFFECT
The tendency of metals and alloys to regain

their original shape on being heated after considerable inelastic deformation (in the martensitic state or in the martensitic transformation temperature interval). Depending on the mechanism
of the deformation of the martensite or of the
high-temperature phase, the shape may be recovered either totally or partially. The complete
shape restoration is observed when inelastic strain
takes place through the generation of preferentially oriented martensite crystals, reorientation
of already existing martensite crystals, through
deformational twinning of crystals. When being
heated during the process of a reverse martensitic
transformation through reversible motion of interphase, intermartensite, and intramartensite boundaries, the high-temperature phase regains its original orientation, which results in the elimination

SHEAR

of inelastic deformation. The magnitude of the inelastic deformation reaches saturation at a critical
value εc . For different alloys, εc is determined by
the characteristics of crystal geometry and by the
ability to change the shape under deformation only
by the martensitic mechanism, and not by ordinary
plastic deformation mechanisms (see Dislocation
model of plastic deformation, Disclination models
of plastic deformation). In the case of alloys, which
undergo a thermoelastic martensitic transformation, which is characterized by high mobility of
boundaries, the reversible deformation may reach
5–10%. The alloys, which undergo a nonthermoelastic martensitic transformation, exhibit complete shape recovery at εc  1–3%. A slight shape
memory effect may take place in alloys which do
not undergo a martensitic transformation. Joint action of the plastic deformation, and the deformation which proceeds through the martensite mechanism, results in a reversible shape memory effect:
the disposition of metals and alloys to undergo
spontaneous changes of shape within the interval
of forward and reverse martensitic transformation,
as well as in initiating a reversive shape memory effect: a twofold spontaneous change of shape.
A characteristic feature of the shape memory effect is the essential difference between the force,
under the action of which the accumulation of inelastic deformation takes place, and the stresses,
which are generated in the material on heating under conditions which counteract the shape recovery (see Reactive stresses).
Applications involving alloys allow one to
solve various applied problems on a new basis. Alloys are used in engineering and medicine
as temperature-sensitive elements, load-bearing
members and ﬁnal-control elements, new kinds of
thread-less fasteners, as heat-to-work converters,
for suppression of vibration, etc.
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following ﬁxed values of voltage (see Fig. 3 in
Josephson effects):

Vn =

nω
,
2e

where n = 1, 2, 3, . . . . Processes involving the
passage of Cooper pairs through a junction with
absorption or stimulated emission of quanta of
electromagnetic radiation are responsible for the
Shapiro steps. One distinguishes steps induced by
external electromagnetic radiation, and the inherent Shapiro steps arising from the self-detection of
radiation generated within the contact. The positions of the latter are determined by the resonance
frequencies of the junction as an electrodynamic
system. The height of the steps is determined by
the value of the constant magnetic ﬁeld B applied
to the contact, and the controlling phase velocity of
the traveling density wave of ac Josephson current.
The externally induced Shapiro steps are used in
metrology for the creation of quantum standards
of voltage of high accuracy and stability.
SHARVIN RESISTANCE (after Yu.V. Sharvin)
The resistance of a point contact with direct

contact for electrical conduction, having a size
much less than an average electron mean free
path. If the contact has a hole shape with an area S
in an inﬁnitely thin partition, opaque for electrons
and separating two metallic half-spaces, then the
Sharvin resistance is as follows:
−1
 2
e SSF
cos
θ
,
R=
vz >0
(2π)3
where SF is the projected Fermi surface area,
cosvz >0 is the cosine of the angle between the
contact axis z and the electron velocity ±v, averaged over the Fermi half-surface.
SHEAR

SHAPIRO STEPS

Discontinuities on the current–voltage characteristic of weakly coupled superconducting junctions which appear as a result of the interaction of
electromagnetic radiation (external, or generated
within the contact) with the alternating Josephson
current. They appear at regions where the current
can change within some range (step width) at the

A result of strain of a solid produced by opposing tangential stresses. During such a deformation, a parallel displacement of parts of the solid
with respect to its other parts takes place; i.e. the
surfaces in contact slide against each other. The
shear may be either elastic or plastic, depending on
the stress applied. See also Shear modulus, Shear
strain.
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SHEAR LINES

SHEAR LINES, slip lines (G. Luders 1854;
D.K. Chernov, 1885)
The result of shear strain, observed on the sur-

SHEAR STRAIN
The strain of a solid caused by tangential
stresses (see Stress tensor). The shearing strain

face of solids as a system (or systems) of parallel lines or bands. Carpenter and Elam (1920)
were the ﬁrst to explain them. The lines of strain
localization at concentrators (see Localization of
plastic deformation, Stress concentration) of stress
(Luders–Chernov lines) involve the development
of shear processes. Shear lines are observable with
an optical microscope at rather weak magniﬁcation. Finer shear lines are identiﬁed with the help
of transmission electron microscopy and the use
of replicas, as well as by scanning electron microscopy. The presence of shear lines in crystalline
bodies is explained by the surfacing of dislocations
that move in the slip plane. Observing shear lines
makes it possible to identify slip systems in crystals and determine their number, orientation and
length, which depend on the crystal lattice type,
the temperature and manner of deformation, and
also by the stage of deformation that the crystal is
under (see Strain hardening). At the stage of easy
slip (see Linear hardening of crystals), a single system of parallel straight shear lines is found on the
surface of the crystal. At the later stage of multiple
slip the number of systems of shear lines increases,
their distribution becomes nonuniform, and the
shear lines group into bands (see Slip bands). Distortions of shear lines are observed, among which
fault bands and bands with secondary shear are
identiﬁed. Fault bands are explained as rotation effects (see Plastic twisting deformation) within the
framework of disclination models of plastic deformation. Shear lines in amorphous metal alloys (see
Metallic glasses) are slightly wavelike, and are located approximately in the plane of action of the
maximum tangential stresses. They result from the
localization of plastic deformation that develops
during the motion, and the growth of the free volume (see Free volume model).

γ is determined as tan α, where α is the angle
of shear. Through the process of shearing an arbitrary rectangle transforms to a (non-rectangular)
parallelepiped. In this case α is the rotation angle
due to the shearing of the rectangle sides, perpendicular to the shearing stress τ . The elastic shearing strain obeys the Hooke law τ = γ G, where
G is the shear modulus (see Elasticity). When the
stress τ exceeds the critical shearing stress then
plastic shearing strain is observed. The motion of
dislocations is the elementary act of plastic deformation that results from shearing in a crystal.

SHEAR MODULUS, modulus of rigidity
An elastic modulus of isotropic bodies μ,

which characterizes the ratio between shear stresses σik (i = k) and the corresponding shear
strains uik : σik = 2μuik , i = k. In stable systems, μ > 0. The rigidity has the particular values:
μ = 0.25 GPa for Al, 1.5 GPa for W, 0.77 GPa for
Fe, 0.3 GPa for quartz (see Shear).

SHEAR STRAIN INTENSITY

A value equal to twice the square root of the
second invariant of the strain deviator uik (see
Elasticity theory invariants):
1/2

Γ = 2 I2 (Dev u)
 1/2
2
=
(u11 − u22 )2 + (u11 − u33 )2
3

 1/2
+ (u22 − u33 )2 + 6 u212 + u223 + u213
.
It is proportional to the shear strain ε in the plane
equally inclined to the principal axes of the strain
tensor (octahedral plane): ε = (2/3)1/2 Γ .
SHELL

A nonplanar thin layer; that is a body with one
dimension (thickness d) small compared to the
other two. It can be closed, like the surface of a
sphere, closed in one dimension like a cylindrical
tube, or open like the surface of a hemisphere. It
has two surfaces, an inner and an outer one (or
a top and a bottom one). If the shell is not uniform in thickness then its shape or conﬁguration is
characterized by a ﬁctitious middle surface which
is equidistant from the inner and outer ones. The
shell thickness is the length of a normal to the
middle surface stretching between the two outside
surfaces. From the geometrical viewpoint, closed
shells are deﬁned by the shape of the middle surface, and the law of its variation in thickness. Nonclosed shells are additionally deﬁned by the contour shape (end surface) conﬁning the middle surface at its edges. If the middle surface is a plane the
conﬁguration is called a plate; plates, like shells,
can be of variable thickness.

SHOCK HARDENING

Shells are basic and indispensable units in
various branches of engineering: in rocket, aircraft and ship building, in electrical and chemical and mechanical engineering, in building structures, etc. As structural elements, shells are combined with other structural elements such as rods,
plates, shells of different shapes, and other threedimensional bodies. In this connection, there arise
problems of studying shells acted upon by other
structural elements. Shells can possess a complicated shape of their middle surface and the conﬁning contour, interact with mobile loads and shock
waves in liquids and gases, operate at variable
temperatures and in electromagnetic ﬁelds. Under
these actions and situations shells develop static
and dynamic stress and strain (elastic, plastic, and
viscous) (see Elasticity, Plasticity, Viscosity) ﬁelds.
Shells are made of metals, alloys, composite materials, and others. Laminated shells are often used,
in certain cases with layers of variable thickness.
The internal layers (ﬁllers) are often of a complicated structure and shape. The mechanics of shells
should provide the possibility for studying various
ﬁelds in shells operating under complicated conditions, as indicated above.
The mechanics of shells deals with two essentially different classes of problems. In the ﬁrst
case, the geometric parameters and material properties of shells as well as external loads and ﬁelds
are given, and it is necessary to determine the distribution of stress, strain, and other ﬁelds (including the temperature and electromagnetic ﬁelds).
In the second case, the shell material properties
and external load and ﬁelds are given with certain constraints imposed on the geometrical parameters or the internal ﬁeld magnitudes, and it
is necessary to determine the geometrical parameters of the shell (problems of this type are
found in design optimization theory). In theoretical research, including the application of numerical methods and computer calculations, the composition of the initial set of equations and corresponding boundary and initial conditions seems to
be the most essential feature. The most general
factor of this approach is the application of variational principles. Typical for shell theory is the
application of two-dimensional equations and corresponding boundary and initial conditions (twodimensional in the spatial variables correspond-
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ing to the middle surface). The transition to twodimensional equations employs various hypotheses (Kirchhoff–Love hypothesis, Timoshenko hypothesis, “broken line” hypothesis, etc.). These
concern the nature of the distribution of ﬁelds over
the thickness, algorithms connected with representations of ﬁelds over thicknesses as a series in
terms of special functions (power series, Legendre polynomials, etc.), or asymptotic methods taking into account the boundary layers. In principle, two-dimensional theories can describe such
ﬁelds in shells where quantities change noticeably
over distances much greater than the shell thickness. This means that two-dimensional theories
cannot describe all classes of phenomena occurring near the end surfaces (within the limits of
the thickness). Along with the general theory of
shells, there are particular or individual theories
(the moment-free theory of shells, the theory of
shells of revolution, the theory of easy-gradient
shells, the theory of shells with a great index variability, and so on).
SHELL MODEL of crystal lattice
A model of atoms in a crystal used to describe
crystal lattice vibrations. In contrast to the model

of rigid atoms (ions), the shell model treats their
motion as vibrations of a negatively outer charged
shell of valence electrons, and a positively charged
inner ion core with a quasi-elastic force acting
between them. Empirical parameters used in the
shell model are determined by comparing the results of calculations of elastic moduli, dielectric
constant, and vibrational frequency spectra with
experimental data.
SHIELDING, MAGNETIC
See Magnetic shielding.
SHIELDING OF ELECTRIC CHARGE
See Electric charge screening, Screening radius.
SHIELDING, POLARIZATION
See Spontaneous polarization shielding.
SHOCK HARDENING, explosion hardening
Hardening of a material by means a of a shock
wave initiated by an explosion. Explosion harden-
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ing depends on the loading scheme, on the previous history of the material, on its strain, and especially on the shock wave parameters (pressure,
form and duration of a pulse). All the materials
at the enhanced pressure region within the shock
wave display a particular dependence of explosion
hardening on the pressure. There always exists a
pressure range of intensive hardening (for metals
up to 20–30 GPa), followed by a range with fairly
constant hardening. A further increase of pressure
(∼50 GPa) induces a sharp reduction of explosion
hardening. Single-phase metals and solid solutions
are signiﬁcantly hardened (to 100–150%) by explosion hardening, whereas polyphased stable alloys are hardened less (30–40%). Materials with a
developed mosaic structure (see Mosaic crystals)
are either not hardened or are hardened weakly.
Metastable alloys (see Metastable state) are hardened and dehardened at the explosion, depending
on the character of the phase transition caused by
the explosion. Strain hardening at the explosion
depends on the energy of stacking faults, and is determined by the type of dislocation structure being
formed, as well as by its parameters (see Dislocations).
SHOCKLEY LEVELS (W. Shockley, 1939)

Energy levels relating to surface electron states
in crystals with mainly covalent bonds, where an
interpretation of the energy spectrum formation
in terms of chemical bonds is the most descriptive and fruitful one. Shockley levels are considered to be based on concepts of dangling external
hybridized sp3 atomic orbitals for surface atoms
in diamond-type crystals. In this case the energy
level of an electron occupying the dangling bond
proves to be higher than a maximum energy of an
electron located in the crystal valence band, and
falling within the energy gap it is related to the
Tamm levels. The number of surface atom dangling bonds depends on the crystallographic orientation of the solid surface. They inﬂuence the surface level spectrum, the formation of new bonds,
and the reorganization of the surface.
SHOCK, MICRO-

See Microshock loading.

SHOCK WAVES in solids

Traveling discontinuities of a particular characteristic of a medium. In the case of an electromagnetic ﬁeld, the electromagnetic shock waves arise
due to a discontinuity of ﬁeld intensity, and in case
of discontinuities of density the concept of density
shock wave is used.
Consider the velocity u of a shock wave that
executes uniform rectilinear motion. The total
derivative of the velocity with respect to time
du/dt in this case equals zero. When stated in
terms of Cartesian variables (x is coordinate, t is
time, u = ∂x/∂t ), this condition assumes the form:
∂u
∂u
+u
= 0.
∂t
∂x

(1)

The general solution of the Cauchy problem with
respect to this equation is given by a relation of the
form
u = f (x − ut),

(2)

where f (x) is the velocity proﬁle at the initial instant of time t = 0.
The proﬁle contour may be such that the particles in the upper region of the contour start to
outrun those in the lower one with increasing values of the argument. As this takes place, the velocity proﬁle becomes steeper, and as the upper
particles leave the lower ones behind the so called
overlap begins, i.e. the dependence of the velocity
(in Cartesian variables) on the coordinate and time
is no longer unique. In this case, three different
values of velocity correspond to a single value of
the coordinate or time, which is physically meaningless. In actuality, a velocity shock wave forms
which undergoes uniform rectilinear motion. The
coordinate and time of the discontinuity generation are determined from Eq. (2), and the condition
that the velocity becomes inﬁnite at the discontinuity point. On evaluating the velocity and time of
the discontinuity, the magnitude of the discontinuity may be found from Eq. (2).
It follows from Eq. (1) that the generation of a
discontinuity requires nonlinearity of the system
and the absence of dissipation, temporal dispersion (see Temporal dielectric dispersion), and spatial dispersion (see Spatial dielectric dispersion).
Due to the smearing caused by dissipation and
inversion, the discrete step that corresponds to

SHUBNIKOV–DE HAAS EFFECT

the original discontinuity becomes ﬂattened into
a gently descending slope. This pattern is realized
in all media, but the mechanism of initiating the
nonlinearity is different in different media. Most
typical for solids are electromagnetic and elastic
shock waves, as well as hybrid modes.
Electromagnetic shock waves in insulators and
semiconductors are related to the nonlinear dependence of the dielectric constant on the electric ﬁeld
intensity, particularly for very high ﬁeld strengths.
The relationship between the dielectric constant
and the electric ﬁeld strength in insulators is often
determined by the electrostriction effect (see Electrostriction). The nonlinearity of this dependence
in semiconductors may arise from the warm-up
of current carriers by the electric ﬁeld, the nonquadratic momentum-dependence of the energy
of electrons and holes (see Electron heating), and
the effect of light (photon) pressure forces on
the carrier concentration. Shock waves may also
arise in transition layers of semiconductors. Typical of magnetically ordered nonconducting media
are shock waves related to the dependence of the
magnetic permeability on the magnetic ﬁeld.
Elastic shock waves in semiconductors owe
their existence to the nonlinearity of the elasticity equations; these waves are the discontinuities
in density and velocity of the material constituting the solid. In order for a shock wave to arise,
the time of its formation must be much less than
the characteristic times deﬁned by dissipation and
dispersion wave processes. Thus, the time of the
onset of a shock wave in an insulator should be
short in comparison with the time related to dielectric losses, whereas in semiconductors it is to
be small compared to the Maxwell relaxation time
(see Maxwell relaxation) and the current carrier relaxation time.
Shock waves have been repeatedly studied experimentally, and are used in engineering. Shock
waves in ferrites are used for the generation of ultrashort pulses.

SHORT-RANGE ORDER

See Long-range and short-range order.
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SHOT NOISE

Insigniﬁcant random deviations of the anode
current of vacuum tube and semiconductor devices from its mean value caused by nonuniformity of the electron emission from a cathode and
the injection of current carriers into a semiconductor. The ﬂuctuation magnitude depends on the
working regime of the device. If all the emitted
electrons reach the anode, the emission ﬂuctuations are exactly reproduced in the anode current.
Otherwise, in the vicinity of the cathode a negative
charge cloud can form which possesses the damping capability to smooth the anode current ﬂuctuations.
Shot noise accompanies any processes connected with the formation of charged or neutral
particles, such as photoelectron emission, secondary electron emission, and so on. The shot effect had been predicted analytically by W. Schottky (1918) (see Noise in semiconductors, Noise in
electronic devices).
SHUBNIKOV–DE HAAS EFFECT
(L.V. Shubnikov, W.J. de Haas, 1930)

An oscillating dependence of the static electrical conductivity of metals, semimetals and degenerate semiconductors on the applied magnetic
ﬁeld B due to its quantizing effect on the electron
energy spectrum (see Quantizing magnetic eld).
As is the case with the de Haas–van Alphen effect of quantum oscillations, quantum Shubnikov–
de Haas oscillations are determined by the oscillating dependence on the magnetic ﬁeld of the
density of states g(εF ) of electrons with an energy equal to the Fermi energy εF . Oscillations of
electrical conductivity appear due to the fact that
along with g(εF ), the probability of electron scattering per unit time (on impurities, phonons, etc.)
oscillates with a dependence on the ﬁeld B. Periods of Shubnikov–de Haas oscillations with variations in 1/B coincide with periods of the de Haas–
van Alphen effect. A boundary blurring the Fermi
distribution (see Fermi–Dirac statistics) and the
ﬁniteness of the electron life time τ diminish the
magnitude of the Shubnikov–de Haas effect, as
well as that of the de Haas–van Alphen effect.
1 (ωc is
At zero temperature in the limit ωc τ
the characteristic cyclotron frequency), the relative
amplitude of the Shubnikov–de Haas oscillations
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is ∝ (eB/pF2 )1/2 , where pF is the characteristic
Fermi momemtum. Also other kinetic coef cients:
thermoelectric power, thermal conductivity, coefﬁcient of sound absorption, impedance, etc., undergo quantum oscillations with magnetic ﬁeld dependences similar to the Shubnikov–de Haas ones.
The Shubnikov–de Haas effect should be distinguished from the oscillations of kinetic coefﬁcients arising at the onset of magnetic breakdown.
These latter ones are not expressed through g(εF ),
and have a quantum-interference origin (see Quantum interference phenomena).
SHUBNIKOV GROUP OF MAGNETIC
SYMMETRY
See Magnetic symmetry group.
SHUBNIKOV GROUPS, color groups,
black-and-white groups

Point groups and space groups of antisymmetry which describe crystals containing atoms with
magnetic moments. Making use of the antisymmetry operation called antiidentity increases the
number of Bravais lattices from 14 to 50, the number of point groups goes from 32 to 122, and then
taking into account the additional antisymmetry
operation of antitranslation expands the number
230 of ordinary space groups to 1651 Shubnikov
groups. An example of an actual physical situation
described by means of Shubnikov groups is the
space lattice of spin S = 1/2 atoms with spin projections that take on two values (“up” and “down”)
in a magnetically ordered crystal (see Magnetism).
The antiidentity operation reverses the spin projection directions of the atoms. Crystals with various
types of magnetic ordering (ferromagnetism, antiferromagnetism, etc.) belong to different Shubnikov space groups. Shubnikov groups are often
called color groups when the antiidentity operation is associated with a reversal of the colors
black and white of, e.g., otherwise identical balls
of these two colors arranged on a lattice.
SHUBNIKOV PHASE (called mixed state in the
Western literature) (L.V. Shubnikov, 1937)
Nonuniform state of a superconducting alloy
(i.e. type II superconductor) existing in the range
of ﬁelds between the lower critical eld Bc1 and
the upper critical eld Bc2 . The Shubnikov phase

represents a mixed state with its internal region
permeated by quantum vortices of magnetic ﬂux
(Abrikosov vortices). The vortex density n (vortices per m2 ) determines the magnitude of the
internal magnetic induction B according to the
equation B = nΦ0 , where Φ0 = h/(2e) is the u x
quantum. Theory predicts the dependence of n on
the applied ﬁeld Bapp , and the shape of the magnetization curve for a homogeneous type II superconductor. In heterogeneous alloys the Abrikosov
vortices are pinned at defects (see Vortex pinning),
giving rise to ﬂux bundles involving a large number (∼103 –105 ) of vortices. The properties of
such alloys (occasionally called type III superconductors) differ from ideal hard superconductors by
the great magnitude of their hysteresis involving
the dependence of B (or the magnetization M) on
Bapp , and by the large values of their critical currents, associated with the depinning of the bundles
of ﬂux from defects and inhomogeneities.
SIGMA PHASE (σ -phase)

Phase representing an intermetallic compound
of variable composition with a composite tetragonal structure (see Tetragonal system) falling into
14 ). This phase ususpace group P 42 /mnm (D4h
ally forms in systems containing atoms of transition metals. Its unit cell holds 30 atoms with a
stacked arrangement, and the structure is very similar to an hexagonal close-packed lattice. There
are ﬁve inequivalent positions in the unit cell at
which particular atoms are distributed statistically,
although some data suggest an ordered arrangement of atoms on several inequivalent positions.
An important role in their formation is played by
dimensional and electronic factors. A minor difference of atomic size of the components is apparently a necessary, but is not a sufﬁcient requirement for their formation. The temperature
and concentration intervals for the appearance of a
σ -phase differ for different systems. A σ -phase is
characterized by high hardness and brittleness (see
Alloy brittleness). Their melting in technical alloys
is undesirable due to the decrease of the viscosity.
Some σ -phases, e.g., particular concentrations of
the alloys MoRe, MoTc, NbRh, TaRh, and WOs,
are superconducting.

SILICON

SILENT LATTICE VIBRATIONS, mute lattice
vibrations
Optical vibrations of crystal lattices in several symmetry classes (see Crystal symmetry)
which, according to selection rules, are forbidden
as single-phonon processes (see Direct relaxation
process) when the crystal interacts with incident

light. Therefore, silent or mute vibrations do not
appear in spectra of IR absorption, or Raman scattering of light, i.e. they are neither IR nor Raman
active. Silent vibrational frequencies can be determined from hyper-Raman scattering, from the
spectra of two-phonon absorption, from light scattering (see Phonon optical spectra), or from experiments of electron, neutron or X-ray scattering by
crystals.
SILICA, silicon dioxide, SiO2

A chemical compound of silicon with oxygen,
present in different crystalline and amorphous
states. It is the most abundant compound on the
Earth. It crystallizes in different modiﬁcations:
cristobalite, tridymite, quartz; artiﬁcial crystals include coesite, kytite, stishovite (the latter is the
most dense form of crystalline silica with density
of 4,350 g/cm3 , Mohs hardness of 9). Most minerals are silica crystals containing various impurities
providing different coloring, e.g., violet amethyst,
green chrysoprase, black morion, yellow citrine,
and so on.
Applications make use of heat resistance, thermal stability, mechanical strength (for ceramic
protective coatings in space technology); pyroelectric properties (in acoustoelectronics, in radio engineering, as piezoelectric oscillators, including those in quartz clocks). Quartz glass is
distinguished by its high thermal and chemical
resistance, good transparency in the visible and
UV range, so it is applied in optics, including
waveguides, also as an active medium in lasers
with activators introduced in the glass. Technical
glass is another application. Good insulating properties (resistivity of quartz is about 1018 ·cm)
promote the use of silica for integrated circuits
in microelectronics, where thin (fractions of a micrometer) insulating or protective layers of SiO2
are prepared by oxidizing pure silicon. Many other
applications could be mentioned.
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SILICON (Lat. silicium), Si

A chemical element of Group IV of the periodic system with atomic number 14 and atomic
mass 28.086. The three stable isotopes are 28 Si
(92.28%), 29 Si (4.67%), 30 Si (3.05%), other radioactive isotopes are also known. Silicon shows
the second largest abundance (after oxygen) in the
Earth’s crust, constituting 26% of its mass. It is
found in nature only in chemical compounds: silica
or silicates. Crystalline and amorphous silicon are
prepared synthetically. Outer shell electron conﬁguration is 3s 2 3p2 . Successive ionization energies
are 8.15, 16.34, 33.46, 45.13 eV. Electron af nity
energy is 1.8 eV, atomic radius 0.134 nm, ionic
radii are 0.039 nm for Si4+ and 0.198 nm for
Si4− . Work function is 4.8 eV. Silicon demonstrates low chemical activity, oxidation state +4
(less common +2 etc.).
Crystalline silicon is a dark-gray brittle substance. It has diamond-like face-centered cubic lattice with four nearest neighbors located at equivalent sites at tetrahedron vertices (coordination
number 4, distance 0.235 nm), with the total of
eight atoms in the unit cell: a = 0.5431 nm,
space group F d3m (Oh5 ). Density of solid silicon is 2.329 g/cm3 (at 300 K), that of liquid
samples 2.530 g/cm3 (at melting); Tmelting =
1690 K, Tboiling = 2873 K. Debye temperature is
628 K. Heat of melting is 46.47 kJ/mole, heat
of evaporation is 297.26 kJ/mole, speciﬁc heat
is 0.8 kJ·kg−1 ·K−1 , thermal conductivity coefﬁcient is 125.6 W·m−1 ·K−1 (at 298 K). The linear thermal expansion coefﬁcient +2.5·10−6 K−1
(at 120 K) reverses its sign and acquires the value
of −0.31·10−6 K−1 at 100 K. Mohs hardness is
7.0, Brinell hardness is 2.35 GPa/m2 , elastic modulus 106.79 GPa, compressive strength is 92.87
MPa, compressibility factor is 3.314·10−12 Pa−1 .
Silicon becomes notably plastic deformable at
1073 K. It is a diamagnet, with atomic magnetic
susceptibility of −0.13·10−6 .
Electrical resistivity of high-purity silicon is
2.3·103 ·m (at 300 K), intrinsic concentration of charge carriers (electrons and holes) is
1.6·1010 cm−3 . Band gap width is 1.166 eV (at
0 K) to 1.119 eV (at 300 K). It decreases with
temperature ﬁrst as a square law and then linearly (within 250–400 K with the thermal coefﬁcient of −2.4·10−4 eV/K). Mobilities of electrons
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and holes scattered by lattice phonons behave with
temperature as 4.0·109 T −2.6 and 2.5·108 T −2.3 ,
respectively, and at 300 K they equal to 1450 and
500 m2 ·V−1 ·s−1 , respectively. In this case diffusion coefﬁcients of electrons and holes are respectively 37.6 cm2 /s and 13 cm2 /s. The lifetime of
secondary current carriers in high-purity silicon is
2.5·10−3 s, the breakdown electric ﬁeld strength
is 3·103 V/cm. Silicon forms a continuous series
of solid solutions with germanium for any ratio of
the components, and the band gap of the solution
varies between the values corresponding to pure
constituents.
The conduction band of silicon involves six
equivalent valleys located at points along 100 directions corresponding to the wave vector
k = 0.8kmax , where kmax corresponds to Brillouin
zone boundaries in these directions. The constant energy surfaces of the conduction band as
a function of the wave vector are ellipsoids of
rotation with their symmetry axes directed along
100. The longitudinal and transverse components of the electron effective mass are 0.98m and
0.19m, respectively (m is the free electron mass).
The anisotropy coefﬁcient is 5.15, ohmic effective
mass is 0.26m, effective mass of the density of
states is 0.33m. The valence band top is located
at the center of the ﬁrst Brillouin zone; it is doubly degenerate at point k = 0. The scalar effective mass of heavy holes is 0.49m, that of light
holes is 0.16m. Due to spin–orbit interaction the
energy of the third band is lowered by 0.035 eV,
and the effective mass of holes in the split-off band
is 0.245m.
Silicon is optically isotropic, transparent in the
IR range with wavelengths λ from 1 to 9 μm. In
this range the reﬂectivity is 0.3, refraction index
is 3.42 (for λ = 6 μm). The dielectric constant is
11.7.
Elements of Groups III and V can be electrically active impurities in silicon, presenting
shallow hydrogen-like acceptors and donors, respectively. Lithium may also be a shallow donor.
Among deep acceptors, zinc, beryllium, copper,
magnesium, thallium, cobalt, nickel, indium are
known; deep donors are sulfur, chromium, tellurium, manganese, iron, etc. Amphoteric impurities in silicon are silver, gold, mercury, platinum,
tungsten, oxygen. Silicon itself may be present as

an amphoteric impurity in a number of AIII BV
compounds.
Silicon reacts violently with alkalis. At elevated temperatures in oxygen (above 873 K) it
forms the dioxide, which could then be reduced
to monoxide. At room temperatures silicon reacts
with ﬂuorine (yielding SiF4 ), and upon heating
with other halogens, yielding SiCl4 , SiBr4 , etc. At
2273 K it forms silanes (SiH4 , Si2 H6 ) by reacting
with hydrogen, and at 1373–1573 K it forms nitride Si3 N4 or carbide SiC as a result of direct reaction with nitrogen or carbon, respectively. When
heated with almost all metals, it will form silicides
that often violate classical valence rules (MeSi,
MeSi2 , and so on).
Heat treatment of silicon may induce thermal
defects of different kinds, including electrically
active ones. Irradiation with γ -quanta, neutrons,
or charged particles leads to appearance of different radiation defects, both primary and secondary.
A nuclear reaction with slow neutrons
β−

31 −→ P31
Si30
14 (n, γ ) Si14 2.624
15

brings about the formation of phosphorus. This
process underlies nuclear doping of silicon.
Silicon is a raw material in the manufacture
of microelectronics devices (e.g., integrated circuits) and individual components (diodes, transistors, etc.).
SILICON, AMORPHOUS
See Amorphous silicon.
SILICON CARBIDE

A chemical compound of silicon with carbon, SiC. There are many polytypes of silicon
carbide (see Polytypism). All polytypes have the
same dimension of a hexagonal unit cell a =

b = 0.3078 nm and a variable parameter c =
0.2518n nm, where n is the number of layers in
a period which varies from 2 to an indeﬁnitely
large number. The majority of known polytypes
of SiC have a hexagonal unit cell (H ), and others
have rhombohedral (R) cells. One polytype called
β-SiC has a diamond-type cubic lattice (C), and
the others are called α-SiC. Examples are 6H -SiC
and 3C-SiC, where the digit stands for the number n of layers within the period. The cubic modiﬁcation is metastable and transforms to hexagonal

SILVER

above 2100 ◦ C. Under pressure above 3.0 GPa at
temperatures above 1200 ◦ C the reverse transformation α-SiC → β-SiC is observed. The density
is 3.214 g/cm3 for α-SiC and 3.166 g/cm3 for
β-SiC. Thermal conductivity of α-SiC monocrystals is 490 W·m−1 ·K−1 , temperature coefﬁcient
of linear expansion is 5.94·10−6 K−1 (at 250 to
2500 ◦ C); for β-SiC, it is 3.8·10−6 K−1 (200 ◦ C).
Debye temperature is 1200 K for α-SiC and
1430 K for β-SiC. Knoop hardness under 100 g
load is 29.17 GPa for α-SiC (face 0001); for
β-SiC, it is 28.15 GPa (face 111) and 31 to
34 GPa (polycrystal). Elastic modulus of α-SiC is
392 GPa, shear modulus is 171 GPa, bulk modulus
is 98 GPa.
Silicon carbide is a semiconductor, usually of
n-type, band gap width of α-SiC is 3.3 eV (2H )
and 2.86 eV (6H , at 300 K); thermoelectromotive
force of α-SiC is 70 μV/K (293 K) and 110 μV/K
(1273 K). The observed width of the band gap of
β-SiC is 2.4 eV (at 1.6 K) and corresponds to indirect transitions of electrons from a valence band
maximum to a conduction band minimum, displaced to the point x(0, 0, π/a). Effective masses
of electrons are m⊥ = 0.24me , m = me , where
me is the free electron mass.
Silicon carbide does not decompose in mineral
acids at temperature above 1000 ◦ C. It can be prepared by the interaction of silica with coal, by synthesis from the elements, by crystallization from
solutions, melts, gaseous compounds. Silicon carbide is used for manufacturing abrasive, refractory, abrasion-resistant, electric engineering materials. As a semiconductor, silicon carbide is used
to manufacture electroluminescence devices, photoresistors, detectors of visible and ultraviolet radiation. See also Semiconductor materials.
SILICON DIOXIDE
See Silica.
SILICONIZING

The thermodiffusion saturation by silicon of
the surfaces of metallic and nonmetallic products with the purpose of increasing their resistance to corrosive attack (see Corrosion resistance), to thermal, wear, and to acid contamination in aggressive media. Siliconizing is realized
from solid, ﬂuid, steam, or gas phases using as
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silicon-containing compounds elemental silicon,
ferrosilicon, silicon carbide, hydrolyzed ethylsilicate, halides of silicon, etc. Electrolytic siliconizing from the melt of salts at high temperature is
also utilized.
SILICON NITRIDE, Si3 N4

Chemical compound of silicon with nitrogen.
It has two modiﬁcations, α-Si3 N4 and β-Si3 N4 .
The α-Si3 N4 compound is hexagonal with space
4 ), crystal lattice parameters a =
group P 31c (C3v
0.7765 nm, c = 0.5622 nm; the β-Si3 N4 is also
2 ), a =
hexagonal with space group P 63 /m (C6h
0.7606 nm, c = 0.2909 nm. Both structures are
formed by SiN4 tetrahedra, but β-Si3 N4 is stable,
while α-Si3 N4 transforms into β-Si3 N4 at temperatures above 1400 ◦ C. Silicon nitride does not
melt, it vigourosly evaporates (sublimes) with disproportionation to nitrogen at temperatures over
1600 ◦ C. Its density is 3.19 g/cm3 , thermal conductivity is 62.8 W·m−1 ·K−1 at 300 ◦ C; microhardness is 34.5 GPa; elastic modulus is 298 GPa.
It is an insulator with electric resistivity ρ >
1015 ·m (300 K); band gap width is 4.0 eV. Silicon nitride is obtained by the interaction of silicon
oxide with carbon in the presence of nitrogen, by
synthesis from the elements, or by interaction of
silane with nitrogen or ammonia. Silicon nitride is
the basis of structural ceramics; it also a cutting
ceramic material, and an abrasive material.
SILVER (Gr. αργ υρoς , Lat. argentum ), Ag

A chemical element of Group I of the periodic system with atomic number 47 and atomic
mass 107.8682. The natural element silver has
two stable isotopes 107 Ag (51.35%) and 109 Ag
(48.65%). Outer shell electronic conﬁguration is
4d 10 5s 1 . Successive ionization energies are 7.58,
21.50, 35.79 eV. Atomic radius is 0.144 nm; radius
of Ag+ ion is 0.089 nm. Oxidation state is +1,
rarely +2, +3. Electronegativity is ≈1.5.
In a free form, silver is a white metal. It
has a face-centered cubic lattice with parameter a = 0.408624 nm. Density is 10.5 g/cm3 ;
Tmelting = 1233.9 K, Tboiling = 2457.1 K. Heat
of melting 11.34 kJ/mole, heat of evaporation
is 255.024 kJ/mole; thermal conductivity coefﬁcient is 452.87 W·m−1 ·K−1 at 0 ◦ C; speciﬁc heat
cp = 0.2387 kJ·kg−1 ·K−1 . Temperature coefﬁcient of linear expansion is 19.51·10−6 K−1 (at
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300 K). Resistivity is 14.7 n·m (at 293 K). Compared to other metals, silver possesses the highest
electrical conductivity 62.97·106 (·m)−1 , thermal conductivity, and reﬂectivity. Depending on
the mechanical treatment, the breaking strength of
silver is 98 to 147 MPa upon its elongation of
48%. Brinell hardness is 245 MPa, Mohs hardness is 2.5 to 3.0. Adiabatic elastic moduli of silver: c11 = 122.2, c12 = 90.7, c44 = 45.4 (GPa) at
room temperature.
It is mainly used in the form of alloys (photography, electrical engineering, electronics, etc.).
Silver is a component of several solders; it is
used for the low-temperature soldering of steels,
copper-based alloys, and other alloys.
SILVER, GERMAN
See German silver.
SIMILARITY of phenomena

Similarity is an approach which allows one
to obtain characteristics of one phenomenon using known characteristics of another through a
change-over to another system of units. The concept of similarity lies at the basis of simulations of
various phenomena, which are difﬁcult to investigate experimentally, using more available models. For instance, equilibrium of elastic structures
is determined by Young’s modulus E and the dimensionless Poisson ratio σ , by the density of
the material ρ, the loading P and the characteristic size d. Three dimensionless parameters may
be derived from these ﬁve quantities: σ, E/ρd,
and P /Ed 2 . For corresponding values of these
three parameters all strains of the natural structure and of the model will be similar, and the
amount of displacement of arbitrary sections of the
structure may be obtained from the model. The so
called Π -theorem provides mathematical justiﬁcation for such a simulation. A certain feature X of
the system under study is determined by a set of
system parameters xl (so-called governing parameters): X = X(x1 , . . . , xk , xk+1 , . . . , xN ). Part
of the system characteristics, including X, may
be expressed as dimensionless quantities Π with
the help of several (from x1 to xk ) governing
parameters (e.g., with dimensionality of length,
time, mass): Π = Π(x1 , . . . , xk , Πk+1 , . . . , ΠN ).
According to the Π -theorem, this relation may

be represented as Π = Φ(Πk+1 , . . . , ΠN ), where
the function Φ does not contain the parameters
x1 , . . . , xk . The equality of the values of all N − k
dimensionless parameters Πk+1 , . . . , ΠN of systems under consideration is a necessary and sufﬁcient condition for the similarity of these systems;
the values of the dimensions of governing parameters are different. The quantities Πk+1 , . . . , ΠN
are called similarity parameters (similarity criteria).
Simulation is also possible if the similarity of a
system is incomplete (i.e. it only holds for certain
governing parameters). The concept of similarity
and simulation is useful for solving various problems of elasticity theory, propagation of waves in
media, motion of solids in liquids, etc.
SIMPLE CRYSTAL FORMS
Combinations of crystal faces that are equiv-

alent to each other (to within a parallel displacement) under the symmetry transformations of the
corresponding crystal classes. To the accuracy of a
similarity transformation (homothety) each simple
crystal form is characterized by an isohedron, i.e.
a polyhedron (either open or closed), with faces
equivalent in the respective symmetry class. Two
simple crystal forms belong to one and the same
type if the isohedrons corresponding to them are
combinatorily identical and have identical complete symmetry groups. The ﬁgure shows 47 types
of simple crystal forms.
SIMPLE STATE OF STRESS
A state of stress in which the stress tensor σij

is a linear function of the Cartesian coordinates
of the body xk : σij = Aij + Bij k xk , where Aij
and Bij k are constant tensors. The principal property of the simple state of stress is that it arises
for one and the same boundary conditions in all
homogeneous elastic bodies of identical shape, independent of the elastic properties of the bodies
themselves (see Elasticity). A simple state of stress
during which the stress tensor does not depend on
the coordinates is called a uniform state of stress.
Particular cases of this uniform state are: uniform compression, σij = −pdij ; uniaxial strain,
σij = −sni nj (here n is a unit vector); shear,
σij = −σ (ni mj + nj mi ) (here n, m are orthonormal vectors). Nonuniform simple states of stress
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Simple crystal forms: 1, monohedron; 2, pinacoid; 3, dihedron; 4, rhombic prism; 5, trigonal prism; 6, ditrigonal prism;
7, tetragonal prism; 8, ditetragonal prism; 9, hexagonal prism; 10, dihexagonal prism; 11, rhombic pyramid; 12, trigonal
pyramid; 13, ditrigonal pyramid; 14, tetragonal pyramid; 15, ditetragonal pyramid; 16, hexagonal pyramid; 17, dihexagonal pyramid; 18, rhombic dipyramid; 19, trigonal dipyramid; 20, ditrigonal dipyramid; 21, tetragonal dipyramid; 22, ditetragonal dipyramid; 23, hexagonal dipyramid; 24, dihexagonal dipyramid; 25, rhombohedron; 26, trigonal scalenohedron;
27, tetragonal scalenohedron; 28, tetragonal trapezohedron; 29, trigonal trapezohedron; 30, hexagonal trapezohedron;
31, rhombic tetrahedron; 32, tetragonal tetrahedron; 33, tetrahedron; 34, trigon-tristetrahedron; 35, tetragontristetrahedron; 36, pentagon-tristetrahedron; 37, hexatetrahedron; 38, octahedron; 39, trigon-trioctahedron; 40, tetragontrioctahedron; 41, pentagon-trioctahedron; 42, hexoctahedron; 43, cube; 44, tetrahexahedron; 45, rhombic dodecahedron;
46, pentagon-dodecahedron; and 47, didodecahedron.

1218

SINE-GORDON EQUATION

develop during e xure of a rectangular prism, during rod twisting, and in several other cases.
SINE-GORDON EQUATION
See Soliton.
SINGLE CRYSTAL
See Monocrystal.
SINGLE-DOMAIN PARTICLES
Small particles of ferro- or ferrimagnetic materials so small that the formation of a magnetic
domain structure is not energetically favorable.

As a result, the particles are uniformly magnetized (each is a single magnetic domain). The
condition for the existence of single-domain particles (criterion for single domain formation) is
that their size D is smaller than the critical size
D cr for the existence of a single domain. This
value D cr depends on the particle shape, as well
as on the nature of the magnetic anisotropy and
its magnitude k, the magnitude of the nonuniform exchange energy A, and the saturation magnetization M s . The inequalities for values of the
magnetic ﬁeld B > Bk and other quantities also
depend on the single-domain criterion. In the case
of weak anisotropy k  2πMs2 , the value of
D cr essentially depends on the particle shape and
demagnetization factor N (see Demagnetization
e lds) along the easy magnetization axis

1/2
A
D cr ≈ C
,
(1)
NMs2
with C ≈ 5–6. For spherical particles, D cr proves
in this case to be smaller than a magnetic domain wall thickness Δ; e.g., for Fe or Ni D cr =
3.3·10−6 cm or 7.6·10−6 cm, respectively. In the
strong anisotropy case, D cr is weakly dependent
on the particle shape:
D cr ≈

9(Ak)1/2
πMs2

.

(2)

In order of magnitude, D cr coincides with a characteristic length of magnetic material l,
D cr > Δ, and increases as the anisotropy grows.
For example, D cr is about 4·10−5 cm for MnBi
and 1.3·10−4 cm for barium hexaferrite.
Single-domain particles and their clusters embedded into weakly-magnetic hosts have some

characteristic magnetic properties. Their remanence coincides with M s , and magnetic reversal occurs solely by irreversible magnetization
rotation processes. If the single-domain particle
anisotropy is high (e.g., for elongated particles, or
due to crystalline magnetic anisotropy), the coercive force Bc for their ordered aggregate is high.
Hence such systems are hard magnetic materials,
and are used to manufacture permanent magnets.
Liquid emulsions of single-domain particles also
have some specialized magnetic properties (see
Ferro uid). As the size of single-domain particles
decreases, their magnetic reversal due to thermal
ﬂuctuations becomes possible, and the system acquires the property of superparamagnetism.
SINGLE-ELECTRON APPROXIMATION

Introduction of single-electron wave functions
for each electron of a many-electron quantummechanical system (i = 1, 2, . . .), which depend
on the coordinates r i of only one electron, ψ(r i ),
and the replacement of the many-electron function
ψ(r 1 , . . . , r i ) with a product of single-electron
functions (Hartree approximation), or a linear
combination of such products (see Hartree–Fock
method). In this case, the energy of interaction
of an arbitrary lth electron with all others is expressed by a sum of the form

2
Vil (r il ) ψi (r i ) dr i ,
Vl (r l ) =
Vil =

i=l
e2

εril

,

where ε is the dielectric constant, and ril =
|r i − r l | is the distance between electrons. The
wave functions ψ(r i ) are found from the
Schrödinger equation with a Hamiltonian that involves Vi (r i ), i.e. the single-electron approximation leads to a nonlinear Schrödinger equation (see
Soliton) for single-electron wave functions. The
functions obtained from the Schrödinger equation
are used to calculate this Vl (Hartree or Hartree–
Fock self-consistent eld). The system energy in
this approximation does not equal the total energy
of all the electrons.
In solid state physics the one-electron approximation is one of the most widely used methods
for investigating the quantum states of a system.
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If the potential of a single electron is regarded as
periodic with a period equal to the crystal lattice
constant, the solution obtained is self-consistent:
the Bloch wave functions (see Bloch theorem) that
are solutions of the equation with a periodic potential give, upon substitution into the expression
for Vl , a periodic dependence Vl (r l ). As a general
rule, the single-electron approximation is believed
to provide a high degree of accuracy in the description of the quantum states of a many-electron system. However, in some cases, the single-electron
approximation appreciably distorts the true nature
of the spectrum of states. For example, the interaction of two electrons in a polarizable medium, in
the case of a continuum description in the singleelectron approximation ψ(r 1 , r 2 ) = ψ(r 1 )ψ(r 2 ),
is unable to provide for the formation of their
spherically symmetric bound state, i.e. a bipolaron. Through the use of a two-electron function
ψ(r 1 , r 2 ) = ψ(r 1 )ψ(r 1 )(1 + βr12 ) (here β is a
variational parameter) that allows for the correlation in the motion of electrons, the bipolaron state
proves to be explainable.
SINTERING

The process of heat treatment of porous structures, which takes place through the pressing of
powders, resulting in a decrease of the porosity
of the compressed material. Sintering causes ﬁne
particles of a material to bond chemically at a
temperature high enough to induce atomic diffusion. Sintering is one of the principal stages of
powder metallurgy fabrication, and the manufacture of refractory materials. Mass transport, an essential process for sintering, may take place spontaneously by various diffusion mechanisms under
the inﬂuence of gradients of the chemical potential μ, arising from gradients of the local curvatures K of free surfaces, which limit the grains
of the powder: ∇μk = αω∇K, where α is the
surface tension, ω is the atomic volume. These
ﬂows decrease the area of free surfaces, hence decrease the free surface energy, and make spontaneous powder compression thermodynamically
advantageous. The compression rate may be considerably accelerated through application of uniform compression, which causes and maintains the
plastic (dislocation) ﬂow of material into pores.

The compression, which takes place in the pressure sintering of powder mixtures, is accompanied by the process of diffusion homogenization,
which involves the formation of solid solutions,
intermetallide phases, etc. The processes of diffusion compression (removal of cavities) and diffusion homogenization are interrelated by their
common diffusion mechanism, and in many cases
may be competitive with each other because of
the inequality of opposing diffusion ﬂow rates
of components (see Diffusion porosity). Thus, the
compression process may become decelerated and
even reversed in sign in the formation of solid solutions. The process of sintering is accompanied
in many mixtures by the formation of some liquid
phase. The presence of a liquid phase accelerates
all the mass transport processes which take place
in the compressed material during sintering.
SIZE EFFECTS

Dependence of physical properties of a material on the specimen size and shape, when its thickness d is comparable to the de Broglie wave length,
or to the mean free path l for quasi-particles, or
to the diameter 2r of the electron orbit in a magnetic ﬁeld B, etc. The principal cause of size effects in solids is the additional dissipation of thermal ﬂux and electric current, induced, in turn, by
the scattering of conduction electrons, phonons
and magnons by the specimen boundary. Size effects depend on the state of the specimen surface.
When colliding with an ideally smooth defect-free
surface the energy ε(p) and the tangential component of the quasi-particle momentum are conserved (specular reﬂection). Such collisions are
nondissipative so the thermal conductivity κ and
electrical conductivity σ remain proportional to l.
The presence of roughness or of impurity atoms
at the surface perturbs the correlation between the
momentum of the incident, p − , and the reﬂected,
p + , quasi-particle. In case of a total loss of such
correlation (diffuse reﬂection, when all velocity directions of the reﬂected quasi-particle are equally
probable), the effective transport mean free path
l) is given by the releff in a bulk specimen (d
−1
lation leff
= l −1 + d −1 , while in a thin specimen
(d  l) the principal mechanism of thermal ﬂux
and electric current dissipation is the collisions of
quasi-particles with the boundary.
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Heat transport in insulators occurs via the diffusion of phonons. When d is much larger than
lN , the bulk mean free path of phonons undergoing normal phonon–phonon scattering (elastic, in
which the overall momentum is conserved), but is
smaller than lR = l, where lR is the bulk mean free
path for resistive phonon scattering by phonons,
defects, or impurities in the crystal (inelastic, in
which quasi-momentum is not conserved in the
process), then for signiﬁcantly nonspecular reﬂections from the boundary, their effective transport
mean free path is d 2 / lN , provided d 2 < lN l. In
other words, it decreases with decreasing temperatures T . The latter effect is explained by the fact
that the number of phonons is proportional to T 3 ,
while the Brownian step length, equal to lN , grows
without limit when T → 0. Further lowering of
the temperature results in the leff becoming equal
to lR and then, when lN > d, it reaches a value
of leff = d. This combination of effects results in
a minimum in the temperature dependence of the
thermal resistance.
Thermal conduction of ferrites results from the
magnon (spin wave) drift, so that one expects
a speciﬁc dependence of κ on the temperature
in a pure enough relatively thin specimen (about
10−4 –10−3 cm thick). That dependence is related
to a change of spin wave relaxation mechanisms at
lower temperatures.
Size effects in the conduction of metals were
ﬁrst observed by J.J. Thomson (1900). K. Fuchs
(1938) calculated the dependence of the electrical
conductivity σ on d by assuming that a fraction
q of the electrons undergoes specular reﬂection,
and a fraction (1 − q) undergoes diffuse reﬂection.
If q = 1, size effects are absent under isotropic
conditions, and σ coincides with the bulk conductivity σ0 . These results are signiﬁcantly changed
when one takes into account the fact that the specular reﬂection parameter, q, depends on the angle
of incidence of electrons at the surface (specular
reﬂection is more probable for grazing incidence
(electron sliding along specimen surface) than for
incidence at a steep angle). A more realistic account of charge carrier interaction at the metal
surface provides a logarithmic dependence of σ
on l in wires when d  l, while plates with appreciable surface roughness yield σ = (d/ l)1/2 .
For anisotropic conductors, in which multichannel specular reﬂection takes place, that is when

the equation ε(p + ) = ε(p − ) has several solutions
for p + for a given value of p − , we ﬁnd that
σ (d) < σ0 , even at q = 1, although σ (d) still remains proportional to l. The behavior of κ(d) is
similar.
Proceeding to semimetals and semiconductors,
size effects manifest themselves in a sufﬁciently
thick specimen when their thickness is comparable to the diffusion length, L, which is explained
by a weak intervalley scattering of charge carriers at the surface. The two downward trends in
the σ (d) dependence for bismuth that appear in
the plot when the specimen thickness is decreased
were explained by E.I. Rashba et al. by assuming
the development of an electric ﬁeld in the specimen which compensates for the cross-currents
produced by the curvature of the energy bands
close to the surface at distances L l. Intervalley
scattering and electron–hole recombination at the
surface in many-valley semiconductors result in
a spatially inhomogeneous distribution of charge
carriers throughout the specimen bulk. An excess
of charge carriers belonging to a certain group
(valley) builds up at one of the plate faces as a
result, while the other face experiences a deﬁcit
of such carriers. Under these conditions size effects appear not only in the dependence of σ on d
for d < L, but also in the development of an electric ﬁeld tangential to the electric current, even in
cubic crystals. Experimental studies of the dependence of σ on d make it possible to determine the
state of the conductor surface. However, it is difﬁcult to prepare a set of samples of differing thicknesses with identical surfaces. It seems more reliable to study the nature of the reﬂection of charge
carriers by measuring the dependence of σ on the
temperature T , and on the magnetic ﬁeld strength.
The higher the degree of specular reﬂection off the
surface, the less the σ (T ) dependences differ between bulk and thin ﬁlm values In pure enough
conductors with rough surfaces, when one may neglect electron–impurity scattering and the dissipation of electron ﬂuxes via small angle electron–
phonon scattering and by collisions of electrons
with the surface of a thin conductor, there appears
a speciﬁc dependence of σ on d and T at T < TD .
Here TD is the activation temperature of intervalley processes, which coincides with the Debye
temperature in its order of magnitude.

SKYRMIONS

The resistivity, ρ = σ −1 of conductors with ﬁnite sizes grows with temperature slower than the
Bloch law prescribes (σ ∝ T 5 ), and depends signiﬁcantly on the form of the q(θ) function (θ is
the angle of incidence for electrons striking the
surface). For small d, in a model assuming q =
μ cos θ , where μ = const, the asymptotic behavior
of σ in plates is given by
 3/4
d
∼ d 3/4 T −5/4 , c ∼ 1, (1)
σ = cσ0
μl
while in wires it is
3 d
l TD
σ = σ0 ln ln
.
4 μl d
T

(2)

In the Fuchs model (q = const) we have σ ∝
ln(TD /T ) in plates, and Δρ(T ) = ρ(T ) − ρ(0) ∝
d −2/3 T 5/3 in wires.
Size effects are most pronounced and are more
informative in magnetic ﬁelds. Among such effects, one should mention the Sondheimer oscillations related to the focusing role of the magnetic
ﬁeld, the static skin-effect, and a large number
of high-frequency size effects. Their experimental
studies yield detailed information on the spectrum
of charge carriers in conductors, and on their relaxation properties.
See also Quantum size effects, High-frequency
size effects, Magnetoacoustic size effects, Radiofrequency size effects.
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large permeability μ. At frequencies ω exceeding
the collision frequency of the current carriers (infrared range) δ is deﬁned by the high-frequency
conductance, and is equal to c/ωL where ωL
is the plasma frequency, and c is the speed of
light. In pure metals at low temperatures the values of the penetration depth in the radio frequency and microwave ranges can be considerably smaller than the electron mean free path so
that strong spatial dispersion (conductivity dependence of wave vector) is exhibited. The skin-effect
under such conditions is called the anomalous
skin-effect, and it exhibits a non-exponential ﬁeld
decrease in a skin-layer width deﬁned by the quan2 )]1/3 where v is the electity δa = [c2 vF /(ωωL
F
tron Fermi velocity.
In conductors located in a strong constant magnetic ﬁeld at a low temperature the nature of
the skin-effect can change (depth of penetration
increases) due to excitation of weakly decaying
waves, e.g., helicons, magnetic plasma waves,
Alfvén waves (see Solid-state plasma), dopplerons
etc.
SKIN-EFFECT, ANOMALOUS
See Anomalous skin-effect.
SKIN-EFFECT, STATIC
See Static skin-effect.

SKIN-EFFECT

SKYRMIONS

The attenuation of an alternating electromagnetic ﬁeld as it penetrates into a bulk conducting
medium. A high-frequency ﬁeld in a bulk conductor concentrates in its boundary skin-layer. The
greater the conductivity σ and frequency ω the
smaller is the skin depth δ (depth of ﬁeld penetration). If the electric current obeys Ohm’s law
locally then the value of the ﬁeld in the skin
layer decreases exponentially e−x/δ (normal skineffect), and in an isotropic conductor it is lowered by the factor 1/e = 0.368 over the distance
δ = c/(ωσ μ/2)1/2 (μ is the magnetic permeability, SI units are used) inward from the surface.
The quantity δ at the frequency ω/(2π) = 1 MHz
and room temperature in a number of metals takes
on values from 60 up to 230 μm, and in bismuth δ = 545 μm. Ferromagnets at low frequencies exhibit rather small δ values because of their

Fermion (or boson) particles with ﬁnite radii,
composed from boson ﬁelds; named after English scientist T.H.R. Skyrme (1922–1987). In solid
state physics they are macroscopic spin excitations (quasi-particles) of a vortex type in twodimensional electronic systems in a quantizing
magnetic eld with odd ﬁlling of the Landau level
under the conditions for the occurrence of the
quantum Hall effect. Theoretically skyrmions correspond to nonuniform rotations of second quantization Ψ -operator spinors for fermions (electrons,
holes) with the help of a nonuniform rotational
displacement matrix U (r) that translates initial
spinors Ψ into new spinors X in accordance with
the relation Ψ (r) = U (r)X(r). The matrices U (r)
are parameterized by the three Euler angles with
the help of the Pauli matrices. The size of the
skyrmion vortex core (see Quantum vortices) is
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determined by the competition between Coulomb
electronic repulsion, which tends to increase the
region of charge density perturbation, and the Zeeman magnetic energy which tends to reduce the
region with unfavorable spin orientation.
SLATER–CONDON PARAMETERS (J. Slater,
E. Condon)

Empirical parameters in atomic spectra. In the
L − S coupling case (see Russel–Saunders coupling) the electrostatic energy of non-repeating
terms (energy term sums of electron conﬁguration) are expressed via linear exchange (J )
and coulomb (K) integral combinations (see Exchange interaction) which are deﬁned by singleelectron atomic states ψnlm :

J (ψnlm , ψn l  m ) =
a k (lm, l  m )F k (nl, n l  ),
k

K(ψnlm , ψn l  m ) =



bk (lm, l  m )Gk (nl, n l  ),

k

where a k and bk are tabulated numerical coefﬁcients, and the Slater–Condon parameters F k , Gk
are radial integrals R k involving the wave functions ψnlm and components of the expansion of
1/|r − r  | in Legendre polynomials. These parameters have the form:
F k (nl, n l  ) = R k (nl, n l  , nl, n l  ),
Gk (nl, n l  ) = R k (n l  , nl, nl, nl  ).
The quantities F k and Gk are considered as empirical parameters which are estimated from the
energy separations between levels corresponding
to optical spectral lines. In many cases only a
few Slater–Condon parameters are needed to specify the energy of a particular spectral state. The
atomic spectra designation in terms of Slater–
Condon parameters is not adequate when the spin–
orbit interaction is strong, or when the con guration interaction is appreciable.
SLATER DETERMINANT (J. Slater, 1929)

Antisymmetric wave function of N electrons
(or other fermions) constructed from N linearly

independent and orthonormal single-particle functions (spin-orbitals) ψk (ξl ) expressed in the form
of a determinant:
1
[ψ1 ψ2 . . . ψN ] = √
N!

ψ1 (ξ1 ) · · · ψN (ξ1 )
..
..
..
,
.
.
.
ψ1 (ξN ) · · · ψN (ξN )

where ξi is the set of space and spin coordinates
of electron i. Any antisymmetric N -electron function for a particular system may be represented by
an expansion (linear combination) over all ordered
Slater determinants: [ψk1 ψk2 . . . ψkN ], k1 < k2 <
· · · < kN , which are constructed from an arbitrary
but complete set of spin-orbitals of the system.
SLATER RULES (J. Slater)

The set of rules making it possible to write
wave functions and electronic energies of manyelectron atoms in a rough but very simple approximation. According to the Slater rules, the wave
functions for many-electron atoms are similar to
hydrogen atom orbitals. Slater’s functions have the
form:


∗
Z ∗ (n∗ )
ψn = Ar n −1 exp −
r,
n∗
where A is a normalization factor, n∗ is the effective principal quantum number, Z ∗ (n∗ ) is the
effective charge acting on an electron in an orbit with deﬁnite n∗ . According to the Slater rules,
the value of n∗ is related to the principal quantum
number n in the following way:
n
n∗

1 2 3 4 5 6
1 2 3 3.7 4 4.2

where the value of Z ∗ is determined from the condition Z ∗ = Z − γ , where Z is the atomic charge,
and γ is the screening constant which has the
same particular values for electrons within each
of the following groups: (1s), (2s, 2p), (3s, 3p),
(3d), (4s, 4p), (4d), (4f ), and so on. It is assumed during the determination of γ that all additional electron orbitals beyond these groups do
not inﬂuence γ ; and every electron from a group
has a γ value of 0.35 (except in the (1s) group
γ = 0.30); if an electron is in an (s, p) group
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with the principal quantum number n then electrons in the group with quantum number n − 1 increase γ by 0.85, and more remote inner groups
increase γ by 1.00. For groups (d) and (f ) all
electrons of an inner group increase γ by 1.00. In
accordance with Slater rules the electron energy
is En∗ = E0 (Z ∗ /n∗ )2 /2. Slater functions with
varied parameters are widely used in quantumchemical calculations.
SLATER–TAKAGI MODEL (J. Slater, 1941;
U. Takagi, 1948)
Quantitative description of the ferroelectric
phase transition in potassium dihydrogen phos-

phate KH2 PO4 (KDP). Historically the ﬁrst model
comes from the idea that the KDP dielectric properties are determined mainly by the proton (hydrogen atom) conﬁgurations. Each proton is considered as having two equilibrium positions along
the bond connecting two PO4 adjacent tetrahedral
groups. If one takes into account only the interaction of the closest protons then one must consider
the proton conﬁgurations near each PO4 tetrahedron, as shown schematically in the ﬁgure.
Here PO4 tetrahedra are indicated by squares,
and protons are shown by small circles. There are
24 = 16 possible positions for four protons surrounding every PO4 group, 1 + 1 = 2 for conﬁguration A, 4 + 4 = 8 for B, 4 for C and 2 for conﬁguration D. Thus only six of them corresponding
to H2 PO4 groups with two nearest protons have
the lowest energies (neutral C and D conﬁgurations in Fig.). The A and B type conﬁgurations are
charged, and their energies W and W  are large,
as indicated. In the Slater–Takagi model such
conﬁgurations are neglected because the probability of their contribution is small. The phase
transition here is a rst-order phase transition
with the transition temperature Tc ∝ E/(kB ln 2)
(E is type C conﬁguration energy); the dielectric
constant above Tc satisﬁes the Curie–Weiss law
ε(T ) ∝ (T − Tc )−1 . Takagi has shown that a calculation involving the charged conﬁgurations A
and B produces a second-order phase transition.
For a quantitative description of the phase transition properties on a modern level, cluster theory is
used which, unlike the mean eld approximation,
permits one to take into account strong short-range
proton correlations.

Slater–Takagi model.

SLAVUTICH

A superhard composite material composed of
a tungsten–cobalt hard alloy and natural diamonds
(0.2 to 0.8 mm). To provide adhesion splicing of
the components, slavutich is caked by hot pressing in a protective medium under conditions which
exclude saturation of the interface, with carbon
up to stoichiometric composition. By changing the
content of diamonds in slavutich and of cobalt in
the alloy, the qualities of different types of slavutich are obtained. The most widespread slavutich variety has a wear resistance which exceeds
that of hard alloys by 30 to 200 times. Slavutich
has a somewhat reduced strength (σcomp = 820–
930 MPa) and signiﬁcantly increased thermal conductivity (125 to 130 W·m−1 ·K−1 ) compared to
a hard alloy. Slavutich is used in the form of elements of any pregiven shape and dimensions in
boring and dressing tools.
SLIDING

See Slip.
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SLIP

SLIP, sliding

Relative displacement of two solid bodies in
contact. In the region of contact there is friction.
The force arising from the roughness in the contact
region that opposes the onset of motion is called
the static friction. After motion begins the friction
force decreases to a lower value, called the sliding or kinetic friction, which must be maintained
by the applied force to sustain the motion. Sliding is accompanied by the response of intermolecular interactions that act at various points of the
contact to oppose the motion. The losses arising
from these forces are expressed in terms of the
dimensionless parameter τ mol /σ S , where τ mol is
the shear resistance of the molecular bonds, and
σ S is the yield limit. The molecular shear resistance is given by τ mol = τ0 + βPcp , where τ0
is the shear strength of a point of contact in the
absence of a compressing load, β is the hardening ratio, and Pcp is the pressure at the contact point. The mechanical component of sliding
friction depends on the dimensionless parameter
h/R, which is the ratio of the depth h of insertion of a unit unevenness to the radius R of the
spherical segment inscribed in it. The tangential
stress τ mech = kα(h/R)1/2 Pcp , where k is a coefﬁcient that depends on the distribution of roughness in elevation, and α is the hysteresis loss ratio. The overall sliding friction coefﬁcient fs is the
sum of the molecular and mechanical components:
fs = τ0 /P cp + β + kα(h/R)1/2 . The dependence
of fs on the pressure for constant roughness, and
on roughness for constant pressure, causes it to
pass through a minimum. After the settling down
of the contact surfaces by sliding, fs attains and
sustains its minimum value. A further reduction of
friction can be brought about by introducing lubricant between the sliding surfaces.
SLIP BANDS

Narrow bands, visible through an optical microscope, which appear at the surface of single
crystal samples as a result of plastic deformation. Plastic deformation of crystals is nonuniform, and is focused at isolated regions. Slip bands
are traces of these regions at the surfaces of deformed samples. In their turn, slip bands are also
nonuniform and exhibit ﬁne structure: electronmicroscope photographs show that the slip bands

are split into narrower shear lines (slip lines).
On the atomic level, slip bands and slip lines
make up an aggregation of steps at the crystal surface; the heights of these steps being multiples of
the crystal lattice constant. These steps are generated as a result of numerous shear displacements
(see Shear) along crystallographic planes of close
packed atoms (slip planes). As a rule, many of the
microscopic shears in the region of strain remain
unﬁnished, and give rise to dislocation lines. Application of various methods of observation of dislocations reveals a complicated dislocation structure. Depending on the type of dislocations that intersect the surface under consideration, slip bands
are divided into edge slip bands and helical slip
bands.
SLIP LINES

The same as Shear lines.
SLIP OF DISLOCATIONS
See Dislocation slip.
SLIP PLANE in a crystal

It is a plane along which the displacement of
crystal layers takes place, as plastic deformation
through slippage occurs. The slip plane and the
slip direction (slip vector) parallel to it (displacements of an edge dislocation) are given the name
slip elements, and constitute the slip system which
depends on the structure of the crystal lattice, and
is characterized by the minimal amount of work
done in performing a shift by one translation vector. This work is less, the weaker the bonds between the displacing planes, and the smaller the
displacement of these planes with respect to one
another. A minimal amount of work is required
for shifting close-packed planes along the closepacked directions. The systems of planes, which
correspond to the minimum work, are referred to
as major slip systems (or primary slip systems). In
a crystal of NaCl, e.g., the slip occurs over the
planes {110} along the directions 110, the total
number of planes of this type in the crystal being
six.
SLIP SYSTEM

This involves a plane and a direction of dislocation slip in crystals. Each crystal lattice has

SMALL-ANGLE SCATTERING OF X-RAYS

its own preferential slip plane which is usually
associated with closest-packed planes and directions. The basic slip schemes are: in crystals with
a face-centered cubic (FCC) lattice {111}011,
in crystals with a body-centered cubic (BCC)
lattice {110}111, in crystals with a hexagonal close-packed (HCP) lattice {0001}1120 or
{1120}0001, in crystals with a diamond lattice
{111}110, in ionic crystals with a NaCl lattice {110}110, in crystals with a CsCl lattice
{110}001. Other things being equal, the slip begins in that system in which, for a given orientation of the crystal relative to the applied stress, the
critical stress displacement is minimal.
SLONCZEWSKI EQUATIONS (J.C. Slonczewski,
1972)

A system of differential equations involving
magnetic domain wall coordinates u, and the angle ψ of the exit of the magnetization out of the
plane of the wall:
α ∂u
γ δσ
∂ψ
−
=−
,
∂t
Δ0 ∂t
2M0 δu
1 ∂u
∂ψ
γ Δ0 δσ
−α
=
,
Δ0 ∂t
∂t
2M0 δψ
where Δ0 is the thickness of a domain wall at
rest, α is the dimensionless Gilbert relaxation constant, σ = σ (u, ψ) is the domain wall energy calculated from the magnetization distribution that
corresponds to a resting domain wall with a given
shape and value of ψ . The Slonczewski equations
are adequate for ferromagnets with strong uniaxial
magnetic anisotropy, e.g., materials with magnetic
bubble domains. For a ferromagnet with a 180◦
domain wall in an external magnetic ﬁeld B = Bz ,
parallel to easy magnetization axis, and with low
anisotropy in base plane, the Slonczewski equations have the form:
∂ψ
γ σ0 2
α ∂u
∇ u;
−
= γ Bz +
∂t
Δ0 ∂t
2M0 ⊥
1 ∂u
∂ψ
γ Ba
γ σ0 Δ0 2
∇ ψ,
−α
=
sin 2ψ +
Δ0 ∂t
∂t
2q
2M0 ⊥
where Ba is the anisotropy ﬁeld, q is the quality
factor, σ0 is the resting domain wall energy, ∇⊥ is
the gradient operator in the wall plane. In this case,
when Bz = const, the Slonczewski equation describes the Walker solution; when Bz = Bz (t) the
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Slonczewski equation treats forced vibrations of a
domain wall; and when Bz = 0, it describes e xural waves of the wall. These equations are used
for an approximate (to the extent of 1/q smallness) description of certain effects of magnetic domain wall dynamics.
SLONCZEWSKI LIMITING VELOCITY

This deﬁnes the “plateau” associated with the
dependence of the velocity of a twisted domain
wall (see Domain wall twisting) on an applied external magnetic eld, exceeding a prior value related to the domain wall peak velocity. It has also
been referred to as the saturation velocity. The
Slonczewski limiting velocity vSL is determined
by stationary dynamic processes of initiation and
elimination of horizontal Bloch lines, as well as
by the peak velocity which is inversely proportional to the thickness of the magnetic lm, vSL being, however, smaller than the peak velocity. Its
value is often derived from the experimentally
measured saturation velocity, reaching about 1/5
of the Walker velocity (see Walker solution).
Alongside the Slonczewski mechanism, an important role in the dynamic mode can be played by
the formation processes of Bloch lines with more
complex conﬁgurations, and by the participation
of Bloch points; bends of boundary planes, etc. For
the determination of the Slonczewski limiting velocity it may not be adequate to employ the simpliﬁed Slonczewski equations, but rather preferable
to proceed from the more basic Landau–Lifshits
equation, carefully taking into account relaxation,
and irregular boundary motion.
Experimental research measurements require
the fulﬁllment of the following conditions: homogeneity of the ﬁlm, stability of the applied magnetic ﬁeld, as well as quality control of the surface
of the ﬁlms and crystals.
SMALL-ANGLE SCATTERING OF X-RAYS
Diffuse scattering of X-rays localized near the
origin of the reciprocal lattice and measured in di-

rections that form a small angle with the incident
primary beam. Here, the maximal angle subtends
no more than half of the angle of observation of
the ﬁrst Bragg maximum. Such diffuse scattering
is caused by the presence in the sample of concentrations of inhomogeneities with respect to lattice elements (differing in X-ray scattering atomic
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form factors from average values). They are inclusions (with elemental content differing from average concentrations) or pores. In real crystal materials, one can observe scattering at small angles resulting from Bragg double re ections. The angular
dependence of the diffuse scattering intensity carries information on parameters deﬁning the concentration of inhomogeneities (shape, size, chemical constitution, and spatial location). The angular
dependence of Bragg double reﬂection intensity is
controlled by the structural imperfections (angular
disorientation of grains, grain fragments, etc.) of
the specimen. Small-angle scattering of X-rays is
also used to study phase composition ﬂuctuations
near phase transition points.

lation of vacancies, interstitial atoms, and products of reactions of metastable atoms with one another and with impurity atoms becomes predominant. Thus, in the above described examples of
the small-dose effect, the early stages of the irradiation can bring about radiation-induced improvements of the structure of an initially imperfect crystal, a process which later degrades. At sufﬁciently large Φ, when defect accumulation prevails, some radiation-induced partial defect elimination still takes place (so-called irradiation annealing of defects). The efﬁciency ratio of defect formation to radiation annealing, along with
the dose range where the small-dose effect is observed, depends on the energy of the incident particles.

SMALL-DOSE EFFECT

An effect in solid state radiation physics involving the qualitative difference between radiationinduced changes of various physical properties of
a material for rather small doses Φ relative to
those for typical larger radiation doses. For low
doses, for instance, the mobility of current carriers increases, the reverse outﬂow of channeled
particles (see Channeling) decreases, the phonon
absorption of light decreases, etc. As Φ becomes
larger changes opposite to these take place. The
small-dose effect is clearly evident in imperfect
crystals, which is related to the fact that changes
in a system of defects are taking place for much
lower values of incident energy transfer than those
needed to dislodge an atom from a site in a crystal lattice. The difference between cross-sections
for dislodging an atom out of a lattice site with
the creation of a stable defect, and that needed
for a jump of an interstitial atom to a neighboring site under the action of a highly energetic
external particle, may amount to several orders
of magnitude. Therefore, when the concentration
of atoms in highly imperfect crystals in various
metastable states is several orders of magnitude
smaller than that at lattice sites, the irradiation
may result in a more effective elimination of defects (e.g., escape of interstitial atoms to the surface, their entrapment by dislocations, etc.), rather
than in the generation of Frenkel pairs in regions
of an ideal lattice. With an increase in dose, when
the concentration of metastable atoms in the crystal decreases considerably, the process of accumu-

SMALL PARTICLES, small clusters

Clusters of dimensions smaller than certain
characteristic physical lengths (light wavelength,
mean free path, de Broglie wave length, etc.). Features of small clusters differ considerably from
those of a bulk sample. Thus, infrared absorption by small metallic particles depends strongly
on their shape. When the dimensions of metallic clusters are smaller than the electron mean
free path there is a signiﬁcant decrease of their
electron-lattice energy exchange. This favors the
creation of hot electrons by putting power into
small metal islands (see Insular lms). As the cluster size becomes less than the de Broglie wavelength the quantization of electron energy occurs.
In the phonon spectrum for small clusters, the
input of Rayleigh surface modes (see Surface
acoustic waves) grows, while the long-wave spectral region (wavelengths exceeding cluster dimensions) is cut off. The fraction of surface atoms in
small clusters may reach 10% which favors the
clear expression of all surface state features.
Ferromagnetic particles smaller than magnetic
domains exhibit increased values of the coercive
force and saturation magnetization. Electric and
magnetic polarizabilities of small clusters depend
strongly on their shape, and on the presence of
other nearby clusters (local ﬁeld effect). Ensembles of small clusters exhibit many unique physical properties.
Nanoparticles, with dimensions in the range
from 1 to 100 nm, have a large percentage of their
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atoms at the surface, so surface effects can dominate. Metallic nanoparticles have conduction electrons which cannot effectively delocalize in the
conventional sense because of the small size, so
they exhibit conﬁnement effects in a quasi-zerodimensional structure. Their density of states,
which in a bulk conductor or semiconductor serves
to determine electrical, thermal, and other properties, becomes a series of delta functions, characteristic of a zero-dimensional system. A nanoparticle
of this type is often called a quantum dot.
SMECTIC LIQUID CRYSTAL, smectic
(fr. Gr. σ μηγ μα , soap)
A liquid crystal formed from rod-like mole-

cules, having a one-dimensional layer structure. It
is classiﬁed by the number of molecules in the layers and other factors, using the notation: A, C, B,
D, E, F, G, H, I. Most smectic liquid crystals that
are encountered are types A, B, and C. In types A
and C there is no translational order of molecules
inside the layers, but there is orientational order,
with the long molecular axes parallel to each other.
In smectic A liquid crystals the molecules are perpendicular to the layer planes (see Fig. (a)), and in
the smectic C variety they have some slope in the
direction described by the C director (see Fig. (b)).
Both phases are solid crystals in one dimension
and liquids in the other two directions (compare
with discotics). All this can be explained by the
speciﬁc molecular structure having a rigid main
group and two ﬂexible hydrocarbon end groups.
Liquid layers may slide relative to each other, and
easily adopt curved conﬁgurations, but only those
which maintain constant interlayer spacings.
Smectic B liquid crystals have a special order inside the layers, and there are two types
of them known. The ﬁrst is characterized by the
presence of a two-dimensional crystal lattice in
the layers; this type is essentially a solid threedimensional crystal with large anisotropy of elasticity. The second type of smectic B liquid crystals
called hexadic smectics have no translational order
in the layers, but as a rule have hexagonal order in
bond orientations among molecules. The less commonly investigated smectic liquid crystals D, E,
F, G, H, I resemble by their structure smectics of
the ﬁrst B variety, and are three-dimensional solid
crystal types. Smectic liquid crystals are used as

Structures and symmetry elements of smectics of
types A (a) and C (b).

long-term memory displays for information recording (for several months). Laser light warms some
smectic liquid crystal regions to the isotropic liquid state, and thereby changes the optical display
characteristics. Smectic liquid crystals serve as a
model for biological membranes.
SMOOTHING
See Surface smoothing.
SNELL’S LAW

At an interface of two media with indices of
refraction n1 and n2 Snell’s law for an incident
light beam is n1 sin θ1 = n2 sin θ2 .
SNOEK ATMOSPHERE
Region where doping atoms are regularly dis-

tributed at interstitial octahedral sites in the stress
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of a dislocation ﬁeld in body-centered cubic (BCC)
metals. The Snoek atmosphere of impurity atoms
is brought about by the inequivalence of octahedral interstices arising from the presence of stress,
and this lies along three crystallographic directions for the occupancy by impurity atoms. This
distribution occurs via stress-activated jumps of
these atoms to more favorable near-neighbor interstices, during a time several orders of magnitude shorter than that needed for forming a Cottrell atmosphere. The jump activation enthalpy for
forming a Snoek atmosphere of carbon in α-iron
is nearly 0.5 eV. The break away dislocation stress
on the atmosphere is proportional to the impurity concentration, and independent of temperature. The retardation of moving dislocations by a
Snoek atmosphere is a maximum for the condition
vd = νR, where vd is the dislocation speed, ν is
the jump frequency, and R is the radius of the atmosphere. For α-iron at 293 K we have vd = 20
interatomic distances per second, so the corresponding rate of strain is ≈ 10−6 /s. The blocking
of dislocations by the Snoek atmosphere substantially inﬂuences the value of the lower yield limit,
and the phenomenon of microcreep.
SNOEK–KÖSTER RELAXATION (I. Snoek,
1941; W. Köster, 1954)
Damping of free vibrations in strained metals which contain interstitial impurity atoms (e.g.,
in Fe–C, Fe–N alloys at 473 K and a frequency

1 Hz). The phenomenon was discovered by Snoek
and extensively investigated in iron alloys by
W. Köster et al. in the 1950s. The phenomenon
was also observed in Nb–O, Ta–O, Nb–N, Mo–N
alloys, in hydrogenated α-Fe, Mo, and W. The
following basic facts were determined experimentally:
(1) the process of Snoek–Köster relaxation requires the presence of dislocations and doping
atoms;
(2) the magnitude of the relaxation depends on the
lattice type, impurity type, distribution and nature of dislocations;
(3) the enthalpy of activation of Snoek–Köster relaxation far exceeds the activation enthalpy of
doping impurity diffusion;
(4) the relaxation peak is broad and corresponds
to a range of relaxation times.

The mechanism of Snoek–Köster relaxation is
still a debated topic. One of the popular theories
is the Schoeck model (G. Schoeck, 1963) which
attributes the relaxation to the motion of dislocations together with impurity atom atmospheres.
This model fails to explain the occurrence of
Snoek–Köster relaxation in hydrogenated metals,
and the concentration dependence of relaxation
in other alloys. According to the theory proposed
by Seeger (A. Seeger, 1979), Snoek–Köster relaxation is caused by the generation of double
kinks on screw dislocations (a/2)111, and by
diffusion of impurity atoms in response to the
dislocation motion. This model is in qualitative
agreement with experimentally observed activation enthalpies, but is inconsistent with data on
the concentration dependence of the magnitude
and temperature of the relaxation peak, and the
inﬂuence of the distribution and type of dislocations on Snoek–Köster relaxation. The most
adequate interpretation of the available data is provided by the model which suggests that Snoek–
Köster relaxation results from the motion of geometric kinks across the secondary Peierls relief,
which is accompanied by tubular diffusion of interstitial impurity atoms. Possible practical applications of Snoek–Köster relaxation are the evaluation of relaxation resistance of steels, and the
determination of the diffusion coefﬁcient.
SOAKING

A technical operation of ﬁlling microcavities
and/or pores in a solid by melted metals or alloys that are lower melting than the bulk material itself. The aim of soaking consists mainly in
obtaining dense, poreless materials, or in consolidating different phases in composite materials. Using that operation one may obtain the so-called
soaked materials for various needs (antifriction,
instrumental, construction, electric contact, etc.)
with favorable functional characteristics. In certain cases (e.g., during processing of timber, soaking it with a liquid preservative) such soaking is
called impregnation.
SODIUM, Na

Chemical element of Group I of the periodic
system with atomic number 11 and atomic mass
22.9898; it is an alkali metal. Natural sodium has
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only one isotope 23 Na. It is widely distributed
in the Earth’s crust (2.5%), does not occur in
free form in nature; but forms compounds (NaCl,
Na2 CO3 ), as has been well-known from ancient
times. Outer shell electron conﬁguration is 3s 1 .
Ionization energies are 5.138, 47.29, 71.65 eV.
Atomic radius is 0.189 nm; ionic radius of Na+ is
0.098 nm. Oxidation state is +1, electronegativity
is 1.01.
Sodium is a lustrous silvery-white metal. It has
body-centered cubic lattice; a = 0.4282 nm. Density is 0.9727 g/cm3 ; Tmelting = 371 K, Tboiling =
1156 K. Heat of melting 2.605 kJ/mole; heat of
evaporation is 106.01 kJ/mole. Linear heat expansion coefﬁcient is 7.21·10−5 K−1 (273 to 323 K);
speciﬁc heat 132.72 W·m−1 ·K−1 . Electrical resistivity is 4.288 n·m (at 273 K). Brinell hardness is 0.6867 MPa; Mohs hardness is 0.4. Metallic sodium is plastic, easily cut by a knife, drawn
through dies, but becomes brittle if deeply cooled.
Metallic sodium and its alloys are used as conductors of heat in many technological processes,
and also in nuclear reactors. Sodium vapors are
used in gas-discharge lamps. Modi cation of
aluminum alloys by sodium (up to 0.05%) improves their strength; alloys with lead are used
for the manufacture of bearings. Metallic sodium
is used as a reducing agent during the course of
reﬁnement of niobium, tantalum, titanium, zirconium, and hafnium.
SOFTENING
See Dehardening.
SOFT MAGNETIC MATERIALS, rarely called soft
magnetics
Magnetic materials that do not retain appre-

ciable magnetization after the removal of an applied magnetic ﬁeld, and are easily demagnetized.
Soft magnetic materials have a narrow hysteresis loop with a coercive force, Bc , smaller than
1 mT, low magnetic loss, and high magnetic permeability: both the initial one, μa , and the maximum one, μmax . During the remagnetizing of soft
magnetic materials with a high overall magnetic
anisotropy, domain wall displacement processes
prevail, with magnetization rotation processes in
the magnetization curve being dominant for low
anisotropy. Soft magnetics are subjected to different kinds of heat treatment to obtain the best

magnetic properties. This provides upgrading of
the chemical purity, improvement in the material structure, changes in the long-range and shortrange order of atoms, the crystal grain moderation,
and the formation of a favorable crystalline (see
Texture) and magnetic texture. The material properties may vary over a wide range, depending on
treatment procedures.
Soft magnetic materials are classiﬁed by their
chemical composition and application, and major
classes are:
(1) Pure iron (Armco iron) and low-carbon steels
have a high saturated magnetic ﬂux density,
B s = 2.15 T, and low electric resistivity, ρ =
(10–12)·10−6 ·cm; they are used to manufacture cores in electrical engineering devices
operating under the conditions of quasi-static
magnetic reversal at low frequencies.
(2) Fe–Si alloys with Si content of up to 6.5%
(electrical steels) exhibit their magnetostriction constant, λs , decreasing down to zero,
and ρ increasing up to 80·10−6 ·cm with
increasing Si content. Yet B s falls off to
1.8 T at such an increase, while hardness and
brittleness become higher. With Si contents
below 3.5%, sheets are produced with cold
rolling, whereas hot rolling is used at higher
Si contents. A method has been developed to
manufacture thin sheets of silicon-rich alloys:
quenching right from the melt yields a ﬁnegrain ﬂexible strip. Good magnetic properties
can be obtained by annealing at 1200 ◦ C in
vacuo, but at the cost of embrittlement.
(3) Fe–Al and Fe–Si–Al alloys exhibit high values of ρ∼100·10−6 ·cm, μa and μmax , with
λs varying between 0 and 40·10−6 . These alloys are very responsive to heat treatment,
including a thermomagnetic treatment and a
thermomechanical treatment. Alloys possessing high μ are used for recording heads, and
those with high λs for magnetostrictive transducers.
(4) Alloys based on Fe–Ni (35 to 90% Ni) have
their electric and magnetic properties variable
over wide ranges by alloying them with Mo,
Cr, Cu and Co and by heat treatment: μa and
μmax may reach values of up to 105 and 106
(accordingly, B c changes between 0.002 and
10 G, or between 0.0002 and 1 mT) (see also
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High-permeability magnetic materials). These
alloys are very ductile, so one can roll them as
thin as few micrometers. Alloys based on Fe–
Ni include those with high permeability and
those with a rectangular or slanted hysteresis loop. The latter show a weak μ(B) dependence (see Perminvar), and are used in radio
engineering, instrument making, automation,
etc.
(5) Alloys based on Fe–Co are marked for their
enhanced values of B s = 2.4 T and T C (the
Curie point) of up to 980 ◦ C; they are used for
transformer cores with a high magnetic ux
density and reduced mass operable at elevated
temperatures. The alloy of 49% Co, 2% V,
the remainder Fe (permendur) possesses λs =
70·10−6 ; it is employed for magnetostrictive
transducer cores (see Magnetostriction).

Also classiﬁed among soft magnetic materials
are some ferrites, thermomagnetic materials, magnetostrictive materials, alloys with high corrosion
resistance, and metallic glasses (amorphous ferromagnets).
SOFT MODE
Mode of collective excitations (quasi-particles)

with a frequency that tends to zero at the instability point of a given phase of the material, most often at the point of a second-order phase transition.
In the latter case, the soft mode describes oscillations of the order parameter, and the phase transition may be represented as a soft mode condensation. In this case the soft mode frequency ω0 follows the Cochran relationship (W. Cochran, 1960)
ω0 ∝ (T − Tc )1/2 , where T is an external parameter, ordinarily the temperature, and T c is the value
of this parameter at the phase transition point,
e.g., at the Curie point. One may also observe soft
modes in the cases of rst-order phase transitions,
which are close to second-order ones. In this case,
the soft mode frequency, while failing to vanish,
becomes abnormally small at the transition point.
For structural phase transitions, the soft mode is
one of the optical phonon modes; in particular,
for displacive transitions in ferroelectrics, the soft
mode is a transverse mode of optical phonons,
and describes oscillations of electric polarization.
For magnetic phase transitions between commensurate phases, the soft mode frequency becomes

zero at the center of the Brillouin zone. For transitions involving enlargement of the unit cell (e.g.,
for certain antiferroelectric materials and antiferromagnets), one may observe a zero value of the soft
mode frequency at the boundary of the Brillouin
zone. For transitions to incommensurate phases,
e.g., to modulated magnetic structures, the soft
mode frequency may vanish at arbitrary points of
the Brillouin zone.
SOL (fr. Germ. sol, colloid solution)

A colloidal system where the solid particles of
the dispersed phase (micelles) are small enough
to pass through ﬁlter membranes, and undergo
Brownian motion in the liquid dispersing medium.
We can distinguish liquid lyosols and gaseous
aerosols. Micelles, which range in size from 10−7
to 10−9 m, consist of a nucleus and an adsorptionsolvate shell which includes a double layer at the
surface. Sol stability is determined to a large extent by the structure of the electric double layer, especially by its thickness, which in turn depends on
the ionic force of the dispersing medium. Sols are
divided into lyophilic (stable systems) and lyophobic, with the latter often characterized by thermodynamic instability, aging with time, coagulation,
and structure formation processes. One principal
feature which distinguishes a sol from a true solution is its capability of opalescence. Sols with a
disperse phase (see Disperse structure) that consists of conducting particles (metal sols) are intensely colored, with the color determined by the
particle size. Metal sols are used to manufacture
dyed glasses, e.g., ruby glass is a colloidal solution of gold.
SOLAR CELL

A semiconductor device which brings about
photovoltaic conversion of sunlight. The solar cell
depends for its action on the photoconductive effect (see Photoeffect), which is responsible for the
generation of free current carriers in bands under illumination. The separation of electrons and
holes in space, which induces an electromotive
force, is achieved through the action of the electric ﬁeld, which exists in a homogeneous semiconductor junction, in a heterojunction, or in surface
barrier structures based on a metal–semiconductor
junction or a metal–insulator–semiconductor structure. The losses of solar thermal power conversion
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are due to the following factors: (1) photons of energy less than the band gap pass through the junction; (2) surplus energy due to photon absorption
of energy which exceeds the gap width is converted to heat; (3) the reﬂection of photons from
the solar cell surface; (4) recombination of charge
carriers in the bulk semiconductor, in the space
charge region, and at interfaces. The maximal efﬁciency, which is 27.5% for a single-transition solar cell, may be attained using a semiconductor
with the band gap width 1.5 eV. Materials with a
gap width ranging from 1 to 2 eV, such as Si, αSi:H, GaAs, InP, CdTe, CuInSe2 , are considered
promising materials for the construction of solar
cells. The material most often used for this purpose is Si; the efﬁciency of silicon cells reaches
20%. The GaAs solar cell is 21–22% efﬁcient. Of
wide application are thin- lm solar cells in amorphous Si, with an efﬁciency in excess of 11%.
A further increase in efﬁciency may be
achieved through application of cascade solar
cells, which consist of a series of semiconductor
materials with different band gap widths arranged
one above another in such a way that the band gap
width decreases away from the illuminated surface. Solar cells are used as independent energy
sources both on Earth and in space.
SOLAR CELL, THIN FILM
See Thin- lm solar cells.
SOLDER

A substance or alloy used to ﬁll the gap between joined surfaces in order to obtain a monolithic soldering seam. Solders feature lower melting temperatures than the joined metals. One may
distinguish between soft solders with melting temperatures up to 400 ◦ C (such are the Pb-, Sn-,
Cd-, Bi-based alloys), and hard solders with melting temperatures above 550 ◦ C. The latter typically display greater strength. Hard solders are
based on Cu, Ag, Ni, Zn.
SOLID
A state of matter characterized by the stability

of shape and the nature of the thermal motion of
atoms which perform small vibrations about their
equilibrium positions (see Thermal displacements
of atoms). There exist crystalline and amorphous

solids. Crystals are characterized by the regularity of the spatial arrangement of the equilibrium
positions of atoms at the sites of the crystal lattice. In amorphous solids the atoms vibrate about
more randomly distributed points. Particular types
of solids are quasi-crystals and gaseous crystals
(see Gaseous crystalline state). The stable state
of a solid (corresponding to minimum internal energy) is a crystalline state. From the thermodynamic viewpoint, an amorphous solid (see Amorphous state) is in a metastable state, and must
eventually crystallize in the course of time (see
Crystallization). All substances in nature (except
for helium) solidify at atmospheric pressure and
temperatures T > 0 K.
Studies of properties of solids are part of the
ﬁeld of condensed matter physics whose development is stimulated by the needs of technology.
Solid state physics has been a source of new materials; and many new physical concepts that ﬁrst
appeared in solid state physics have inﬂuenced
and contributed to the progress of high-energy
physics, nuclear physics, astrophysics, biophysics,
and other branches of science.
The properties of solids can be explained in
terms of their atomic-molecular structure and the
laws of motion of their atoms (atoms, ions, molecules) and subatomic particles.
Atoms in a solid. Interatomic bonds. Atoms,
molecules and ions serve as structural units of
solids. The crystal structure of a solid depends
on the forces acting between the atoms. The
same atoms can form diverse structures, e.g., gray
and white tin, graphite and diamond, and so on
(see Polymorphism). By changing interatomic distances with the help of external pressure, it is possible to change the crystal structure and properties
of solids. A great number of various crystalline
modiﬁcations were found to form under high pressures. Under extreme pressures when the volume
per atom becomes smaller than an ordinary atomic
size the atoms lose their individuality, and the matter transforms into a compressed electron–nuclear
plasma. The study of such a condition of matter
is of importance, in particular, in order to gain
insight into the structure of stars. Alterations of
the structure and properties of solids (phase transitions) can also take place at particular temperatures, brought abut by the action of magnetic elds
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and other external actions (see Phase transitions in
an external eld, Phase transitions under pressure,
Phase transitions in a radiation eld).
Solids are divided into ﬁve types, each characterized by its spatial electron distribution: (1) ionic
crystals (NaCl, KCl, etc.); (2) covalent crystals
(diamond, Ge, Si); (3) metals (Cu, Ag, Pt); (4) molecular crystals (N2 , O2 , Ne, Ar, etc.); (5) hydrogen
bonded crystals (ice). Although the forces acting
between atomic particles in solids are quite diverse, their fundamental origin is electrostatic attraction and repulsion. The formation of a stable
solid from atoms and molecules demonstrates that
at a distance of ∼10−8 cm the attraction forces
are counterbalanced by repulsion forces (the latter are quantum-mechanical in nature, and decay
rapidly with distance). The melting temperature
Tmelting of solids of different types is different: for hydrogen Tmelting = −259.1 ◦ C; for tungsten Tmelting = 3410 ◦ C; for graphite Tmelting =
4000 ◦ C. Helium remains liquid down to absolute
zero at atmospheric pressure.
Mechanical properties of solids are determined
by the bonding forces acting between its structural elements and particles. The diversity of these
forces leads to a variety of mechanical properties: some solids are plastic and others are brittle
(see Alloy brittleness). As a rule metals are more
plastic than insulators. Plasticity usually grows
with an increase in temperature. Under light loading all solids exhibit elastic strain. The crystal
strength does not reﬂect the power of the interatomic bonds. The low strength observed in real
crystals is explained by the presence of macroscopic defects and dislocations. Under appreciable mechanical load, the crystal reaction depends
on the presence or the absence of dislocations.
In most cases these determine the plasticity of a
solid. The mechanical properties of solids depend
on their pretreatment which introduces or removes
defects. Diffusion in solids depends substantially
on the presence of point defects (vacancies and interstitial atoms).
Crystal lattice dynamics. The vibrational motion of atoms and ions in solids persists up to
the melting temperature Tmelting . Even at T =
Tmelting , the mean amplitude of the atomic vibrations is much smaller than interatomic distances,
and the melting is due to that fact that the thermodynamic potential of the liquid at T = Tmelting is

less than the thermodynamic potential of the solid.
The quantization of atomic vibrational motion involves the concept of a phonon, and the description of the thermal properties of solids in terms of
a quasi-particle (phonon) gas. See also Crystal lattice dynamics.
Electrons in solids. The quantum-mechanical
description the motion of electrons in a crystallattice periodic ﬁeld provided an explanation of
the motion of electrons in a crystal, and stimulated the creation of the band theory that is the
basis of the modern electronic theory of the solid
state. In terms of the band structure picture of the
ﬁlling the electron bands by electrons, solids are
naturally divided in metals (conductors), insulators (dielectrics), semiconductors and semimetals.
The presence of defects and impurities in a crystal results in the formation of additional (impurity)
energy levels (see Donor, Acceptor, Color centers,
Local electronic levels, etc.). It seems that there are
no strictly forbidden energy bands (see Band gap)
in amorphous solids, however, there are quasiband gaps (see Pseudogap) where the density of
states is considerably less than in allowed bands.
The existence of an analogue of band structure
in amorphous solids justiﬁes their division into
metals, insulators, and semiconductors. Modern
ideas about electron motion, their interaction with
phonons, each other, and defects provide an explanation of the thermodynamic, kinetic, and highfrequency properties of solids of various types. In
particular, the nature of superconductivity has been
clariﬁed.
Magnetic properties. At sufﬁciently high temperatures all solids are diamagnetic or paramagnetic. Diamagnetism is a common feature of all
atomic systems. The conduction electrons (in metals and semiconductors) also contribute to the diamagnetic susceptibility (see De Haas–van Alphen
effect) owing to their quantized motion in the
plane normal to a magnetic ﬁeld. Paramagnetism
is a consequence of the orientation of magnetic
moments of atomic and subatomic particles by a
magnetic ﬁeld. The splitting of energy levels in
a magnetic ﬁeld produces electron paramagnetic
resonance (EPR). The structure of magnetic levels is highly sensitive to the environment of a particle. Therefore, EPR can be a source of information about the arrangement of atoms in a crystalline unit cell, chemical bonds, defects, and so
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on. By decreasing the temperature, at TC (i.e. at
the Curie point) some paramagnets (insulators and
transition metals) pass to either a ferromagnetic or
antiferromagnetic state (see Ferromagnetism, Antiferromagnetism) for which an ordered orientation
of atomic magnetic moments is speciﬁc in the absence of an external magnetic ﬁeld. Non-transition
metals, as a rule, remain paramagnets or diamagnets down to the absolute zero.
The role of atomic nuclei is not restricted to
the fact that they are the principal contributors to
the mass of a solid. A quantum quenching of most
motions in a solid can bring to light the contribution of nuclear magnetism (if nuclei possess magnetic moments). Nuclear magnetic levels manifest
themselves in the resonance absorption of electromagnetic energy (see Nuclear magnetic resonance). NMR is one of the methods used in studies
of solids since the structure of nuclear magnetic
levels depends substantially on the local surroundings of the nuclei, and in particular on the properties of their atomic electron shells. Many nuclear
processes in solids acquire some speciﬁc features
that allow one to use them for studying the properties of solids. For example, studies of electron–
positron annihilation (Positron spectroscopy) provide information on the properties of the electron system in solids; the resonance absorption of
γ -quanta (see Gamma ray) by nuclei provide information on the local intracrystalline ﬁelds (see
Mössbauer effect), and many other ﬁne details of
the solid state.
Interaction of fast charged particles with solids.
The regular arrangement of atoms inﬂuences the
energy transfer from an incoming fast particle to
atoms of a solid. On the one hand, there is a strong
dependence of the mean free path of the fast particle on the direction of its motion with respect to
the crystallographic axes (see Channeling). On the
other hand, the irradiation of a solid by fast particles and photons affects the properties of the solid
(see Radiation physics of solids).
Role of the surface. Each solid possesses a surface by means of which the body comes in contact with the environment. The surface of a solid
plays the determinative role in such phenomena
as catalysis, corrosion, crystal growth (see Crystallization), and so on. See Solid surface.

SOLID EFFECT

One of the methods effective for obtaining
dynamic nuclear polarization. If there are paramagnetic centers in a solid and the nuclei of the
matrix possess magnetic moments, then the polar-

ization of nuclei, which are close to paramagnetic
centers, may be achieved through the intermediary
of the electron–nuclear magnetic dipole interaction
with the microwave saturation of a ﬂip-ﬂip transition ( M = m = ±1) and a ﬂip-ﬂop transition
( M = ±1, m ∓ 1), which are not completely
forbidden in this case. Here M, m are respectively
the projections of the electronic (S = 1/2) and nuclear (I = 1/2) spins. This produces the nuclear
polarization P1 = ±gβB/(2kB T ) (the sign depends on which transition is saturated), which exceeds the thermodynamic equilibrium nuclear polarization P10 = gn βn B/(2kB T ), where β/βn =
1836, so the overall factor gβ/(gn βn ) ∼ 103 (β is
the Bohr magneton, βn is the nuclear magneton,
g and gn are, respectively, the electronic and nuclear g-factors). This does not take into account a
correction for the “leakage factor” of the nuclear
polarization. The polarization subsequently propagates into the bulk of the crystal by nuclear spin
diffusion. Activation of this mechanism of nuclear
polarization allows one to create highly polarized
nuclear targets (usually proton-containing) for elementary particle scattering experiments; there is
no need for the extreme conditions (very low temperatures, strong magnetic ﬁelds), necessary for
static methods, such as the “brute force” approach
(see Nuclear orientation).
SOLID ELECTROLYTES, superionic conductors
Crystalline or amorphous materials whose ionic
conductivity σ is comparable with σ of electrolytic
melts, and is characterized by a low activation
energy (∼0.1 eV). An example of a classical
solid electrolyte is the ionic crystal AgI which at
420 K passes from a low-temperature beta phase

with σ  10−4 (·cm)−1 to a high-temperature
superionic alpha phase with σ  1 (·cm)−1 .
Solid electrolytes are divided into cationic (e.g.,
Ag+ ions move in AgI and RbAg4 I5 , and protons in CsHSO4 ) and anionic (e.g., PbF2 where
F− -based high conductivity is reached without
a clear transition). In some solid electrolytes
σ is highly anisotropic, it is bidimensional in
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β-alumina, unidimensional in β-eucryptite, and so
on. Many solid electrolytes such as α-AgI are, in
fact, purely ionic conductors, although there exist
solid electrolytes with a noticeable electron contribution to σ (e.g., α-Ag2 S). Superionic glasses
(Ag–Ag2 O–B2 O3 , and so on) are also known.
The superionic conduction is a consequence of
the “melting” of one of the sublattices of the
solid electrolyte. Thus, in α-AgI, I− ions are situated in the framework in the form of a bodycentered cubic lattice while two ions Ag+ in
every unit cell are distributed statistically over
42 crystallographic positions [so-called Strock
model (L.W. Strock, 1934)] and can easily migrate
through channels that pass over saddle points of
the crystal potential. The analytical description of
solid electrolytes is grounded on the idea of movable defects with various ways of specifying their
interaction through the following models: the hydrodynamic model, the model of a lattice gas, versions of the Debye–Hückel theory, etc. Solid electrolytes are used for making electrochemical current sources, capacitors of high capacity, chemical
transducers, and so on.
SOLIDIFICATION

Transition of a substance from a liquid to a
crystalline solid (or amorphous) state. The transformation of the liquid phase to a crystalline one
is accompanied by the release of the latent heat of
crystallization, and is characterized by two stages,
the formation of the crystal nucleating centers followed by their growth. With increasing supercooling T or supersaturation C of the melt (T is
temperature, C is solute concentration), which is
the motive force of the process, both the rate of
nucleating center formation J and their growth
rate v increase. The crystal growth rate becomes
noticeable at T ≈ 0.1 K. Meanwhile, the formation of the crystal nucleating centers requires
large (so-called threshold) values of supercooling,
∼10–102 K, depending on the purity and nature
of the material, the presence of solid particle impurities, their catalytic activity, etc. Upon deep supercooling of the melt, both parameters J and v
become small, which is related to intense reduction of the mobility of molecules and, accordingly, to the increase of the melt viscosity. As a

result, neither the formation of new crystal nucleating centers, nor their growth, are possible. Under such conditions of suppression of the crystallization processes, the liquid passes to a solid
amorphous state, which corresponds, in its structure, to a quenched liquid with short-range but
not long-range order (see Long-range and shortrange order). Cooling rates that preclude nucleation processes can bring about transitions from
the liquid state to an amorphous one. These cooling rates depend on the degree of purity, and on
the nature of the material. Thus, for the materials
with long-chain molecules (salol, etc.) having high
viscosities, the transition to the amorphous state
occurs at slow cooling rates 1–10 K/s; whereas
in the case of metals with low viscosity of the
melt, much faster cooling rates are needed, 107 –
108 K/s. The reverse transition requires the same
heating rates.
SOLID-PHASE POLYMERIZATION

Polymerization of monomers in the crystalline
(or vitreous) state. The ﬁxed mutual arrangement
of monomer molecules in a crystal results in certain kinetic and structural characteristics of solidphase polymerization which distinguish it from
other polymerization processes.
As a rule, solid-phase polymerization is initiated by radiation (γ -rays, X-rays, fast electrons).
The measure of performance of solid-phase polymerization depends signiﬁcantly on the ratio between the parameters of the crystal lattice of the
solid monomers and those in the related polymer chain. If the formation of macromolecules requires substantial displacements of the monomer
molecules from their equilibrium positions in lattice sites, then the polymer phase is formed as
localized domains with the orientation of macromolecules uncorrelated with the orientation of any
monomer crystal axis. In some cases this results in
the termination of the polymerization long before
the completion of the conversion of monomers
(e.g., this occurs at low-temperature polymerization of polyacrylonitrile). However, if the formation of polymer phase domains is accompanied
with an increase of the number of defects involved
in the new onset of nucleation then the process
of solid-phase polymerization may exhibit autoacceleration with an increase of the conversion
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depth (e.g., solid-phase polymerization of acrylamide). The rate of solid-phase polymerization of
this type grows with the increase in temperature,
and rises sharply in the vicinity of phase transition
points.
Another situation emerges in those cases when
only a comparatively small change of their positions in crystal lattice sites is needed for the linkage of monomers by chemical bonds. The macromolecules formed as a result of the solid-phase
polymerization are oriented along a certain axis
of the original crystal along which the mutual
arrangement of monomers is optimal for the formation of chemical bonds between them (topotactic process). The rate of the of the polymerization
process grows when approaching the melting temperature, and then drops in the close vicinity of the
melting point where the phenomena of monomer
crystal disordering becomes substantial.
At sufﬁciently low temperatures, the electronic
mechanism of chain growth of solid-phase polymerization can be stimulated by tunnel effects in
spite of the thermal activation; and this leads to a
diversity of the features of low-temperature polymerization.
SOLID-SOLUTION HARDENING

An increase of the strength of steels and alloys as a result of alloying (without the formation
of new phases) which arises from an increase of
the internal friction forces during dislocation motion in crystals, and the blocking of dislocations by
atmospheres of impurity atoms. There exist three
kinds of solid-solution hardening induced by the
interaction of dislocations with the atoms of dissolved elements: (1) the dislocations are immovable, the atoms of dissolved elements are movable,
and this results in friction resistance; (2) the dislocations are movable, the atoms of dissolved elements are immovable, and this results in blocking
the dislocations by impurities with the formation
of impurity “atmospheres”; (3) the dislocations
and the atoms of dissolved elements both move;
and this results in the phenomenon of dynamic
strain aging.
The friction resistance caused by the atoms
of dissolved elements (substitutional alloy), τim =
ZGε3/2 c1/2 where Z = 1/760, G is the shear
modulus, ε is the misﬁt parameter resulting from

both the mismatch of the crystal lattice parameters between the dissolved elements and the host,
and the mismatch of their elastic moduli; c is the
concentration of atoms of dissolved elements. The
elastic interaction energy of dislocations with doping atoms is higher than that with substitutional
atoms; the atmospheres formed by atoms of carbon and nitrogen can effectively block the dislocations in steels and alloys with a body-centered
cubic lattice. The atmospheres due to chemical
interactions of impurity atoms with the stacking
faults of split dislocations (Suzuki atmospheres),
which are speciﬁc for solid solutions with a facecentered cubic lattice, are more thermally resistant
then the elastic Cottrell atmospheres. The formation of a solid solution can result not only in an increase of the strain resistance at low temperatures
(T  (0.2–0.25)Tmelting ), but also in an increase
of the high-temperature strength of alloys.
SOLID SOLUTION, IDEAL
See Ideal solid solution.
SOLID SOLUTIONS

Homogeneous crystalline materials which consist of two (or more) components that preserve
their homogeneity under a changing concentration ratio of the components. There are solid solutions of substitution, interstitial intrusion, and
subtraction types. In substitutional solid solutions
the atoms of dissolved components occupy solvent
site positions in the crystal lattice. The alloys of
copper with nickel, copper with silver, of tungsten
with rhenium, etc., serve as samples of substitutional solid solutions. If the components substitute
for each other in all possible proportions, a continuous series of solid solutions results. The solid solutions are called limited if their range of existence
in a phase diagram is restricted to a certain region
adjacent to pure components. In interstitial solid
solutions the atoms of dissolved components are at
interstices in the solvent lattice. Ordinarily in this
case the atomic sizes of components differ signiﬁcantly one from another. As a rule, such solutions
are formed by H, B, C, N, and O. Silicon (atomic
diameter 0.235 nm) forms substitutional solid solutions in metals with atomic size ≈ 0.25 nm,
while in niobium (atomic diameter 0.285 nm) it
forms an interstitial solid solution. Atoms of components of solid solutions can be either randomly
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distributed over the lattice sites (interstices), or
partially or completely ordered with a regular
arrangement of atoms of different kinds relative
to each other. A fully ordered lattice forms only
at certain (stoichiometric) concentration ratios of
components. Subtraction solid solutions can exist
in ordered solutions of non-stoichiometric composition. For example, in the case of an excess of aluminum atoms in solid solution based on the compound CoAl (CsCl-type structure), these atoms
occupy sites in the Al sublattice with resulting unoccupied sites in the Co sublattice. Ordered solid
solutions can exist if atoms of different components interact more strongly than identical atoms.
As the temperature rises, the degree of the longrange order (see Long-range and short-range order) decreases, and the order parameter goes to
zero at a certain critical temperature. Solid solutions in equilibrium contain point defects (vacancies and interstitial atoms) which lower the crystal
free energy. There are rules concerning solid state
solubility limits (see Hume-Rothery rules). One of
the rules points out that if the difference in atomic
sizes of components exceeds 14–15%, the solubility would be limited. If the difference in sizes is
less than 15% then the solubility is determined by
other factors, such as the alloy electron concentration, and the chemical afﬁnity of components.
The homogeneity of solid solutions is violated by
concentration nonuniformities (clusters and segregations of the same atoms) which form when
the interaction between identical atoms is stronger
than that between different ones. In this case, the
temperature decrease often leads to the decomposition of the solid solution (see Alloy decomposition) with the appearance of new phases. If one
rapidly cools (quenches) a solution from a temperature where it is thermodynamically stable (region
of homogeneous solid solutions in the phase diagram of the related alloy) down to a temperature
at which the rate of diffusion processes is insignificant, then it is possible to obtain a supersaturated
solid solution. The heating of a supersaturated
solid solution accelerates its decomposition. At
early stages of decomposition clusters of impurity
atoms are formed (called Guinier–Preston zones
in solid solutions based on Al), while at ﬁnal decomposition stages particles of phases in excess
are precipitated and isolated. These processes are

known as decomposition of supersaturated solid
solutions (an engineering term is alloy aging), and
they can be utilized for improving the metal material properties.
SOLID STATE CHEMISTRY

Branch of chemistry concerned with the chemical properties and composition of solids, general rules and speciﬁc features of chemical and
other reactions in solids, as well as methods of
synthesis, and practical applications of various
solids. This ﬁeld began with studies of chemical bonds and crystal structure. After the discovery of defects in crystals, the determination
of the role played by these defects in chemical
reactions, and the effects of diffusion and other
processes, a new trend in solid state chemistry appeared: the chemistry of imperfect crystals. This
discipline studies the structure of defects, interactions of defects with one another and with the
crystal lattice, participation of defects in chemical
and physicochemical transformations. An important part of solid state chemistry is the thermodynamics of the solid state, which includes processes
of phase transitions and heterogeneous equilibria. Solid state chemistry also investigates chemical reactions in solids, the characteristics of which
are strongly inﬂuenced by the high degree of order of the lattice structure, the presence of various
types of crystal lattice defects (including solid surface defects), phase interfaces between initial substances and products, and the slow rate of transport processes in solids. A distinguishing feature
of solid state reactions is the nonstationary nature
of these processes, which is due to the heterogeneity of systems which undergo transformations: disappearance of phases of initial substances, formation of phases of products, generation of a number
of intermediate phases. The procedures of melting
and crystallization, diffusion, adsorption and desorption have signiﬁcant effects on the rates of solid
state reactions, and determine the dispersity and
structure of the reaction products. Reactions in
solids begin at particular sites on the surface or
in the bulk of the crystal (so-called reaction centers). If only particular centers localized at a surface separating the phases of a solid reagent and
a product are capable of initiating a reaction, then

SOLID-STATE MEMORY 1237

the process is called a topochemical type. Typical topochemical reactions are: reduction of metals from ores, roasting, and alkali treatments.
SOLID-STATE LASER

Generator of coherent radiation in the optical range using an activated crystal, glass, or a
semiconductor to serve as the active medium (see
Semiconductor laser). Among the more widely
used solid-state lasers are the ruby (Cr doped
Al2 O3 ), yttrium–aluminum garnet (YAG), and
neodymium glass systems. The ﬁrst one operates
as a three-level system, while the latter two employ four energy levels. The pumping systems
are optical. Gas discharge sources operating in either the pulse or the continuous wave (CW) mode
induce electronic transitions that transform active centers into excited states, and these centers
quickly relax to a metastable state. Then, due to
feedback, these same centers in the three level system return to the ground state in a forced mode by
emitting coherent monochromatic radiation. Feedback is provided by two mirrors, one of them semitransparent, and the other totally reﬂects the generated radiation. These mirrors form a resonator of
the Fabry–Perot interferometer type with the active
material placed within it. In systems operating in
a four-level mode, the quantum radiation transition does not take place to the ground state, but
rather to a higher energy level that is depleted of
electrons. Therefore, the energy threshold is much
lower for producing an inverted population of active centers whose concentration at the upper operating level exceeds that at the lower one (see Level
population). Such solid-state lasers may operate
in a continuous mode even at room temperature,
while three-level systems require cooling of their
active media.
Besides the active media mentioned above, numerous dielectric crystals are used for this purpose, and among them are oxides of rare and
alkaline earth elements (niobates, molybdates,
tungstates, etc.), some of which are simple and
others quite complex in their chemical composition and crystal structure. Rare-earth elements are
more often used as activators, and all such systems
function via electronic transitions. Color center
lasers have been developed utilizing alkali-halide

−
crystals with color centers (F+
2 , F2 , FA , FB , etc.)
and molecular ions. Lasers of the ﬁrst group also
operate using electronic transitions between energy levels of their color centers, while those of
the second group employ vibrational transitions of
an impurity ion such as CN− . Depending on the
parameters of the active center, solid-state lasers
emit coherent beams within the wavelength range
0.88–3 μm, or lower.
In contrast to solid-state lasers that use dielectric crystals and glasses, with active bodies tens of
centimeters long, semiconductor lasers are much
smaller-scale systems. The utmost achievement
in semiconductor laser technology is the generation at superlattices (quantum wells) that consist
of alternating thin lms of semiconductor materials (each about tens of nanometers thick) with
broader or narrower band gaps. Typically they
having higher quantum yields, consume very little energy, have a lower generation threshold, and
are easily controlled.
Emissions produced by modern semiconductor lasers cover ranges across the optical spectrum
from the UV to several microns into the IR. The
materials most effective for use in semiconductor solid-state lasers are compounds of the compositions A3 B5 , A2 B6 , A4 B6 , and mixed crystals
grown on their bases (see Semiconductor materials).

SOLID-STATE MEMORY

Crystalline and ﬁlm devices for data storage in
computers. The physical principles of solid-state
memory elements can be classiﬁed in the following fashion:
(1) rapid reversible electronic processes in semiconductors, cryoelectronic, and perhaps in the
future molecular-electronic and molecularoptical apparatus and devices designed for a
computer main memory;
(2) electron transitions between shallow levels
and deep levels in semiconductors, mainly,
in metal–insulator–semiconductor structures
with a double-layer insulator designed for
nonvolatile alterable memory units with an
electronic information recording and an electronic or optical (UV) erasable memory;
(3) controlled transport of magnetic domains or
magnetic domain walls (including magnetic
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(5)
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SOLID-STATE PLASMA

bubble domains) in nonvolatile semipermanent ready-access memory units;
magnetic domains with immovable (with respect to carrier) boundaries at movable carriers such as magnetic disks, tapes, and magnetic drums, i.e. auxiliary computer storage;
magnetooptical systems (see Magnetooptical
effects) with laser recording and reading of information: optical storage disks for auxiliary
high-capacity (to 1010 bit/cm2 ) storage with
reloading (see Optical recording media);
optical single-recording systems using irreversible media;
optical systems without reloading: the physical principle of recording (the same as in
item (6)) is the formation of microrelief or an
irregular pattern at the disk surface.

The above classiﬁcation is not exhaustive. Any
nonlinear electromagnetic phenomenon in solids
can serve, in principle, as a basis for designing
main-memory devices. Any electromagnetic phenomenon that leads to the formation of long lived
states (10−6 –109 s) can be a basis for permanent
or semipermanent memory units. Therefore, almost all known phenomena in solids have been
proposed for this purpose. However, very few of
the proposed memory devices satisfy the necessary requirements in the areas of technology, reliability, and energy saving. In the sequence of items
(1)–(7) the memory capacity grows with decreasing operating speed. An absolute limit of a solid
storage unit is about 1011 bit in the case of surface
recording, and 1016 bit for volume recording. The
limiting speed (switching time) of a solid memory device is 10−12 s. The storage capacity 1011
bit has now been achieved in optical laser storage units, and 1016 bit is available in experimental
tests of cryoelectronic (see Microelectronics) and
semiconductor devices. The actual limiting rate of
solid-state memory in computers is equivalent to
(1–2)·10−11 s.
SOLID-STATE PLASMA

A subsystem consisting of mobile current carriers of both signs (electrons and holes). A neutral equilibrium plasma (in which the concentrations of electrons and holes are equal) occurs
in semiconductors of very high purity at a high

enough temperature, in semimetals, and in a number of metals (e.g., in tungsten, molybdenum, etc.).
A neutral nonequilibrium plasma may be produced in a solid by application of double injection,
impact ionization, exposure to light. Examples of
a charged plasma (i.e. a plasma having unequal
concentrations of electrons and holes) are a metal
electron plasma, and an electron or hole plasma
of semiconductors having donor or acceptor centers. The crystal including the charged plasma subsystem is electrically neutral, for the ion matrix of
the crystal lattice (in metals) or charged defects (in
semiconductors) compensates the plasma charge.
A monopolar plasma, which consists of carriers of like sign, may in its turn include groups of
carriers having different mobilities. This speciﬁc
feature of plasma is due to the many-valley structure (see Many-valley semiconductors) of the conduction band (or the overlapping of hole subbands)
in a number of semiconductors and to the complicated shape of the Fermi surface in the case of metals. The concentration of current carriers ranges
from 1022 –1023 cm−3 in metals and down close
to zero in semiconductors. Therefore, the plasma
in metals is always degenerate and is described using Fermi–Dirac statistics. In a number of semiconductors, the degeneracy occurs at low enough
temperatures even at a concentration of current
carriers n ∼ 1014 cm−3 because of the small effective mass of the current carriers m∗ (m∗e /m ≈
0.01 in InSb and alloys of the types of Bi1−x Sbx ,
where m is the free electron mass).
A characteristic solid-state plasma property
is the occurrence of collective excitations called
plasma oscillations (or Langmuir oscillations) with
the frequency given by (using CGS units)


4πne2 1/2
ωp =
,
εL m∗
where εL is the dielectric constant of the lattice.
In metals, the energy of plasmons ωp ≈
10 eV (m∗ = m, ε = 1) and the excitation of
plasma oscillations is observed in experiments on
the passage of electrons through thin foil sheets (in
this process, electrons lose energy in quantized increments ωp ). Semiconductors exhibit a smaller
value of n and hence a smaller plasmon energy:
ωp ≈ 0.01 eV; quanta of this energy manifest
themselves in the process of Raman scattering of
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light. At the boundary between the solid and the

vacuum, the surface Langmuir waves of√frequencies ωn = ωp /(1 + εL )1/2 (ωn = ωp / 2 in the
case of metals) may travel in the plasma. These
oscillations are also observed in the spectrum of
electron beam losses. The plasma frequency ωp
determines the boundary between the regions of
transparency and of specular reﬂection when light
is incident on the metal surface: the metallic ﬁlm
is transparent to light at ω > ωp and reﬂects the
light at ω < ωp . It is due to this fact that metals exhibit their characteristic lustrous appearance
for frequencies of the visible band that are lower
than the metal plasma frequency. The plasmons
are clearly deﬁned (i.e. decay only slightly) as elν coll , where ν coll
ementary excitations for ωp
is the frequency of collisions of electrons (holes)
with the lattice, and for wave numbers k  ωp /v,
where v is either the thermal or the Fermi electron
velocity (the latter restriction stems from the fact
that strong Landau damping occurs at k ≈ ωp /v).
In the presence of a strong magnetic ﬁeld, helical waves can travel in a monopolar plasma. These
waves are electromagnetic oscillations referred to
as helicons (O. Konstantinov, V. Perel, 1960). If
the wave propagates along the external magnetic
ﬁeld H0 , then the plasma electrons, which are
drifting at the rate v = −icE/H0 under the action
of the electric ﬁeld of the wave E = −iωH /(ck),
produce the Hall current j = env, which sustains
the alternating magnetic ﬁeld H :
−kH =

4π enω
4π
H.
j =−
c
c kH0

Hence follows the dispersion relation for helicons:
ω = [cH0 /(4πen)]k 2 , where c is the speed of
light. The helicon frequency may range from 10 Hz
in metals (because of the high values of n) to
1011 Hz in semiconductors. The ratio between the
damping factor γ and frequency ω for these waves
is γ /ω ≈ (Ω/νcoll )−1 , where Ω = eH0 /(m∗ c) is
the cyclotron frequency, and they decay slightly at
Ω ν coll (even if ω  ν coll ). Figuratively speaking, the discovery of helicons “removed the skindepth coating from metals”: until helicons were
discovered, it was believed that waves are unable to propagate in metals because of the skineffect. Measuring the frequency and attenuation
of helicons allows determining the concentration

of plasma particles, the collision frequency, and
the effective mass of current carriers. Helicons are
used in metals for the reconstruction of the shape
of the Fermi surface by application of the Dopplershifted cyclotron resonance. As a result of the
Doppler effect, the current carriers are affected by
the helicon wave at the frequency ω + kv < kvF ,
where vF is the Fermi velocity. While decreasing
the magnetic ﬁeld, the onset of the cyclotron absorption of helicons starts as the condition kvF =
Ω is satisﬁed. Having determined the critical values of the magnetic ﬁeld, below which strong ab2/3
sorption starts (Hcritical ∝ ω1/3 vF ), one is enabled to evaluate the Fermi velocity at different
orientations of the magnetic ﬁeld with a high degree of accuracy. The conduction becomes substantially nonlocal in the neighborhood of the indicated resonance, which brings about a strong spatial dispersion of the plasma dielectric constant
(see Spatial dielectric dispersion), and the occurrence of new solutions of the dispersion equation,
which are referred to as dopplerons (waves characteristic of a highly degenerate metal plasma).
Unlike helicons, dopplerons may propagate also
in the neutral plasma of metals, for the nonlocal
conductivity is different for electrons and holes in
the neighborhood of the resonance region (the Hall
current differs from zero).
Metals placed in a strong magnetic ﬁeld also
exhibit other types of resonance absorption of
waves by electrons: paramagnetic resonance (spin
resonance) and Azbel–Kaner cyclotron resonance.
Spin waves and cyclotron waves are initiated in
the neighborhood of regions of these resonances.
There exist branches of spin (in nonmagnetic metals) and cyclotron waves, which are due to the
Fermi liquid type interaction between electrons
(discovered by V.P. Silin, 1957).
In the case of a neutral plasma in a strong magnetic ﬁeld (Ω
ν), propagation of linearly polarized electromagnetic waves is possible. These
waves are called Alfvén waves (after H. Alfvén,
1942). The frequency of these waves is deﬁned by
an equation of the form
ω = kVa ,
where
Va =

H0
.
[4πn(m∗e + m∗h )]1/2
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The condition for the low damping of these
waves (ω
ν) is stricter than in the case of helicons, because the Hall currents of the electrons
and holes compensate one another. These waves
were ﬁrst observed in semimetals. By virtue of
the controllability of their phase velocities, these
waves are used for studying the relations with
other wave types (e.g., with sound waves).
Of great importance for applied research concerned with the creation of electromagnetic radiation generators is the study of the solid-state
plasma instability. The instability of the electron–
hole plasma, namely helical instability, was ﬁrst
observed in semiconductors by J.L. Ivanov and
M. Ryvkin (1958). They reported that low-frequency oscillations of current (∼10–15 kHz) arose
in germanium test samples which were placed into
a strong magnetic ﬁeld (H0 ∼ 1 T) with an electric
ﬁeld parallel to it (E0 ∼ 30 V/cm). Later it was
shown that the amplitude of the oscillating current component amounts to 70% of the constant
quantity, and the oscillations are sinusoidal over
many hours. The samples (Ge, InSb, Si, etc.) in
which such an instability may be set up were given
the name oscillistors. The phenomenon of current instability owes its occurrence to the evolution of the Kadomtsev–Nedospasov helical instability (B.B. Kadomtsev, A.B. Nedospasov, 1960),
the theory of which was ﬁrst developed to describe a gas-discharge plasma. The instability is
caused by the Hall drift of a plasma in a constant
magnetic ﬁeld, and transverse to it electric ﬁelds,
which arise when the electron and hole excitations of density are shifted in the constant electric
ﬁeld. The threshold of instability initiation corresponds to the equality between the Hall and diffusion currents. Therefore, the instability is set up
in strong enough ﬁelds E0 and H0 . The development of an oscillistor is accompanied by nonlinear effects: an anomalous increase of the sample resistance due to the increased frequency of
the pulse relaxation of current carriers on scattering by helical ﬂuctuations of ﬁeld and density;
and strong hysteresis of the threshold conditions
of initiation and quenching of the hysteresis effect. Under the conditions of uniaxial deformation of a semiconductor, which exhibits a manyvalley structure of the conduction band, the principal oscillistor characteristics (frequency, excitation threshold) are severely changed even under

slight deformations because of the intervalley redistribution of electrons. This principle provides
the basis of operation of strain gauges with a frequency output of the load signal. The phenomenon
of the existence of oscillistors is used for modeling
the behavior of a gas-discharge plasma.
In a semiconductor plasma, the generation of
a static negative differential conductivity σd (with
σd < 0) is possible. The ﬁeld dependence of the
current j (E0 ) may be N-shaped in this case (the
electric ﬁeld is not a single-valued function of the
current). Under these conditions, the initial current
ﬂuctuation in the sample increases, for the run-off
of electrons from the ﬂuctuation region decreases
with increasing ﬁeld intensity. Thus a dipole layer
(“−” at the cathode side and “+” at the anode
side) of space charge arises, which moves in the
anode direction. At ﬁxed voltage, the drift velocity of electrons beyond the domain decreases with
the increase of ﬁeld intensity in it. The build-up of
the ﬁeld stops when the domain velocity equals the
velocity of electrons outside the domain. Such instability is exempliﬁed by high-frequency current
oscillations in gallium arsenide and indium phosphide of n-type in strong electric ﬁelds in the absence of an external magnetic ﬁeld (discovered by
Gunn, see Gunn effect).
If the dependence j (E) is S-shaped (the current density is a multi-valued function of the ﬁeld)
then the sample may exhibit a stratiﬁcation of current. A broad class of instabilities in semiconductors is due to the generation of a dynamic negative
differential conductivity (σd∞ < 0) at certain frequencies. The classical example of an ultrahighfrequency oscillator operating under the condition
σd∞ < 0 is the impact ionization avalanche transit
time diode (IMPATT diode). According to the traditional IMPATT diode circuit design, the attainment of σd∞ < 0 takes place in the drift space,
where the plasmoid injected by the avalanche band
(the strong ﬁeld band, where the impact ionization occurs) is retarded by the oscillating elec and gives up its energy to this ﬁeld.
tric ﬁeld E,
The avalanche band provides the phase shift of
π/2 between the plasmoid conduction current 
j
 at the moment of avalanche injection into
and E
the drift space. The IMPATT effect occurs at saturation of the drift velocity of current carriers in
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the electric ﬁeld both in the avalanche band and
in the drift space (Maxwell relaxation does not occur). The Gunn effect and IMPATT effect provided
the basis for the creation of oscillators operating at
frequencies up to 300 GHz.
At high rates of current carrier drift in the external electric ﬁeld, resonance excitation of bulk
sound and cyclotron waves may take place in
a semiconductor (Cherenkov excitation mechanism). Excitation of the surface waves of this type
is brought about by bunches of high-speed electrons, which pass parallel to the sample surface.
In a nonequilibrium degenerate semiconductor
plasma, a population inversion between the conduction band and the valence band may arise. The
quanta of energy ω < μe + μh + Eg (μe , μh are
the Fermi levels of electrons and holes, which are
measured from the bottoms of their corresponding
bands, Eg is the width of the band gap) do not
get absorbed, but bring about the radiative quantum transition of an electron from the conduction
band into the valence band. This causes the buildup of a photon avalanche. Population inversion in
a monopolar plasma, e.g., between the subbands
of light and heavy holes (p-Ge), arises in strong
crossed electric and magnetic ﬁelds even in the absence of pumping into the subband of light holes.
If the cyclotron frequency far exceeds the hole collision frequency, then the light and heavy holes
drift at the same rate VD = cE0 /H0 . Since the
mass of heavy holes m∗h is appreciably greater than
that of the light ones m∗L (m∗h /m∗L ≈ 9 in p-Ge),
the heavy hole distribution function in momentum space is shifted to regions of higher momenta
(ph = m∗h VD ) relative to the distribution of light
holes (pL = m∗L VD ), and the population inversion
occurs in the neighborhood of the value p = pL .
The frequency of the direct transition from the
maximum of the light hole distribution into the
subband of heavy holes is given by a relation of
the form


m∗L VD2
p2 1
1
≈
−
,
ω= L
2 m∗L m∗h
2
where VD is the hole drift velocity, VD = cE0 /H0 .
In p-Ge (m∗L = 0.04m) at E0 = 3 kV/cm,
H0 = 1 T, this frequency corresponds to the submillimeter band (λ = 100 μm). Inversion occurs at

sufﬁciently low temperatures k B T < ω (see also
Semiconductor lasers).
SOLID-STATE QUANTUM ELECTRONICS

A branch of quantum electronics with deals
with the physics and technology for the generation and transformation of coherent radiation by
devices based on solids (both crystals and amorphous materials such as semiconductors, glasses,
and so on). In some cases semiconductor lasers
and transformers are considered separately, and
the term solid-state quantum electronics acquires
a narrower meaning. Active media in the devices
of solid-state quantum electronics include those
with impurity activators, doped glasses, numerous binary (e.g., types AIII BV and AII BVI ) and
ternary compounds of semiconductor materials,
and solid solutions based on them. The devices of
solid-state quantum electronics can be divided into
two classes. The ﬁrst class includes oscillators and
ampliﬁers whose operation is based on induced
radiation (lasers). The main types of solid-state
lasers are the following: (1) semiconductor lasers;
(2) lasers made from doped crystals and glasses,
e.g., ruby, garnet, neodymium–glass, etc., lasers;
optical ﬁber lasers and microlasers (mainly employing mixed salts); (3) solid-phase dye lasers,
e.g., ﬁlm lasers; (4) lasers based on media with
stimulated scattering such as Raman scattering,
including magnetic-Raman scattering (“spin-ﬂip”
lasers), and so on. The second class includes devices for transforming and utilizing coherent radiation on the basis of nonlinear optical phenomena (see Nonlinear optics). The main kinds of nonlinear devices are (1) nonlinear resonators which
function as bistable optical devices, differential
ampliﬁers (“transphasors”), and optical limiters;
(2) harmonic oscillators and optical parametric oscillators which transform the incident radiation frequency, e.g., “up-converters” for visualization of
IR radiation, and so on; (3) nonlinear mirror-ﬁlters
designed for wave front reversal; (4) modulators
and selectors based on electrooptical effects including ﬁber- and integrated-optical units; (5) light
de ectors and other scanning electrooptical devices, and so on. Some of these devices are employed in laser and optoelectronic apparatus (see
Optoelectronics), e.g., high-power light sources at
the wavelength 0.63 μm (e.g., based on yttrium–
aluminum garnet with neodymium impurity), and

1242

SOLID SURFACE

frequency doublers involving a nonlinear crystal
(e.g., on LiNbO3 ). In many cases the nonlinear
elements are introduced inside the laser resonator
cavity.
Solid-state quantum electronics also includes
techniques for obtaining inverted populations (see
Level population) in laser systems and solid-state
optics under high radiation intensity, including
such phenomena as self-focusing (see Self-action
of light waves), optical damage and failure of
solids, ablation and photochemical processes, laser
annealing, multiphoton processes, etc. The technical aspects of solid-state quantum electronics
consist in designing new versions of solid-state
lasers for various applications, such as laser technology, optical coherence, data processing and
storage systems (see Optical techniques of information recording), atmosphere monitoring, control devices, navigation, medicine, designing integrated optics, optical-ﬁber technique, designing
laser systems for controlled thermonuclear fusion
(mainly, on the basis of neodymium–glass lasers),
application of lasers in audio and video disk technique, designing various transducers and telemetric devices.
SOLID SURFACE

Type of interface or area of contact which exists between a solid and the surrounding gaseous,
liquid phase or solid phase of another composition. A solid surface has certain features which
differ from the bulk properties of the same material. The atoms of the surface layer are bound to
the parent substance by a lesser number of chemical bonds, than atoms in the bulk. Some chemical bonds for surface atoms (which originate from
underlying atomic layers) either do not exist (broken, or dangling bonds), or are reoriented to neighboring surface atoms (atomic bridges), and thus
weakened.
This leads to a change in the mutual arrangement of the surface layer atoms, involving a
swelling of the surface layer, and as a result, the
generation of a more rareﬁed structural atomic
conﬁguration both along the surface and transverse to it. This swelling is considerably decreased
at the second monolayer, and almost vanishes at
the depth of 4–5 monolayers. That is how surface
superlattices arise: periodic structures with lattice

constants which differ appreciably from those in
the bulk of the material, e.g., 2 × 2 (the spacing is double that in the bulk), 2 × 1; 5 × 5;
7 × 7, etc. These ﬁgures show how much the
spacing of the surface periodic structure (superlattice) exceeds the spacing of the underlying threedimensional structure. However, there are many
examples of the reverse situation, when atoms of
the ﬁrst surface layer are bound more ﬁrmly and
arranged more tightly, than atoms of underlying
layers. Such situations may take place in the case
of atomically clean surfaces and speciﬁcally, in
the case of surfaces which border chemically active adhesive substances of the external medium.
In the latter case the external substance fastens
the solid surface atoms together through binding
them by its chemical bonds, which are stronger
than the ones intrinsic to the solid under consideration. This “surface reinforcement” is caused
by the appearance of an additional constituent of
the chemical bond of the surface conﬁguration,
or by strengthening of this constituent. For example, covalent (or almost covalent) substances of the
AIII BV type exhibit an increase of the Coulomb
interaction force F in the neighborhood of the surface because of the decrease of the effective dielectric constant ε∗ in the region adjacent to the
medium, which causes strengthening of the polar
chemical bond. Thus, we have for this force


q1 q2
z
F= ∗
exp −
,
LD
ε (z)z2
where z is distance between the atoms, which
carry charges q1 and q2 , and LD is the Debye
length.
A general thermodynamic property of surfaces
is the excess of the surface energy Es with respect to the volume, and the presence of a surface
tension σ . These features are responsible for the
rearrangement of the crystal (molecular) structure
of the surface (see Surface reconstruction), generation of superlattices, microrelief of the surface
layer (its corrugation, etc.), as well as for broadening of the phonon spectrum, reduction of the
melting temperature of the lattice at the surface,
and lowering of the crystal strength. A solid surface exhibits elevated chemical activity, the ability
to orient molecules, to accumulate (getter) foreign
molecules and, as a result, to generate additional
electric charge (surface electric double layer).

SOLID SURFACE

The condition of minimum free surface energy
E s at constant volume determines the parameters
of equilibrium solid phases at their generation,
and the shape of the crystal at crystallization (if
anisotropic forces of molecular interaction, wetting, gravitational and convection forces are taken
into account). The surface energy E s and surface
tension σ of various faces of anisotropic crystals
exhibit considerable differences.
The surface is the site of the interaction between the solid under consideration and various
other phases (gaseous, liquid, solid), which is responsible for many surface phenomena. The most
important of these are cohesion, adhesion, wetting, friction, spalling, generation, and development
of new phase nuclei at the precipitation of the
substance on a substrate, adsorption, chemisorption, gettering, which includes transport of the substance along the surface (migration, surface diffusion, surface electron or gravitational drift) followed by adsorption of foreign atoms and defects
by the surface layer, which exhibits either a speciﬁc (with respect to the bulk of the substance or
other surface regions under cleaning) or a different
phase composition.
Features of the atomic and electron structure of
the surface cause the generation of characteristic
modes of surface excitations (see Surface quasiparticles). Propagation of longitudinal (with respect to the surface) atomic vibrations will be,
of course, much different from propagation of
atomic vibrations, which are transverse to the surface. For instance, a longitudinal wave (Rayleigh
wave) may be initiated along the surface (see Surface acoustic waves), which acquires a geometrical relief in the form of ripples in a standing
wave. Superlong-wavelength ﬂexural waves may
also be generated, whereas in the bulk waves of
this type either cannot be excited at all, or are
heavily damped. Hence the frequency dispersion
of surface modes differs considerably from that of
bulk modes.
Surface optical phenomena, which are caused
by these modes (molecular, plasmon, exciton scattering) provide the physical basis for the technique
in optics called surface polariton spectroscopy.
This approach deals with electromagnetic waves,
which are localized to the surface with phonons
and propagate along it; the intensity of these electromagnetic waves decays sharply in both direc-
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tions away from the surface. This circumstance
causes the generation of the so-called surfaceenhanced effects, which include enhanced Raman
scattering of light and the enhancement of surface
photochemical reactions.
There are, as a rule, electric potential jumps
and intrinsic and structural defect energy levels,
the so-called surface levels, at the phase interface.
The existence of these levels determines a rich
variety of emission phenomena: thermionic emission, eld electron emission, ﬁeld ion emission.
Characteristic energy loss spectroscopy and spectroscopy of characteristic surface X-ray radiation,
which is stimulated by electronic (ionic) beams,
owe their origin to the fact of the excitation of surface phonons and electrons.
There are many methods for investigating
physical properties of a solid surface. These methods may be classiﬁed according to the type of
characteristics to be measured. Optical methods
evaluate the state of a solid surface (or of thin nearsurface layers) using optical spectroscopy techniques. These methods are: ellipsometry; electrore e ction; spectra of light reﬂection at excitation
of an extremely thin surface layer (by laser radiation or by a grazing, slightly divergent light beam);
measurement of surface photoluminescence and
electroluminescence; methods of surface polariton
spectroscopy, in which the probing beam grazes
the solid surface, providing information on parameters of surface light scattering, current carriers,
plasma state, etc.; Raman scattering of light and
other investigation methods.
Emission methods of solid surface investigation deal with surface emission of electrons (see
Auger electron spectroscopy, Field emission microscopy) and ions (see Field ion microscopy, Secondary ion mass spectrometry) or of various kinds
of radiation (UV, visible, X-rays); in a number
of cases the spectral analysis of a certain characteristic radiation is used: ESCA (Electron Spectroscopy for Chemical Analysis), characteristic
electron loss method, photoelectron spectroscopy,
etc. (see Emission spectral analysis).
Three very widely used methods for investigating electrical properties of a solid surface are:
(1) the ﬁeld effect which, in particular, provides
the basis for the operation of eld-effect transistors; (2) the method of capacitance–voltage char-
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acteristics, which consists in measuring a reactive quantity: transverse capacitance which allows
one to calculate capacity parameters of the space
charge region (band bending); (3) methods of
surface recombination determination, which are
based on the measurement of the photoconduction
or nonequilibrium conduction of minority carriers,
generated by an electric ﬁeld, and on the measurement of the saturation current of a semiconductor
junction, which is localized in the neighborhood
of the solid surface. These methods are applied
mostly to the study of semiconductor surfaces.
Investigation of adsorption characteristics of
solid surfaces is performed through the measurement of adsorption isotherms (by recording
changes of gas pressure in a limited volume, or
by determination of the work function using methods of thermionic emission, ﬁeld electron and
ﬁeld ion emission, or contact potential with the
help of a microbalance (e.g. a quartz beam balance). Adsorption methods are related to catalytic
investigation methods, in which yields of surface reactions are recorded. Catalytic methods include mass microscopy, and mass spectrometry
of secondary ions and clusters. Of wide application are also the following methods: low-energy
electron diffraction (LEED), X-ray diffraction, electron microscopy, scanning tunneling microscopy,
atomic force microscopy, high-sensitivity methods
of electron paramagnetic resonance and nuclear
magnetic resonance.
SOLITON (fr. Lat. solus, only or alone)

Stable, spatially localized disturbance of a nonlinear medium. A soliton exhibits certain corpuscular properties, e.g., an interaction between
solitons may be represented as elastic scattering,
with retention of internal structure, or as soliton–
antisoliton annihilation, etc. The concept of a soliton is fundamental for characterizing nonlinear
distributed oscillatory systems in terms of mathematics and physics. Soliton-like or particle-like
excitations contribute to a description of nonlinear
ordered media.
From the standpoint of mathematical physics,
solitons are solutions of nonlinear differential
equations (in particular, wave equations), which
describe localized, solitary waves that do not decay in their interaction with each other (asymptotic

superposition principle). The soliton property of
asymptotic stability is related to the so called exact integrability of the corresponding equations.
The most familiar equations of this kind are: the
Korteweg–de Vries equation (D.J. Korteweg, G. de
Vries, 1895), which describes gravitational waves
on the surface of a liquid in a long shallow canal,
the Boussinesq equation, the sine-Gordon equation in the angular variable ϕ:
∂ 2ϕ ∂2ϕ
− 2 + sin ϕ = 0
(1)
∂t 2
∂x
and the nonlinear Schrödinger equation for a complex function ψ :
∂2ψ
∂ψ
+ |ψ|2 ψ = 0.
(2)
+
∂t
∂x 2
Eqs. (1) and (2), written in dimensionless variables x and t , are widely used in the physics
of condensed media. The Landau–Lifshits equation is also exactly integrable under certain conditions. There exist two-dimensional (the independent variables are two coordinates and time) exactly integrable equations, e.g., the Kadomtsev–
Petviashvili equation (B.B. Kadomtsev, V.I. Petviashvili, 1970) in the real scalar variable u. The latter equation is an extension of the Korteweg–de
Vries equation to two dimensions:


∂u ∂ 3 u
∂2u
∂ ∂u
− 6u
− 3 =3 2.
(3)
∂x ∂t
∂x
∂x
∂y
i

However, related nontrivial three-dimensional
equations are as yet unknown. The so-called manysoliton solutions are obtained for exactly integrable equations; these solutions describe an interaction of an arbitrary number N of solitons. It is
feasible to solve the Cauchy problem, and to construct periodic and almost periodic solutions.
In condensed matter physics, the term “soliton” is sometimes used in reference to any stable
or sufﬁciently long-lived excitation of a nonlinear
medium; the existence of a soliton is not directly
related to exact integrability. In terms of solid state
physics examples of solitons are: dislocations and
disclinations in crystals, including liquid crystals;
dynamic crowdions, Josephson vortices, magnetic
domain walls, certain solitary magnetic domains
in magnetically ordered media, etc. Solitons are
essential to the thermodynamic description of
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low-dimensional systems (quasi-one-dimensional
crystals or quasi-two-dimensional crystals), incommensurate structures and phases, highly excited
states of matter. Topological solitons differ from
other soliton states because the order parameter
distribution Φ(r), which ﬁts this soliton state, is
not reducible to a uniform distribution through
continuous deformation of the function Φ(r) (see
Topological inhomogeneity).
The equations, which describe the dynamics of the order parameter are reducible to exactly integrable ones in the case of certain ordered media. For example, the dynamics of vortices in long Josephson junctions and certain
models of elasticity theory (see Frenkel–Kontorova
model) and magnetism theory are described by
the sine-Gordon equation (1); macroscopic perturbations in a slightly imperfect Bose gas (see
Quasi-particle), the phenomenon of self-focusing
in nonlinear optics (see Self-action of light waves),
and other phenomena are described by the nonlinear Schrödinger equation (2); a number of models of quasi-one-dimensional ferromagnets are expressed in terms of the exactly integrable Landau–
Lifshits equation (see Magnetic soliton). Although
the reduction of real problems to integrable equations always involves approximations, the familiar many-soliton solutions may be used to describe
systems with solitons; from these solutions it follows that the interaction between solitons is nonreﬂexive: solitons regain their initial shapes and
velocities after leaving the interaction region. The
difference between real systems and idealized exactly integrable ones, which can lead to, e.g., the
break-up and relaxation of solitons (see Domain
wall drag), is described on the basis of soliton perturbation theory. Tidal waves have been treated as
solitons.
SOLITON FIELD FERMIONS
See Fermions in a soliton eld.
SOLITON, MAGNETIC

See Magnetic soliton.
SOLITON, OPTICAL
See Optical soliton.

SOLITONS IN MOLECULAR (PROTEIN)
SYSTEMS

The bound state of intrapeptide excitation of a
protein chain, and a local strain in it. Such solitons are generated by two additional types of interaction, which take place on the excitation of
intrapeptide vibrations. The ﬁrst one is the resonance dipole–dipole interaction between neighboring peptide groups which results in a delocalization of the excitation, e.g., a spread of excitation
along the length of the peptide molecule. The second type of deformation interaction is responsible
for the displacement of the equilibrium positions
of peptide groups, which are neighbors of the excited group. Collective excitations due to these interactions are described by nonlinear Schrödinger
equations whose solutions are solitons in molecular systems (Davydov solitons).
Linking together the intrapeptide vibration and
local deformation results in the liberation of binding energy. This is one of the reasons for the high
stability of the soliton. An amount of energy equal
to the binding energy must be spent to break up
a soliton. Another important reason for the high
soliton stability is that the speed of their motion
is always less than the sound velocity so solitons
do not emit phonons. In other words, the kinetic
energy of solitons is never converted into the energy of thermal vibrations in the formalism of the
exactly integrable model. The effective mass of a
soliton far exceeds that of an exciton, in which the
transport of internal excitation does not involve local deformation. Only excitons, and not solitons,
are excited in a protein molecule on absorption of
far-IR radiation, because the duration of the light
absorption is not long enough to displace the equilibrium positions of peptide groups. The excitation
of a soliton is possible only through exposure to
some local action, like a chemical reaction, e.g.,
in the hydrolysis of the adenosine triphosphate
(ATP) molecule, which is attached to the end of
a polypeptide α-helix. It is possible that solitons,
which move along polypeptide helixes and cross
the plasma membrane of a cell, are responsible for
the transport of information into a cell from the environment.
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SOLUBILITY

SOLUBILITY

Capability of materials to form homogeneous
mixtures or solutions. For solids this means the
capacity of different elements to mix in various
proportions, forming a common crystal lattice typical for one of the components of the solution (the
solvent). Solubility may be either limited or unlimited. Limited solubility involves particular concentration ranges of the constituents within which
the solution can form, quantitatively characterized
by concentrations of the individual substances entering the solution. Exceeding these concentration
ranges results in the separation of new phases from
the solution. A necessary but not sufﬁcient condition for unlimited solubility at a given temperature consists in an identical state of matter of
all the components of the solution. Such a condition for solid solutions implies an identical crystal structure of all the components, the latter also
being a necessary but not a sufﬁcient condition.
Lowering the temperature of continuous solid solutions may result in a transition from unlimited
solubility to a limited one, by way of forming intermediate phases (Fe–Cr, Cr–Ti), superlattices of
alloys (Cu–Au, Mg–Cd), as well as alloy strati cation (Cr–Mo) or a polymorphic transformation
(see Structural phase transition) in one of the components (Fe–Ni). Lowering the temperature of a
limited solubility system is accompanied, as a rule,
by restricting the ranges of allowable concentrations of the constituents in the solvent. This phenomenon is used in technology to control physical and mechanical properties of materials through
their heat treatment. As long as solid solutions
may range widely in both their elemental and compound composition, it is possible to produce materials with a wider spectrum of physical properties.
SOLUTION HEAT
See Heat of solution.
SOMIGLIANA–VOLTERRA DISLOCATIONS
(C. Somigliana, 1905, 1909; W. Volterra; 1907)
Speciﬁc singular ﬁelds of intrinsic internal
stresses and strains of an elastic continuum,

with singularities grouped along a certain line L.
Somigliana–Volterra dislocations are constructed
in accordance with the following algorithm: assume that there is a cut in an arbitrary surface S,

which is stretched over a contour L, the edges of
the cut being separated by an arbitrary distance.
The resulting opening is ﬁlled with a certain material, surplus material is removed from overlapping regions, and then the whole system is bonded
together and given an opportunity to relax. The
result is a “defect”, a source of internal stresses,
which is commonly called a Somigliana dislocation. The deformation and stress ﬁelds of this dislocation may have discontinuities over the surface S. In a speciﬁc case, when the opposite edges
of the cut remain congruent, the defect is called
a Volterra dislocation. There are no discontinuities of stress and deformation ﬁelds over the surface of a Volterra dislocation, but these ﬁelds always exhibit singularities over the line L, which
borders the surface S. Because of this, Volterra
dislocations may be generated, strictly speaking,
only in doubly connected regions. The concept of
Somigliana–Volterra dislocations is widely used
in the continuum theory of defects in crystalline
structures. Volterra dislocations are the continuum analog of lattice dislocations and disclinations. The double connectedness of a crystal is established naturally by the atomic composition of
the medium.
SONDHEIMER OSCILLATIONS
(E.H. Sondheimer, 1950)

Periodic variation (oscillation) of kinetic parameters of thin ﬁlm conductors as a function of the
magnetic ﬁeld. Sondheimer oscillations are related
to the focusing role of the magnetic ﬁeld. A beam
of electrons, having the same energy ε and momentum projection pB = p · B/B along a magnetic ﬁeld B normal to a plate (ﬁlm) surface, will,
once started from a surface point, be collected at
another surface point if it takes an integral number
of periods 2π/Ω for the electrons to pass through
the thickness d of the sample. This condition will
be met if the magnetic ﬁeld changes by the value
B=

1 ∂S
,
ed ∂pB

where S is the area enclosed by the intersection
of the Fermi surface with a plane pB = const.
The period of oscillation can be used to determine
∂S/∂pB for these electrons, and studies of the amplitude (sensitive to the nature of the charge carrier
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reﬂection by the sample boundary) for different
orientations of B clariﬁes the nature of the surface scattering of conduction electrons. In a magnetic ﬁeld parallel to the plate, the Sondheimer
effect only occurs for open cross-sections of the
Fermi surface. Displacements of electrons downwards into the sample during the period are the
same in the entire range of open cross-sections.
There are no special cases, all electrons participate
in the oscillations, their amplitude being greater
the more specular the reﬂection of charge carriers by the faces of the plate. A necessary condition for Sondheimer oscillations is nonuniformity
of an electrical or thermal ﬁeld. During the propagation of sonic or electromagnetic waves through a
thin conductor, the length scale of the electric ﬁeld
nonuniformity is provided by the wavelength λ.
Hence, Sondheimer oscillations exist even in those
cases when there is no size effect in the static electrical conductivity. In a high frequency ﬁeld under
conditions of the anomalous skin-effect, these oscillations can be ampliﬁed owing to the appearance of lightly-damped waves. The Sondheimer
oscillations were ﬁrst observed by J. Babiskin and
P. Siebenmann in thin bismuth wires, and further
studies involved monocrystals (Cd, Ga, Cu, etc.).
These oscillations can be used to reﬁne the energy
spectrum of conduction electrons. The high resolution of Sondheimer oscillations permits one to
differentiate contributions of electrons with very
similar oscillation parameters, and this makes it
possible to investigate local changes of Fermi surface geometry caused by an external factor such as
the pressure.
SORBITE (after H.C. Sorby)

A structural constituent of steels and cast
irons; a ﬁne-grained mixture of ferrite and cementite. Sorbite has a pearlitic-type structure, but its
dispersity is higher than that of pearlite (a volcanic glass). The thickness of ferrite laminas in
sorbite ranges from 0.2 to 0.4 μm (in perlite 0.5–
1.0 μm). Sorbite is formed by overcooling austenite decomposition over its region of lowest stability 723–823 K, both isothermally and during continuous cooling for several tens of degrees. The
main characteristic of sorbite, which is responsible for the strength of steel, is the length of free
slip Δs within the ferrite interval, which is proportional to the thickness of the ferrite lamina Δf .
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The ultimate strength of a steel of the sorbite struc−1/2
ture is deﬁned by the equation σu = σ0 Δf
. The
value of Brinell hardness of sorbite is 230–360,
the strength σu = (830–1420)·106 Pa depending
on the carbon content of the steel (0.3–0.8%).
Hardened sorbite and tempered sorbite are distinguished. Quenched sorbite is obtained immediately from overcooled austenite (see Quenching),
whereas tempered sobite is generated at the hightemperature (723–923 K) tempering of hardened
steel. Tempered sorbite contains cementite (carbide) in the form of short laminae with rounded
edges, or it can even have a spheroidal shape.
Steels of the sorbite structure are strong, plastic (see Plasticity) and wear resistant (see Wear);
they are used for production of cold-drawn highstrength wires (hardened sorbite), and heavy-duty
units (tempered sorbite).
SORET EFFECT
See Thermodiffusion.
SORPTION

Uptaking by a solid (sorbent) from its surrounding gas or liquid (sorbate). The term “sorption” is used in reference to a combination of
processes that include adsorption (adhesion of particles to a solid surface) and absorption (solution
of particles in the bulk of a solid) phenomena.
The adsorption proceeds with a gain in energy
so the solid surface is often covered with an adsorbed ﬁlm at sufﬁciently low temperatures, with
the amount of adsorbed substance proportional to
the area of the surface. An adsorbed particle (atom
or molecule) has to overcome an activation barrier (separating adsorption and absorption states)
to pass into the bulk of the solid. The absorption
process is favorable for only a limited number of
gas–solid pairs, e.g., H–Pd, H–Ti, O–Nb, O–Ta,
O–Ag (see Occlusion). The sorption power of certain materials is enhanced by their porous structure; such materials are used in practice for the
puriﬁcation of gases or liquids, and the removal
of gases from mixtures.
SOUND in solids
Elastic strains of a wave type in solids. Such

elastic strains of a medium can be represented
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SOUND-ABSORBING MATERIALS

in the form of a set of propagating bulk acoustic
waves that are characterized by their frequency,
wave vector, and damping.
Sound waves in solids have some fundamental
differences from sound in liquids and gases. The
presence of resistance to shear of the medium induces the excitation of transverse (shear) modes
of acoustic vibrations. The ordered internal structure of crystals gives rise to the anisotropy of elastic properties (see Anisotropy of elasticity), in particular, anisotropy of the sound velocity. The parameters of the sound wave are determined by
the structure and state of a solid, and by internal processes. In particular, the damping of sound
is due to its scattering by inhomogeneities, and
by absorption caused by the interaction with electrons, phonons, magnons and other types of excitations. The sensitivity of the acoustic wave parameters to the medium underlies the development
and the wide applicability of acoustic methods of
studying solids.
SOUND-ABSORBING MATERIALS

Materials with high damping ability with respect to mechanical oscillations of different frequencies and amplitudes. As a rule, they have
a moderate density (up to 0.70 g/cm3 ) and are
manufactured from ﬁbrous and porous materials.
They ﬁnd wide use in architectural and industrial
acoustics to create optimal sonic ﬁelds in rooms:
cinemas, concert halls, sound-recording studios,
etc. Another ﬁeld of application is the reduction of
the noise level at factories, for transportation, and
in aviation. In mechanical engineering, in order
to suppress harmful vibrations of polymer, rubber and plastic materials, alloys with high damping properties are employed. In terms of their basic mechanism of absorbing oscillatory energy and
their chemical composition, highly damping alloys
can be classed into four groups: those with elastic
twinning, with a reversible martensitic transformation, with magneto-mechanical damping (see Magnetomechanical phenomena), and with a highly
distinct heterogeneous structure. Besides these alloys, coatings with a damping effect, as well as
multilayer and composite materials are also used.

SOUND ABSORPTION in crystals

The decrease of acoustical wave energy with
time, caused by dissipation processes.
Sound absorption is for the most part determined by the interaction of sound with elementary crystal excitations, crystal imperfections, and
with the order parameter at second-order phase
transitions. If the sound frequency ω is much less
than the reciprocal of the characteristic excitation lifetime τ −1 , then the sound absorption coefﬁcient α ∝ ω2 , where α is expressed in terms
of macroscopic characteristics of the crystal: viscosity, thermal conductivity, and electrical conductivity. The physical nature of the absorption of
such low-frequency sound is related to relaxation
processes of the nonequilibrium part of the distribution function of elementary excitations. Absorption of high-frequency sound (ωτ
1) may be
treated as a quantum-mechanical process involving an acoustic quantum of energy ω and several elementary excitations. Sound absorption in
an ordinary insulator is determined by its interaction with phonons: at ωτ  1 the mechanism
is related to relaxation of the phonon distribution function (Akhiezer mechanism, A.I. Akhiezer,
1937); at ωτ
1 the absorption mechanism is
associated with the interaction between a sound
quantum and two phonons: if both phonons belong to the same branch, then the Landau–Rumer
mechanism (L.D. Landau, J.B. Rumer, 1937) takes
place and α ∝ ω; if phonons belong to different
branches, then the Herring mechanism (C. Herring, 1940) operates and α ∝ ω2 or ω3 . The interaction with magnons is important in magnetic
substances, whereas in semiconductors and metals the main interaction is with conduction electrons. If there is a linear relation between strain
and the order parameter at a second-order phase
transition, then sound absorption exhibits a strong
anomaly:
α∼

ω2 τ
,
1 + ω2 τ 2

where the relaxation time τ of the order parameter increases indeﬁnitely as the transition is approached.
Among crystal imperfections, polycrystallinity
(see Polycrystal) and defects with internal degrees
of freedom (e.g., two-level systems) are of primary

SOUND VELOCITY DISPERSION

importance from the point of view of sound absorption. The study of sound absorption is one of
the most important methods for the investigation
of physical processes that take place in crystals.
The absorption of acoustic waves by amorphous bodies (glasses) differs markedly from the
corresponding process in crystals, both in magnitude, and in the dependence on the temperature T
and the acoustic wave frequency ω. The most distinct feature of the sound absorption process in
dielectric glasses (fused quartz at T ≈ 50 K; see
Vitreous state of matter) is that the temperature
dependence of the absorption coef cient Γ has a
maximum. This maximum value of Γ is greater
by approximately two orders of magnitude than
the absorption coefﬁcient of a crystal sample, and
Γ ∝ ω. For the high-temperature branch Γ ∝ ω2 ;
for the low-temperature branch there is a so-called
shoulder at T ≈ 10 K, and on further decrease of
temperature Γ monotonically decreases. This pattern is only slightly affected by the composition
of the glass. For T < 1 K the factor Γ exhibits a
universal behavior in all glasses. The value of Γ
is of the same order for various glasses. Γ may
be represented as a sum of two contributions:
the ﬁrst component of the sum is proportional to
ω tanh[ω/(2k B T )] and sharply decreases with an
increase of the intensity I of the acoustic wave;
the second contribution exhibits a different behavior in metallic and nonmetallic glasses: in metallic
glasses it is of the order of T 3 and depends very
little on ω and I ; in nonmetallic glasses it is of the
order of ω and almost independent of T , whereas
its I -dependence appears at considerably higher
intensities than for the ﬁrst contribution. Such a
behavior has been explained in terms of a concept
called two-level systems, which is speciﬁc for a
vitreous type of excitation.
SOUND BY SOUND SCATTERING
See Raman scattering of sound by sound.
SOUND DIFFRACTION

See Acoustic diffraction.
SOUND GENERATION
See Electromagnetic generation of sound.
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SOUND, SECOND
See Second sound.
SOUND VELOCITY

The velocity of elastic wave propagation in
solids, liquids and gases. Phase and group velocities of sound are distinguished. The phase velocity vp = ω/k is the speed of the displacement in
the medium of the ﬁxed phase ϕ = ωt − kx of
the elastic wave (ω is the frequency, k the wave
number). The group velocity vg = ∂ω/∂k is the
speed of energy transport by a wave packet with
frequencies close to the mean value ωi . In liquids
and gases only longitudinal waves propagate (amplitude u0 and wave vector k are parallel), and in
solids there are three types of waves with different polarizations. Therefore, in the solid state there
are three different group vgi and three phase vpi
(i = 1, 2, 3, . . .) velocities. The group and phase
velocities for small wave vectors k (λ a, where
λ = 2π/k is the wavelength, a is the lattice constant), coincide with each other, so in this wave
vector range sound propagation in a solid can occur with three possible velocities. An isotropic
solid has only two velocities of sound, a longitudinal vl (u0 k) and a transverse vt (u0 ⊥k) one. The
velocities of transverse sound waves with different
polarizations coincide with each other (are degenerate). For an isotropic solid

1/2
E(1 − σ )
vlp = vlg = vl =
ρ(1 + σ )(1 − 2σ )


K + (4/3)G 1/2
=
,
ρ
1/2  1/2

E
G
vtp = vtg = vt =
=
,
2ρ(1 + σ )
ρ
for vt < vl ,
where E is Young’s modulus, σ is the Poisson ratio, G, K are the shear modulus and bulk modulus,
respectively, and ρ is the material density.
SOUND VELOCITY DISPERSION
The dependence of the phase velocity vph of

harmonic acoustic waves on their frequency ω. In
a broad sense this notion is applicable also to other
types of elastic waves. There are two main types of
sound velocity dispersion:
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SPACE CHARGE

(1) The relaxation type, caused by the effects of
after-action in the medium, where the acoustic
wave is propagated. The relaxation dispersion
of sound is always accompanied by sound absorption (see Kramers–Kronig relations),
(2) Sound velocity dispersion caused by the waveguide nature of the sound wave propagation.
This type of dispersion is not associated with
sound absorption.
Dissipation of the elastic wave energy in the
solid occurs in the case when the stress and strain

are not connected with one another by an analytic dependence during the period of vibrations
and the strain lags behind the stress. Of importance in this case is the ratio of the time τ of relaxation of the subsystem of the solid excited by
the sound wave, to the wave period T = 2π/ω.
The greatest sound velocity dispersion is present
in the frequency region ωτ ∼ 1. The main types
of interactions which produce a strong effect on
the sound velocity adsorption and dispersion in
solids are the following: thermal or thermoelastic effects; dislocation friction; acousto-electronic
interaction in metals; magnetoelastic interactions
in ferromagnets, responsible for the motion of the
domain walls and for the spin–lattice interaction;
phonon–phonon interactions; interactions with nuclear spins; interaction with the electronic spins
of the paramagnetic centers; interaction with the
current carriers in semiconductors; and acoustoelectric effects in semiconductors.
Besides the relaxational variety of sound velocity dispersion in microscopically nonuniform
media there also exists spatial sound velocity dispersion caused by the vph dependence on l/λ,
where l is the characteristic size of the micrononuniformities (defects), and λ is the acoustic
wave length. The spatial dispersion of sound is
observed in crystals at the frequencies of hypersound, when the space periodicity of the crystal
lattice leads to the dispersion of the elastic properties of the crystal, and conditions the so-called
acoustic activity, or the ability to rotate the polarization plane of the acoustic wave. Sound velocity
dispersion of this type (sometimes called “geometrical” dispersion) is observed also for the propagation of waves within plates and rods. The parameter which determines the value of the sound
velocity dispersion in this case is the relation of

the wavelength to the transverse dimension of the
sound guide. The presence of this dispersion in
plates and rods results because the elasticity of
such bodies towards e xure is proportional to the
size of the bent section. Thus at high frequencies,
when the size of the bent section, determined by λ,
is reduced, the dynamic elasticity increases and
the speed of wave propagation grows.
The dispersion of normal waves during sound
propagation along an acoustic waveguide is an important type of sound velocity dispersion. For instance, the layer in a lamellar-non-uniform medium, where different layers have different acoustic
impedances, may play the role of such a waveguide. The sonic ﬁeld in the waveguide may be
presented in the form of a superposition of normal
waves of different mode numbers, spreading with
different phase speeds. Due to the dependence of
the phase speed of each normal wave on its mode
number and frequency, there appears a speciﬁc
type of the sound velocity dispersion.
SPACE CHARGE in an insulator, bulk charge
An electrically charged region in an insulator. A bulk charge emerges under the conditions

of thermodynamic nonequilibrium of an insulator as a result of an external action: irradiation by
charged particles of ionizing radiation, injection of
current carriers through a contact under the action
of an electric ﬁeld, and so on. The effects also take
place under the conditions of thermodynamic equilibrium, as a result of the redistribution of a charge
carriers near an interface between the dielectric
and other media, or between regions of spatially
inhomogeneous (e.g., nonuniformly doped) insulator (see Space charge region). An isolated insulator may be charged as a whole. This can be
accomplished, e.g., by irradiation with fast electrons with a mean free path of a few centimeters
or longer. Owing to the low electron mobility in
an insulator, the excess electrons accumulate in
the bulk of the sample. In this case, the redistribution of the intrinsic electrons of the insulator is
possible due to a complicated spatial arrangement
of space charge regions with different signs in the
irradiated insulator. A natural limit to the accumulation of bulk charge is set by reaching the breakdown voltage when an electric discharge appears
in the bulk of the material, and the bulk charge

SPACE CHARGE REGION

falls off to practically zero. As a result of such
spontaneous discharges, the insulator can be damaged, or some traces of the breakdown, Lichtenberg ﬁgures (G. Lichtenberg, 1777), would remain
in its interior. After the irradiation ceases, the bulk
charge can remain for a long time in insulators
with resistivity of at least 1010 ·m. For example,
in a pane of glass irradiated by electrons, the bulk
charge remains stable with almost no change for
3 to 4 months. Eventually the charge dissipates,
and the insulator discharges. The bulk charge relaxation takes place within the time of the Maxwell
relaxation τ = εε0 /σ , where ε is the dimensionless dielectric constant of the material, ε0 is the
permittivity of free space, and σ is the electrical conductivity. Bulk charge stability and relaxation are controlled not only by the electrophysical properties of the material but also, to a great
extent, by particularities of the spatial distribution
of the charge. The most stable structures are laminated ones with alternating positive and negative
space charge regions. A nonuniform spatial distribution of charge is often observable under irradiation of various insulators with charged particles. This was also found in radioactive insulators, e.g., beta-radioactive high-ohmic materials.
The bulk charge strongly affects the mechanical,
optical and electrophysical properties of insulators, and inﬂuences the course of various heterogeneous processes such as mass transfer, dissolution,
adsorption, catalysis, etc.
In metal–insulator–semiconductor systems, in
semiconductor junctions, in heterojunctions, and
so on, a bulk charge emerges due to the redistribution of charge carriers in near-contact regions,
since the values of the work function of electrons
from the system components in contact or those of
the charge carrier concentration differ from each
other. Such bulk charge determines the shapes of
current–voltage plots, and other characteristics of
these systems. See also Space charge region.
SPACE CHARGE IN A SEMICONDUCTOR

Aggregation of excessive charge carriers of the
same sign, localized in some region of a semiconductor. The space charge occurs at the boundary
of two differently doped semiconductors, of different semiconductors, of a semiconductor and a
metal (see Semiconductor junction, Heterojunction,
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Schottky barrier). This charge plays an important

role in the operation of practically all semiconductor devices. It can be formed also by an external
ﬁeld (e.g., in the surface area of a semiconductor
or at its boundary with a dielectric). By means of
an external ﬁeld control it is possible to induce the
directed motion of the charge cluster that is used
in charge coupled devices. Space charge in a semiconductor sometimes forms by ionized impurities,
and this generally has a negative effect on the operation of devices and integrated circuits, but it
can also be explicitly utilized for the development
of electrochemical, biochemical and other sensors
and detectors. The case when the excessive carriers are ﬁxed at deep traps, is especially important
since their life time can reach 106 to 109 s, and
often even longer. In the vicinity of such space
charge the mobile current carriers also redistribute to form a depleted or enriched region, and this
ﬁnds an important application in nonvolatile memory elements of computers (see Solid state memory). In such elements the space charge is formed
by the tunneling of electrons through thin (several
nanometers thick) dielectric layers under the effect of a strong ﬁeld. Then the electrons are held
at deep traps at the boundary of thin and thick dielectric layers or within the “ﬂoating gate” thin lm
of a metal or polycrystalline silicon between these
layers. The erasing of the space charge in a semiconductor is performed by a ﬁeld of opposite polarity, or by ultraviolet light.
SPACE CHARGE REGION

Region of space containing a dense electric
charge in the vicinity of interfaces between solids,
or of those between semiconductors and other media, as well as in gas-ﬁlled and vacuum tubes,
etc. A space charge region may arise from various causes: the presence of a contact potential
difference, of surface electron states, of an applied potential difference, of variations in doping impurity concentration (see also Space charge
in an insulator). Concerning semiconductors, one
may identify space charge layers depleted of majority charge carriers (Schottky barrier) and those
enriched with them, as well as inversion layers,
i.e. layers rich in minority charge carriers. Space
charge regions play an important role in the functioning of semiconductor devices.
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SPACE GROUP

To describe the distributions of charge density, electric ﬁeld, and potential within a space
charge region, the concepts of Debye screening
length and surface screening length were introduced. The Debye screening length LD is the distance over which a potential, as small as the thermal value (kB T /e), diminishes by a factor of 1/e.
The surface screening length is deﬁned as the distance over which the potential relative to its surface value decreases by the amount of the thermal
potential.
SPACE GROUP, space symmetry group, Fedorov
symmetry group (name used in the Russian
literature)

Crystallographic symmetry groups formed by
the totality of transformations (rotations, reﬂections, translations or their combinations), which
make an inﬁnite ideal crystal lattice coincident
with itself. They were formulated independently
by E.S. Fedorov and A. Schoenﬂies in 1890. The
total number of space symmetry groups corresponding to the variety of crystal structures that
are possible in nature is 230. They are classiﬁed
according to their point groups into seven crystal systems or syngonies: triclinic, monoclinic,
orthorhombic, tetragonal, trigonal, hexagonal and
cubic (isometric). Each of these systems, in its
turn, is subdivided into a ﬁnite number of classes
(2, 3, 3, 7, 5, 7, 5, respectively), so the total number of classes is 32. Each class corresponds to
one of 32 point groups. Further subclassiﬁcation
of space groups within individual point groups is
determined by the allowed operations of translational symmetry (see Crystal symmetry). Space
groups have extensive applications in various areas of solid state physics (see Group theory).

with a body-centered cubic structure the spalling
occurs along the {100} planes which have a lower
atom packing density than the {110} planes. This
diversion from the indicated regularity is explained for BCC metals by the large contribution
of interatomic interaction in the second coordination sphere. In mineralogy planes of spalling are
called cleavage planes. In polycrystals spalling
occurs within grains along the indicated crystallographic planes, or along the grain boundaries if
the surface energy γ0 there is sharply reduced as
the result of impurity segregation; and in the last
case intercrystalline failure can occur. At brittle failure γeff = γ0 + γs , where γs is the energy of the
spalling step formation that occurs at the intersection by the spalling front of screw dislocations and
twist boundaries. The spalling steps result in the
formation of a stream-like surface pattern of the
spalling. In quasi-brittle failure it is necessary to
add to the indicated relation the term γp describing
the energy consumption on the plastic deformation
adjacent to the region of spalling. The quasi-brittle
failure type spalling is described by the Stroh theory.
2. Method of preparing atomically clean surfaces of semiconductors. Spalling is carried out in
a high vacuum to decrease the rate of surface coating by residual gases. Surfaces with electrophysical parameters close to those being realized on the
spalled surface in a high vacuum are prepared by
spalling the sample in the presence of chemically
inert condensed gases such as nitrogen or helium.
SPALLING, MICROSee Microspalling.
SPATIAL DIELECTRIC DISPERSION

The dependence of the components εαβ of the
SPALLING

dielectric constant tensor of a medium on the wave

1. Process of development of brittle or quasibrittle fracture in crystalline material. Spalling
usually propagates on the surface with the least
effective failure energy γeff , accompanied by thin
fragments breaking off in layers parallel to the surface. In a monocrystal the spalling occurs along
those particular crystallographic planes that have
a minimal elastic modulus perpendicular to the
planes, the largest interplanar distance, and the
largest atom density in the plane. In most metals

vector k, which stems from the nonlocal relation
between the vector of electric induction D and the
electric ﬁeld strength E. Such a nonlocal relation
produces certain physical phenomena that are effects of spatial dispersion, such as the rotation of
light polarization plane, optical anisotropy of cubic
crystals, etc., where an explanation requires taking into account the dependence of εαβ on k. Spatial dispersion also manifests itself by the possibility of propagation of additional light waves in
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crystals. The theory of spatial dispersion effects is
closely related to that of excitons. One should take
into account spatial dispersion when studying such
problems as the anomalous skin-effect in metals,
crystal lattice vibrations, light scattering, and the
behavior of certain optical vibrations of crystals
around their second-order phase transition points,
etc.
SPECIFIC HEAT, heat capacity
A susceptibility of a body being heated. It is de-

termined as the amount of heat needed to raise
the temperature of one kilogram of a body by
one degree kelvin (in SI units), or more exactly,
it is a ratio of received heat Q to temperature
change T (at T → 0). Thus the speciﬁc heat
c is given by c = dQ/dT . As a quantitative characteristic of matter the terms speciﬁc heat, volume
heat capacity, and molar heat capacity are used,
i.e. the heat capacities of a unit of mass, a unit of
volume, and one mole. The corresponding units of
measurements are J·kg−1 ·K−1 , J·m−3 ·K−1 , and
J·mole−1 ·K−1 . Heat capacity is a more general,
nonspeciﬁc term. The unit calorie is often substituted for joule in practical applications. The body
heat capacity depends on the conditions of measurement. As a rule, measurements are made of
speciﬁc heat at constant volume cV and at constant pressure cP . Values cV and cP are expressed
through entropy S and the thermodynamic potential of a body:



 2 
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=
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where E is the internal energy, F is the Helmholtz
free energy, H is the enthalpy, G is the Gibbs thermodynamic potential. It follows from the second
law of thermodynamics that cP , cV > 0; the third
law gives S → 0 at T → 0, which means that the
speciﬁc heat goes to zero at T = 0. In isotropic
bodies the following relation holds:
cP − cV = −T

(∂V /∂T )2P
(∂V /∂P )T

,

(1)

where (∂V /∂T )P is the temperature volume expansion coefﬁcient, (∂V /∂P )T is the compressibility. Since for all stable bodies (∂V /∂P )T < 0,
it follows that cP > cV . For anisotropic solids (see
Anisotropic medium)

αij fij kl αkl , i, j, k, l = x, y, z,
cP −sV = T
ij kl

(2)
where αij is the second-rank tensor of the thermal expansion coefﬁcient, fij kl is the fourth-rank
elastic modulus tensor. For cubic crystals, Eq. (2)
reduces to Eq. (1). In crystals far from the region
of a phase transition, the values cV and cP differ
very little from one another, and in an ideal gas
cP − cV = R, the gas constant.
In the classical limit, i.e. at sufﬁciently high
temperatures, the law of equipartition of energy
is valid. In this case, the speciﬁc heat is equal
to kB /2 per translational or rotational degree of
freedom, and kB per vibrational degree of freedom, where kB is the Boltzmann constant; kB =
1.3807·10−23 J/K. This results in the validity of
the Dulong and Petit law (P. Dulong, A. Petit,
1819) for simple (non-molecular) crystals at high
temperatures: cV = 3NνkB where N is the number of unit cells, ν is the number of atoms in a cell;
this means that the speciﬁc heat per atom is the
universal constant with the value 3kB (each atom
has 3 vibrational degrees of freedom). The molar
speciﬁc heat of a monatomic crystal in this limit is
cV ≈ 3R ≈ 25 J·mole−1 ·K−1 , where R = NA kB
is the gas constant, and NA is the Avogadro number. In accordance with the third law of thermodynamics, the speciﬁc heat decreases at low temperatures. Such a behavior is explained within the
framework of the quantum theory: the speciﬁc
heat of a single vibrational degree of freedom (of
an oscillator) has the form:


0 (T ) = k f ω0 ,
cV
B
kB T
f (x) = x 2

ex
(ex − 1)2

,

where  = h/(2π), and ω is the angular frequency
0 = k at high
of a given oscillator. It is seen that cV
B
ω0 ) with an exponential
temperatures (kB T
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decrease (f (x) ≈ x 2 exp(−x), x 1) at low temperatures (kB T  ω0 ). In a harmonic approximation the crystal lattice vibrations can be represented
in the form of 3Nν independent oscillators. In this
case the lattice speciﬁc heat is
cV =

3Nν


takes the form:
cV = 3kB N

v0
2π 2


= 3NkB f1
cnV (T ),

(3)

where g(ω) is the density of states of phonons
in the crystal normalized to unity. Among the 3ν
branches of the crystal lattice vibrations three of
them are acoustic vibrations (their frequency ∼|q|
at q → 0), and the other (3ν − 3) branches are
called optical vibrations (their frequencies remain
ﬁnite at q → 0). To describe the speciﬁc heat in the
low-temperature range it is sufﬁcient to consider
only the acoustical branches. A good description
of the speciﬁc heat of simple crystals over a wide
temperature range is provided in the framework of
the Debye model of speciﬁc heat. This theory assumes that over the entire range of wave vector
values for the acoustical branches, the linear dispersion law applies: ωqj = s|q|, where the sound
velocity s does not depend on either the polarization or the wave vector direction. A Brillouin zone
is replaced by a sphere of the same volume with
radius qD = (6π 2 /v0 )1/3 called the Debye radius
where v0 is the unit cell volume. The highest possible vibrational frequency of the acoustical spectrum ωD = sqD is called the Debye frequency. As
a result, the speciﬁc heat of a monatomic crystal

0


T
;
Θ
(4)

n=1

where n is the number of the harmonic oscillators
with frequency ωn . In the simplest quantum theory of solids put forward by Einstein (Einstein approximation) it was assumed that all frequencies
ωn are the same (ωn = ω). Therefore, at low temperatures the speciﬁc heat would go to zero according to an exponential law. In contrast to this,
experimental data follow the law cV ∼ T 3 in this
temperature range. For describing such behavior
it is necessary to take into account the actual vibrational spectrum of the solid (see Crystal lattice
dynamics). To accomplish this Eq. (3) for crystals
may be rewritten in the form:



ω
dω,
cV = 3kB Nν g(ω)f
kB T


qD 
sq
q 2 dq
f
kB T

1/x
f1 (x) = 3x 3
0

t 4 et
(et − 1)2

dt;

ωD
sqD
Θ=
=
.
kB
kB
Thus, in the Debye theory the temperature dependence of the crystal speciﬁc heat is described
by a single parameter, the Debye temperature Θ,
which is related in a simple manner with the
Debye frequency ωD = kB Θ/. At high temperatures when T
Θ (function f1 (x) → 1 at
x → ∞) the Dulong and Petit law (cV = 3NkB )
is valid; at low temperatures (T  Θ) cV =
(12/5)π 4 NkB (T /Θ)3 , i.e. the speciﬁc heat varies
as T 3 in agreement with experiment. At intermediate temperatures, deviations from the behavior
predicted by Eq. (4) can occur. Such deviations
are sometimes erroneously interpreted as a temperature dependence of Θ. The contribution of the
optical branches to the speciﬁc heat is described
fairly adequately in the framework of the Einstein
theory, i.e. disregarding dispersion. In quasi-twodimensional crystals and quasi-one-dimensional
crystals at not very low temperatures, the speciﬁc
heat appears to be proportional to smaller power
indices of the temperature (smallest power index
T 1/2 is for chain crystals) with the T 3 law valid
only for the lowest temperatures.
The conduction electrons make an extra contribution to the speciﬁc heat of metals. The associated electronic speciﬁc heat depends linearly on
the temperature:
π2
N(εF ),
3
where N(εF ) is the electron density on the Fermi
surface. At high temperatures the electronic speciﬁc heat is negligibly small compared to the lattice portion, but at very low temperatures its contribution becomes appreciable. Hence studies of
e = βT ,
cV

β=

SPECIFIC HEAT JUMP

the electronic speciﬁc heat provide important information about the properties of conduction electrons. A transition to the superconducting state
(see Superconductivity) is accompanied by a jumplike rise of the electronic speciﬁc heat; and further
lowering of the temperature decreases the speciﬁc
heat according to an exponential law.
In magnetic materials the magnetic excitations
(magnons or spin waves) contribute to the speciﬁc heat. In ferromagnets with a small magnetic
anisotropy, the related speciﬁc heat at temperatures below the Curie point varies as T 3/2 due
to a quadratic dependence of the spin wave frequencies on the wave vector. Owing to a linear
dispersion law, the extra speciﬁc heat contribution
in antiferromagnets is described by the same law
(cV ∼ T 3 ) as that due to acoustic lattice vibrations. At extremely low temperatures, below the
minimal magnon energy ε0 , the magnon speciﬁc
heat decays at T → 0 as the exponential function,
cV ∝ exp[−ε0 /(kB T )].
A substantial contribution to the speciﬁc heat
of crystals can be introduced by a high density
of impurity centers (see Donor, Acceptor), which
is of particular importance if their characteristic excitation frequencies are much less than the
Debye frequency. As an example, heavy impurity
atoms whose classical limit is found at signiﬁcantly lower temperatures than the overall crystal,
and two-level centers whose speciﬁc heat (Schottky speciﬁc heat) is described by a curve with the
maximum




E 2
E
Sh =
,
cV
coth−2
2kB T
2kB T
where E is the energy difference between levels.
In the most disordered systems such as amorphous
materials and glasses (see Amorphous state, Vitreous state of matter) the speciﬁc heat at the lowest
temperatures is a linear function of temperature
due to the presence of so-called two-level states
(see Two-level systems) with randomly distributed
transition energies whose density of states g( E)
remains ﬁnite at E → 0. The same type of speciﬁc heat temperature dependence takes place in
spin glasses, and also in crystals at the presence
of impurities of certain kinds: Jahn–Teller atoms
(see Jahn–Teller effect), reorienting centers, etc.
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Particular features in the temperature dependence are observable in the neighborhood of
second-order phase transitions. In accordance
with the Landau theory, a jump of the speciﬁc
heat would take place at the transition point. Such
jumps can readily be isolated if one considers the
asymptotic dependencies of the speciﬁc heat far
from a transition temperature Tc . In the vicinity
of the transition point (critical region where order
parameter ﬂuctuations are signiﬁcant) the speciﬁc
heat exhibits a divergent character:
cP ∼

T − Tc −α
,
Tc

where α is the critical index of the speciﬁc heat.
In the framework of the now accepted scaling invariance hypothesis, critical indices are regarded as universal values dependent on the space
dimensionality (d) and the number of components
(n) of the order parameter. Experimental values
of α are insigniﬁcant, close to 0.1. In the framework of the Wilson ε-expansion (see Epsilon expansion, Renormalization group method), the ﬁrst
two members of the expansion of α assume the
following form:
α=−

(n + 2)2
n−4
(n + 28)ε2 + · · · ,
ε−
2(n + 8)
4(n + 8)3

where ε = 4 − d.
A comparison of theoretical and experimental values of α for the present case has very low accuracy
due to the smallness of α.
Experimental methods for the determination of
the speciﬁc heat are quite diverse, and depend
on the process employed, the sample properties
including dimensions, and the temperature range
covered in the experiment.
SPECIFIC HEAT JUMP in superconductors
The difference of speci c heat between

superconducting and normal phases at the
superconducting phase transition temperature

C = CS (Tc ) − CN (Tc ). The speciﬁc heat jump is
the difference between the heat capacity values on
both boundaries of this transition region, and it is
associated with an unusually narrow critical region
in the majority of superconductors. Outside of this
region the Landau theory of second-order phase
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transitions is valid. Thus, the speciﬁc heat jump is
understood as the difference of speciﬁc heat values at the two limits of the critical region. The
majority of superconductors come close to satisfying the relation C/CN (Tc ) = 1.43 predicted
by the Bardeen–Cooper–Schrieffer theory. However, in some cases signiﬁcant deviations from this
result are observed, e.g., C = 2.65 for Pb and
2.3 for Hg. Some of these values are explained
by the theory of strongly coupled superconductors
(see Eliashberg equations), whereby the enhancement of the speciﬁc heat jump is attributed to an
increase of the electron–lattice interaction.
SPECIFIC HEAT, SURFACE
See Surface speci c heat.
SPECTRAL ANALYSIS, EMISSION
See Emission spectral analysis.
SPECTRAL ANALYSIS, MOLECULAR
See Molecular spectral analysis.
SPECTRAL DENSITY OF STATES
The same as Density of states.
SPECTRAL DIMENSIONALITY
See Fracton dimensionality.
SPEED OF LIGHT in a solid

The speed of propagation of electromagnetic
waves with frequencies for which the medium is
transparent (that is absorption is negligibly small).
In crystals the electric polarization P induced by
the ﬁeld E of the light wave, and consequently the
electric ux density D = ε0 E + P (ε0 is dielectric constant of free space) in a general case do
not coincide in direction with E at a given point.
The simplest relation between D and E along the
principal dielectric axes (see Principal axes of a
tensor) of the crystal xα (α = 1, 2, 3) has the form
Dα = ε(α) Eα , that is the coefﬁcients of proportionality between Dα and Eα vary for different
principal directions α. This gives rise to two important features of light propagation:
(a) The group velocity of light v (speed of electromagnetic energy transport) which is perpendicular to E and H (H is the magnetic eld
intensity) differs from the phase velocity U
(perpendicular to D, H ) not only in magnitude but also in direction.

(b) For each direction s = U /|U | there are generally only two deﬁnite (mutually perpendicular) planes of possible linear polarization of
light, and two different speeds of propagation
denoted by U1,2 (s).
The set of numerical values U1,2 (s) for all s form
a double self-intersecting surface described by the
Fresnel equation

2 
2 
s12 U 2 − U (2) U 2 − U (3)

2 
2 
+ s22 U 2 − U (1) U 2 − U (3)

2 
2 
+ s32 U 2 − U (1) U 2 − U (2) = 0.

(1)

Here Uα ≡ c/[ε(α) ]1/2 is the speed of waves polarized along xα (principal speeds of light in the
crystal). The group velocity v is characterized by
a similar surface.
If all ε(α) are identical (crystals of cubic system) then U(1) = U(2) = U(3) , and the surface (1)
reduces to a sphere with U = const in all directions. If ε(1) = ε(2) = ε(3) (uniaxial crystals), then
U(1) = U(2) = U(3) ; and the surface (1) looks like
a sphere and an ellipsoid of revolution touching
each other at two points which deﬁne the direction
of the optical axis of a crystal. The sphere is associated with the light polarized perpendicular to the
optic axes (ordinary ray, o-ray), and the ellipsoid
corresponds to the light with its polarization plane
parallel to the optic axis (extraordinary ray, e-ray).
Finally, if all the ε(α) differ (biaxial crystals) then
surface (1) has intersections at four points, deﬁning two different optic axes. The inﬁnite set of ray
directions generating the conical surface (conical
refraction of light waves) corresponds to the speed
of light U along such an axis. When a light beam
is incident on a crystal with two values U1,2 (s),
there are two refracted beams, the o-ray and the
e-ray, each of which is linearly polarized (birefringence). The properties of light propagation in
crystals are studied in crystal optics, and ﬁnd various applications, in particular for the correlation of
the refraction coefﬁcients of different harmonics
(see Refraction of light) in second harmonic generation in nonlinear optics.
SPERIMAGNETISM
See Speromagnetism.

SPIKE, DISPLACEMENT

SPEROMAGNETISM (fr. Gr. σ πειρω, spread,
scatter)
A magnetic state of an amorphous magnetic
substance in which the equilibrium and tempo-

rally constant orientations of atomic magnetic moments of individual magnetic atoms (ions) are
ﬁxed in position and randomly distributed over
space (over lattice sites) in such a way, that the
overall magnetization of the atoms (ions) is zero;
in addition the correlations between the directions
of magnetic moments of neighboring atoms die
out within several interatomic distances.
Based on speciﬁc features of their magnetic
properties and their type of atomic magnetic
structure, speromagnets are special cases of spin
glasses in a “frozen” state. The lack of correlation between the directions of local magnetic
moments in traditional spin glasses is most often
attributed to random interchanges of the magnitudes and signs of exchange interaction constants
of nearest neighbor atoms (ions), or to frustration
of antiferromagnetic linkages. In some speromagnets there are additional reasons for the lack of
correlation: random distribution of local directions
of easy magnetization axes in an amorphous material, and alignment of magnetic ions along directions where the anisotropy energy dominates over
exchange energy. The latter mechanism is characteristic of metallic glasses of the type rare-earth
metal (of nonzero orbital moment)–noble or transition metal, e.g., Dy–Cu, Tb–Ag, etc.
The distribution of the directions of local moments may be slightly aspherical. In this case, the
term “asymmetric speromagnetism” is used. Asperomagnets are characterized by a certain mean
macroscopic magnetization in combination with
typical varieties of spin glass states (magnetic viscosity, irreversible change of properties upon magnetization). The regular component for local directions of the easy magnetization axis may arise in
asymmetric speromagnets due to external or spontaneous deformation (related to magnetoelasticity). Antisymmetric speromagnets are sometimes
called asperomagnets, although the term asperomagnetism more properly refers to an antisymmetric speromagnetic state.
If an amorphous material includes two or
more types of magnetically inequivalent ions (ions
which differ chemically in valence electron conﬁguration), then several magnetic subsystems may
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arise in this material. Each of these subsystems can
be speromagnetic, and related to a certain distinct
kind of magnetic ion. Such a state resembles a randomized ferromagnet. If at least one of these subsystems is asymmetric (asperomagnet), then the
material is called a sperimagnet. This material will
also exhibit both spin glass properties and a certain nonzero mean magnetization. The typical representatives of sperimagnets are amorphous solid
solutions of the type “rare-earth metal (of nonzero
atomic orbital moment)–ferromagnetic metals of
the ferrous group”, e.g., Nd–Co, Nd–Fe, Dy–Co,
etc.
SPHERICAL HARMONICS

Eigenfunctions Ylm (θ, ϕ) of the orbital angular
momentum operator (θ and ϕ are angular coordinates). Spherical harmonics characterize the electron density distribution in a centrally symmetric
ﬁeld for an electron with orbital angular momentum l, the square of which is equal to l(l + 1), and
whose projection on the axis of quantization is m.
The functions Ylm are solutions of the Legendre
differential equation. The inﬁnite series of spherical functions Ylm with l = 0, ±1, ±2, . . . , ±∞
and m = −l, . . . , l is a complete set of orthonormal functions, i.e. functions which satisfy the conditions of orthogonality and normalization:

Ylm (θ, ϕ)Yl  m (θ, ϕ) dΩ = δll  δmm .
This property allows one to expand any function of
the difference between radius vectors of two particles in a series of spherical harmonics as
f (r 1 − r 2 ) = F (|r 1 |, |r 2 |)
×

+∞


l


alm Ylm (θ1 , ϕ1 )Yl,−m (θ2 , ϕ2 ).

l=−∞ m=−l

The expansion of the Coulomb interaction energy
of point charge ions in terms of spherical harmonics is, in particular, used in crystal eld theory for
deducing the effective spin Hamiltonian.
SPIKE, DISPLACEMENT
See Displacement spike.
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SPIN

SPIN

The intrinsic angular momentum of an elementary particle (electron, nucleon, meson, etc.),
which is quantum in nature, and is unrelated to the
spatial motion of the particle. Numerous phenomena of solid state physics are related to spin (see,
e.g., entries beginning with the word “spin”).
SPIN COMPLEXES
Many-particle magnon bound states. In the

case of a one-dimensional system, spin complexes
of arbitrary length exist for any nonzero value of
the total quasi-momentum of the magnons. There
exist explicit expressions for the wave function
and energy levels of spin complexes of the spin
chain of the xyz-model. The spin complexes of
a chain, which exhibits a “ferromagnetic” interaction for the indicated number of magnons and
a ﬁxed value of total quasi-momentum, have the
lowest energy. There exists a relationship between
spin complexes and magnetic solitons, which are
solutions of the corresponding Landau–Lifshits
equation.
SPIN DEGENERACY
Degeneracy of energy levels, due to spin states

(spin wave functions). Degenerate quantum states
are states with the same energy. The ground state
of paramagnetic centers in crystals is often an orbital singlet due to splitting of atomic terms by intracrystalline electric ﬁelds. In this case, the multiplicity or degeneracy of a level with spin S is given
by the quantity 2S + 1.
SPIN DENSITY

The square of the amplitude of the wave function at the point r, i.e. |ψkm (r)|2 , where m is the
magnetic spin quantum number, and k is the set
of other quantum numbers. The term “spin density” is occasionally used in reference to squared
coefﬁcients of the linear combination of atomic orbitals in the LCAO method (see Linear combination of atomic orbitals). The concept of spin density is of crucial importance in studying the hypern e structure in spectra due to magnetic resonance
phenomena, since this hyperﬁne structure is determined by the total spin density kk  [|ψk↑ (r)|2 −
|ψk  ↓ (r)|2 ] localized at the nuclear position r. The

total spin density of ﬁlled electron shells may differ from zero (k = k  ) due to the fact that electrons in full shells are subjected to exchange polarization by electrons of unﬁlled shells, which have
zero spin density in the proximity of the nucleus.
In line with the above relations, the description of
the magnetic properties of materials sometimes involves the introduction of the spin density operator with respect to the spin angular momentum
S(r  ) = l S l δ(r l − r  ), where the coordinate r l
locates lth spin (nucleus), and r  is the running coordinate.
SPIN DENSITY WAVE

A stable, static, periodic in space, distribution
of spin density (and correspondingly of magnetic
moment) of charge carriers (electrons and holes)
in solids. The appearance of a spin density wave
means a phase transition to a magnetically ordered
state of the antiferromagnetic type. Accordingly,
macroscopic and spin-wave properties of such an
antiferromagnet are indistinguishable from the antiferromagnetism of localized electrons described
by a Heisenberg Hamiltonian. However, in the spin
density wave (SDW) case other microscopic models, based on band magnetism (see Antiferromagnetic metals), are used.
The ﬁrst model of band antiferromagnetism
was developed by Overhauser in the late 1950s
and early 1960s. It involves a one electron band,
where a SDW appears due to correlations between
electrons and holes at opposite regions of the
Fermi surface. Such correlations resemble those of
Cooper paired electrons in the Bardeen–Cooper–
Schrieffer theory of superconductivity, and also
the electron–hole correlations responsible for the
Peierls instability which brings about a metal–
insulator transition with the formation of a charge
density wave (CDW). A difference between a
SDW and a CDW is that for the former the
electron–hole pair that appears as a result of correlation is in the spin triplet state, while in the latter
case it is in the singlet state. The efﬁciency of the
electron–hole interaction responsible for the formation of a charge density wave, as well as of a
spin density wave, is determined by how well the
opposite regions of the Fermi surface line up (i.e.
are nested), separated in k -space by the wave vector Q, which determines the period of the CDW
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or SDW. For good nesting straight sections of
a Fermi surface are required, so the best conditions for the formation of these waves in a single band are found in quasi-one-dimensional crystals. There are also two-band models of SDW formation where correlations appear between electrons and holes from the different bands. The efﬁciency of such correlations depends on how well
the Fermi surface electron bands nest through the
displacement of one of them by the Q vector.
The ﬁrst two-band model of a SDW was considered by W.H. Lomer (1962) with application to
chromium and chromium alloys, which are well
investigated materials with SDWs. The two-band
model is also a particular case of the exciton dielectric model, suggested by L.V. Keldysh and
Yu.V. Kopayev (1964) for a semimetal with overlapping conduction band and valence band. In
this model, at the non-coinciding band extrema in
k-space, the formation of a singlet electron–hole
pair brings about the appearance of a CDW, while
the triplet pair produces a spin density wave. The
SDW vector Q can be commensurate (or incommensurate) with vectors of the reciprocal lattice of
a crystal; in the ﬁrst case it is possible to speak
about a commensurate SDW, and in the second
case about an incommensurate one. These two
types of waves and the phase transition between
them have been experimentally observed, in particular, in antiferromagnetic chromium by varying its degree of alloying. Spin density waves are
distinguished by the polarization of the magnetic
moment in the wave. Circular polarization (helicoidal waves) is possible, and also two types of
the linear polarization: parallel and perpendicular with respect to the Q vector (see Modulated
magnetic structures). Since the Q vector is parallel to some selected crystalline direction, the longitudinal SDW is the analog of an antiferromagnet with anisotropy of the “easy axis” type, and a
transverse SDW is an analog of an antiferromagnet with anisotropy of the “easy plane” type.
SPIN DENSITY WAVE IN SUPERCONDUCTOR

See Superconductor with charge (spin) density
waves.

SPIN-DEPENDENT EFFECTS

Effects related to the fact that certain mobile
and/or localized interacting particles (e.g., electrons and holes) have spin (angular) momentum.
A great variety of phenomena involves manifestations of spin-dependent effects, which may be
of either a resonance or a nonresonance nature. In
the former case the spin-dependent effects show
themselves as a resonance change of a certain
measured quantity, e.g., the photoconductivity of
a sample under electron paramagnetic resonance
(EPR) conditions (in an external magnetic ﬁeld,
and subjected to microwave saturation at a resonance frequency).
Most spin-dependent effects are described in
terms of the concept of pairs of particles, which
have spins; the interactions of these particles (e.g.,
electron–hole recombination) results in a nonequilibrium distribution of these pairs between states
with parallel and antiparallel spins. This deviation
from an equilibrium distribution of spin orientations may be due to, e.g., preferential recombination of “singlet pairs” relative to a recombination of triplet states. Application of resonance
microwave pumping disturbs the statistical equilibrium, and hence changes the recombination
rate, causing, e.g., resonance decrease of photoconductivity or ampliﬁcation of recombination luminescence. Spin-dependent effects are involved
in a wide diversity of phenomena, which occur extensively in semiconductors (particularly
amorphous semiconductors) and organic solids.
Phenomena in semiconductors accompanied by
spin-dependent effects are: transport phenomena,
Hall effect, magnetoresistance (see Galvanomagnetic effects), photoconductivity, photoluminescence, trapping and ejection of current carriers
by paramagnetic centers (the latter processes appear as distortions in corresponding EPR spectra
obtained through optical excitation), photoelectromotive force (photovoltaically detected magnetic
resonance), and photoelectric absorption (both
phenomena observed in deep level transient spectroscopy). Organic solids exhibit, along with phenomena of a similar nature (photoconduction, u orescence), the resonance change of the rate of
photoprocesses (magnetic resonance, which is detected by the change in the reaction rate); the
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latter effect permits one to detect 105 –107 particles of lifetimes ∼10−8 –10−9 s in the sample under study. The techniques, which employ
spin-dependent effects, are extraordinarily sensitive compared with the ordinary EPR method. This
sensitivity is high because the magnitude of the effect does not depend on the concentration of the
particles involved, but is determined by the relative contribution of the spin-dependent energy to
the phenomenon under study.

and spin migration dominates over spin diffusion.
In the case of diluted magnetic solids, the migration process is also strongly affected by the disorder in the arrangement of paramagnetic atoms.
The special case of polarization transfer is represented by the so-called hopping polarization
mechanism, which is the opposite of the diffusion
mechanism. This mechanism takes place when the
polarization nonuniformity scale is smaller than
the distance between spins.

SPIN DIFFUSION

SPIN ECHO

The process of spin excitation transfer across
the sample, due to spin ﬂip-ﬂop transitions (see
Cross-relaxation). The spin diffusion in dilute
magnetic electron spin systems and nuclear paramagnets is caused by the dipole–dipole spin–spin
interaction. Based on rather general assumptions,
the process of spin excitation transfer is described
by the bilinear kinetic equation:
∂Pi 
Wij (Pj − Pi ),
(1)
=
∂t

Appearance of magnetic resonance emission
signals within a certain time t after the application of radio-frequency electromagnetic radiation
pulses to a sample. Usually, two pulses are applied
sequentially separated by an interval τ . The spin
echo signal is observed at the time τ after application of the second pulse (see Fig.). Spin echos appear in both electron paramagnetic resonance and
in nuclear magnetic resonance. From the standpoint of physics, the reasons for the spin echo are
as follows. At the initial instant of time (t = 0), the
spins are preferentially aligned along the constant
magnetic ﬁeld B (z-axis). The ﬁrst (π/2) pulse
of the ﬁeld B⊥ turns the total magnetization into
the plane perpendicular to the z-axis (e.g., along
the y-axis). During the time interval between the
ﬁrst and second pulses the magnetization spreads
out in the x–y plane into individual spin packets
which precess at different rates (due to differing
local ﬁelds, which cause inhomogeneous broadening of the magnetic resonance line). The second
(π ) pulse specularly reﬂects the entire spin alignment pattern in the z–x-plane. As a result of this

j

where Wij is the probability of ﬂip-ﬂop transitions
of spins i and j , and Pi and Pj are spin polarizations.
The term “spin diffusion” implies that polarization redistribution is described by the diffusion
equation. However, the change-over from Eq. (1)
to an approximate description in terms of diffusion is possible only when the characteristic scale
of the polarization spatial nonuniformity exceeds
the mean distance between spins. The latter situation is almost always the case in nuclear paramagnets, which is where the term “nuclear spin
diffusion” comes from. The characteristic nonuniformity scale is in practice determined by the paramagnetic impurities present in the sample. Since
the magnitude of the dipole–dipole interaction between nuclear spins and paramagnetic impurities
far exceeds the magnitude of the dipole–dipole interaction of nuclear spins, the polarization nonuniformity scale far exceeds the distance between
spins. Yet the situation may be different for spin
systems in which the interaction constants of spins
with one another and with impurities may be of the
same order of magnitude. In this case, the process
of spin polarization redistribution is described by
integral equations (not by differential equations),

Scheme of formation of a spin echo: J is intensity in
arbitrary units, (a) shows a pair of input pulses (π/2
and π ), and (b) is the echo signal.
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phase inversion the “phase lagging” spin packets
become leading, but their motion is still slow as
before, so the spin wave packets from behind will
catch up with them. All the spin wave packets will
be again in phase at the time τ after the second
pulse, and this produces the spin echo signal.
If the crystal under consideration has defects
with nonzero dipole moments, then the electric dipole echo effect may take place along with the
electric ux density effect. The electric dipole echo
effect arises upon excitation of the system of electric dipoles by a series of pulses of electric or magnetic components. The electric dipole echo signal
may appear at times, which differ from the time
intervals, at which a magnetic dipole (spin) echo
signal appears.
SPIN ECHO, ACOUSTIC
See Acoustic spin echo.
SPIN EFFECTS in solid-phase chemical reactions

Change of rate of a nonequilibrium process in
a material associated with interactions involving
electronic spins, sometimes occurring in response
to the application of an external magnetic eld.
This rate change results in either an increase or
a decrease in the product yield of the process.
Chemical changes in solids (molecular crystals,
polymers) often take place with the participation
of electronic excitations (excitons, ion-radicals,
etc.), the nonequilibrium concentrations of which
are formed upon exciting the substance with light,
ionizing radiation, etc. Spin effects manifest themselves in processes involving the formation of intermediate pairs of paramagnetic particles, with
the yield of the end product depending on the
spin state of these particles after their recombination. The spin state of the pair, which is initially determined by precursor spins, undergoes a
certain evolution, tending to an equilibrium state.
Under actual conditions, when the energy of interaction between paramagnetic particles, which
have a magnetic moment M, and an external magnetic ﬁeld B is much smaller than the thermal energy (E = M·B  kB T ), the spin effects are not
affected by thermal motion because changes of
spin state of the pair, caused by the external magnetic ﬁeld, may proceed much quicker (in a time
≈ 10−9 s) than the process of relaxation of pairs

to their equilibrium spin state (characteristic time
τI ∼ 10−7 s).
A typical reaction, which involves a spin effect,
is the photochemical excitation of an electronic
transition in a molecular crystal of the anthracene
type (molecule D), which contains impurity molecules A. Exposure of the crystal to exciting radiation brings about the generation of ion-radical
pairs (Ḋ + · · · Ȧ− ) in accordance with the scheme:
1 D + hν → 1 D ∗ , 1 D ∗ + 1 A → 1 (Ḋ + · · · Ȧ− ).
The initial state of the pair is a singlet. The spin
multiplicity of the pair becomes a triplet due to
the evolution of its spin state, which may related
to the the Zeeman interaction (see Zeeman effect)
and/or hyper ne interaction. Recombination reactions of 1 (Ḋ + · · · Ȧ− ) and 3 (Ḋ + · · · Ȧ− ) give different products: singlet excitons 1 D ∗ are formed
in the recombination of a singlet pair, whereas a
triplet pair recombines giving triplet excitons 3 D ∗ .
The probability of dissociation of pairs into free
current carriers, which are responsible for photoconductivity, is also changed. The magnetic effect
manifests itself in a change of uorescence intensity and photoconductivity (change of up to 20%)
on the application of a magnetic ﬁeld B = 1–
10 mT.
Additional examples of processes involving
spin effects (ordinarily not characterized as chemical) are: triplet–triplet annihilation of excitons,
quenching of triplet excitons by paramagnetic impurities, recombination of charge carriers in semiconductors, and the jump motion of charge in substances with paramagnetic centers.
In ionic crystals, the paramagnetic pairs involve crystal lattice defects, e.g., F -centers (see
Color centers) of spin 1/2. The photoexcitation of
F -centers brings about paired electron tunneling,
and results in the generation of uncharged singlet
defects. The change of spin state of a pair due to
an external magnetic ﬁeld results in a change of
the ratio between the rate of electron transfer, and
the rate of a competitive radiation process.
SPINEL, FERRITE
See Ferrite spinels.
SPIN-FLIP TRANSITION
See Antiferromagnetism, Magnetic phase transitions.
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SPIN-FLOP TRANSITION
See Antiferromagnetism, Magnetic phase transitions.
SPIN GLASS

Disordered state of a magnetic system, which
involves random, alternating-sign, spin–spin interactions. The spins in this state become “frozen”
in a certain direction which, however, varies randomly from point to point, so that there is no longrange order in the system (see Long-range and
short-range order). The term “spin glass” implies
lack of long-range order, as in the case of simple
glasses (see Vitreous state of matter). The freezing
of spin moments distinguishes spin glasses from
paramagnets, in which individual spin moments
are subject to rapid ﬂuctuations with the resultant
spin moment averaged to zero. The spin glass state
appears when the temperature T is lowered below
the glass freezing temperature Tf . The temperature
dependence of the dynamic magnetic susceptibility in zero magnetic eld B shows a pronounced
inﬂection at Tf , which becomes smoothed with
increased ﬁeld strength; certain physical quantities show speciﬁc behavior at Tf , e.g., a nonlinear
magnetic susceptibility χ3 = ∂ 3 M/∂H 3 ∝ (T −
Tf )−γ , and a critical index value γ = 3.5 for the
CuMn alloy. The resistivity and speci c heat of
spin glasses do not exhibit anomalous behavior
at the freezing temperature. On approaching the
freezing point, the range of spin relaxation times
(see Paramagnetic relaxation) broadens abruptly at
T > Tf . The maximal relaxation time is given by
the Vogel–Fulcher law (I. Vogel, 1921; G. Fulcher,
1925): tmax ∝ t0 exp{EA /[kB (T − Tf )]}, where
EA , Tf are experimentally determined parameters. The range of relaxation times is unlimited at
T < Tf , which results in a nonergodicity in the
behavior of spin glasses. The cause of the destruction of ergodicity is the presence of an inﬁnitely large number of nearly degenerate minima
of the system energy. Therefore, the description
of equilibrium characteristics of the system requires specifying an inﬁnitely large number of order parameters, which characterize different spin
conﬁgurations of the spin glass state. The “classic” spin glasses are noble metal alloys with transition metals (e.g., AuFe, CuMn), in which the
transition metal content is several mole percent.

The atoms of these alloys interact with one another via the Ruderman–Kittel–Kasuya–Yosida interaction through the intermediary of conduction
electrons; the distinguishing features of this interaction are its long range and alternating-sign nature, which depends on the relative positions of the
interacting atoms. Therefore, there is a competition between ferromagnetic and antiferromagnetic
interactions, which are randomly distributed due
to the disordered arrangement of magnetic atoms.
The spin glass state is also observed in concentrated alloys of transition elements, e.g., in polycrystalline Fex Ni80−x Cr20 (0 < x < 70%), and
amorphous (Fex Ni1−x )77 ·B13 Si10 . Another class
of materials that exhibits a spin glass state are insulating compounds of rare-earth elements, e.g.,
Eux Sr1−x S. The exchange interaction of Eu ions
in this compound is of short range, but extends
over the ﬁrst and second coordination spheres; the
exchange interaction has different magnitudes and
signs in the two coordination spheres.
SPIN GLASS FREEZING
Phase transition in amorphous magnetic substances, when a random frozen magnetization

mi = S i T appears, different from zero over
the entire space (the average spin is obtained
from Gibbs averaging). The value of mi is a
random function of the coordinates. Its simplest
parameters are ﬁrst moments M = mi c and
second moments q = m2i c , where the averaging is over conﬁgurations, and q is called the
Edwards–Anderson order parameter (S.G. Edwards, P.W. Anderson, 1975) (see Spin glass).
SPIN HAMILTONIAN

Energy operator of spin subsystem of atoms,
ions, molecules and solids, which is expressed in
terms of spin operators of electrons and solids
comprising these quantities (see also Heisenberg
Hamiltonian, Ising model, Exchange interaction).
The spin Hamiltonian of the magnetic ion in
a crystal is a matrix, which is composed of the
components of a transition ion spin operator; this
matrix being used for calculating the splittings of
its dominant energy term 2S+1 L (L is the value
of the total orbital angular momentum) in an external constant magnetic ﬁeld B. The spin Hamiltonian is obtained from the complete Hamiltonian,
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which accounts for interaction of electrons with a
crystal ﬁeld HC ∼ 104 cm−1 , spin–orbit interaction HLS = λL · S ∼ 102 cm−1 , spin–spin interaction HSS ≈ ρ(L · S)2 ∼ 1 cm−1 , and Zeeman
interaction HZ = β(L + 2S)B ∼ 1 cm−1 , by applying two or three perturbation theory approximations. The matrix elements HLS + HSS + HZ ,
which are calculated using the coordinate wave
functions of the unperturbed Hamiltonian HC and
determine the sought-for splittings, are polynomials of degrees 1 and 2 with respect to S. In this approach, the parameters of spin operators (g- and
D-tensors) are expressed in terms of the known
constants λ and ρ, matrix elements of the operator L, and energy intervals between the dominant
term and excitation terms. In the case of ions in
crystals, the lowest energy state of which is an orbital singlet (Cr3+ , V2+ , Ni2+ ) or doublet (Cr2+ ,
Mn3+ , Cu2+ ), the spin Hamiltonian of their actual spin S is used as the electron spin Hamiltonian. The spin orbital multiplet of 3(2S + 1)
orbital triplet sublevels is split by LS-coupling
into groups, the effective spin 
S of which is either
S + 1, or S, or S − 1. Each of these groups can be
described with a spin Hamiltonian or generalized
spin Hamiltonian, which is constructed of components of 
S. The spin Hamiltonian is applicable
to ions with D- and F -terms and adequately describes the spectra of these ions. The spin Hamil-

tonian fails to explain the splittings of an S-state
term, which are observed in spectra of ions in 3d 5 and 4f 7 -conﬁgurations (e.g., Mn2+ , Gd3+ ) with
L = 0. The spectra of the latter ions are usually
described in terms of the phenomenological generalized spin Hamiltonian, obtained by application of methods of invariants, the perturbation matrix method, and irreducible tensor operators of the
form
 ll
l1 l2
1 2
H=
alm
· · · Tlm
· · · (S, H , . . .),
lml1 l2 ...

where Tlm are irreducible tensor operators, l1 ,
l2 , . . . are powers of the SH -components and
other vectors and tensors, which appear in Tlm
(nuclear spin I , electric ﬁeld E, spin S 2 of second ion of exchange-coupled pair, strain tensor,
etc.); alm are arbitrary independent parameters determined by comparing calculated spectra with experiment. The component of H characterized by
l2 = 0, l1 = 2, 4, 6 (l1  2S) describes the interaction between electrons of the paramagnetic ion
and the crystal ﬁeld, the components, which are
characterized by l2 = 1, l1 = 1, 3, 5, 7, are related
to a Zeeman interaction linear in B. The admissible values of lm for all possible spin Hamiltonian
symmetry groups are given in Table 1, which gives
the most abbreviated form of a spin Hamiltonian.

Table 1. Collection of lm operator combinations for all eleven symmetry groups σi of the spin Hamiltonian

∗ Notes: c (or s) indicate an allowed combination of inequivalent tensor operators, and of transformations involving
cosines (sines) of the azimuthal angle. In addition to the terms included for σ1 there are also cs-operators (not shown)
with lm, equal to 21, 41, 61, and 65. For the two cubic groups σ10 and σ11 linear groupings of some lm operators form
individual combinations, as indicated by vertical lines.
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The generalized spin Hamiltonian was introduced for the description of EPR spectra of ions
in the S-state, for which the ordinary electron spin
Hamiltonian is inapplicable (the generalized spin
Hamiltonian applies also to spectra of other ions,
due to its versatility). The calculation of the energy spectrum is based on the fact that a group of
states relatively close together in energy, which are
far removed in energy from all other states, have
energy eigenvalues which can be calculated with
the aid of matrix elements expressed in terms of a
small number of parameters through the introduction of an effective spin 
S, and the application of
symmetry considerations and the Wigner–Eckart
theorem (E.P. Wigner, 1927; C. Eckart, 1930). The
important characteristic of the generalized spin
Hamiltonian is its symmetry group, i.e. the point
group of the symmetry of the magnetic and electric
interactions of a paramagnetic defect present in a
molecule, in a crystal, etc. In the presence of an external electric ﬁeld E (crystal ﬁeld) the symmetry
group coincides with one of 32 possible local symmetry groups. For E = 0 there are only 11 fundamentally different generalized spin Hamiltonians
because the magnetic ﬁeld is invariant under the
inversion operation. Each of these 11 generalized
spin Hamiltonians corresponds to one of the Laue
sets σi of the point groups (see Laue classes):
σ1 (C1 , Ci ),
σ2 (C2 , Cs , C2h ),
σ3 (C2v , D2 , D2h ),
σ4 (C4 , S4 , C4h ),
σ5 (C4v , D4 , D2d , D4h ),
σ6 (C3 , S6 ),
σ7 (C3v , D3 , D3d ),
σ8 (C6 , C3h , C6h ),
σ9 (C6v , D6 , D3h , D6h ),
σ10 (T , Th ),
σ11 (O, Td , Oh ).
The symmetry group of the generalized spin
Hamiltonian should be distinguished from the
symmetry group of the spectrum, for the latter is
one of the symmetry groups of the generalized
spin Hamiltonian only for a partial spectrum (of
equivalent paramagnetic centers), whereas for the
case of a complete spectrum it contains additional
operators of microscopic point crystal symmetry,
which convert equivalent centers into each other.

Furthermore, an effective spin Hamiltonian can
also be designated. It is constructed from the effective spin operators (used in EPR spectroscopy
and its modiﬁcations), and is intended for calculating the nuclear splitting in a particular electron state M. This Hamiltonian is obtained by
averaging the electron–nuclear component of the
spin Hamiltonian using electron spin functions.
In the averaging process hyper ne interactions are
transformed into an M-dependent magnetic ﬁeld,
which affects nuclear spins, and into indirect nuclear spin–spin coupling. An effective spin Hamiltonian is used for the description of electron–
nuclear double resonance spectra.
To describe the phenomena of nuclear magnetic resonance, nuclear quadrupole resonance,
and Mössbauer effect, the nuclear spin Hamiltonian is used, which includes the: Zeeman interaction between nuclear moments and the applied
magnetic ﬁeld B; the interaction proportional to B
of the electron shell of a molecule or crystal with
the screening ﬁeld (chemical shift of resonance);
the interaction between quadrupole moments of
nuclei and gradients of electric ﬁelds produced by
intrinsic electrons of the incomplete shells of the
ion and the charges of other ions; spin–spin interactions between nuclei (direct dipole–dipole and
indirect ones). See also Heisenberg Hamiltonian.
SPIN HAMILTONIAN PARAMETERS, spin
Hamiltonian constants

General name for the parameters of an electron
(nuclear, generalized) spin Hamiltonian, which are
characteristic of the Zeeman, exchange interactions, hyper ne interactions, quadrupole interactions, plus interactions with the crystal e ld. The
representation of spin Hamiltonian parameters involves Cartesian g-, D-, A-, Q-tensors.
The g-tensor is the set of numbers that characterize the Zeeman splitting of the energy levels
of a paramagnetic defect in an external constant
magnetic ﬁeld. Ordinarily the g-tensor appears in
the Hamiltonian as a symmetric 3 × 3 matrix with
9 components, six of which are independent because of the symmetry gij = gj i . In the principal
axis system in which the tensor is diagonal it has
three principal values gii = gi , where i = x, y, z,
and three Euler angles to describe its orienta-
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tion. In the absence of hyperﬁne interactions the
value of g in an arbitrary direction expressed in
polar coordinates is given by g = [(gx2 cos2 ϕ +
gy2 sin2 ϕ) sin2 θ +gz2 cos2 θ]1/2 . The principal values gi are only slightly different from 2.0 for ions
in an S-state. In the case of ions in other states, gi
are expressed through parameters of the spin–orbit
interaction and energy splittings, and can exhibit
large anisotropies at some crystallographic sites.
The crystal ﬁeld splitting tensor or D-tensor is
a traceless symmetric second-rank tensor, which
describes the indirect interaction of the resultant
electronic spin of a paramagnetic ion S in terms
of the spin–orbit interaction with the electric ﬁeld
of the crystal (molecule) under consideration. Five
parameters of the D-tensor may be transformed
into two principal values (involving constants D
and E) and three Euler angles, which characterize
the orientation of the principal axes with respect to
the crystal axes.
The quadrupole tensor or Q-tensor is also a
traceless symmetrical second-rank tensor, which
describes the interaction of the nuclear quadrupole moment (see Quadrupole) with the electric
eld gradient, the latter being produced by electrons of the intrinsic ion, and charges of ions in the
nearby environment. The Q-tensor is often characterized by Qzz and the asymmetry parameter
η = (Qxx − Qyy )/Qzz , where 0  η  1, in the
system of principal axes of a tensor.
The hyperﬁne tensor or A-tensor is a secondrank tensor of general form, which characterizes
the interactions between the resultant electronic
spin of a paramagnetic ion with the spin of its own
nucleus or of nuclei of nearby atoms. In its principal axis system it is diagonal with three principal
components.
In accordance with the above tensor nomenclature, the corresponding interactions are written
as products of a certain tensor with two vectors
(βBgS, SDS, I QI , SAI ), where β is the Bohr
magneton, B is the magnetic ﬁeld, and S and I
are the electronic and nuclear spin vector operators, respectively. However, the representation of
a spin Hamiltonian in terms of irreducible tensor
operators Tlm (S, H , I , . . .) is more general, and
facilitates theoretical calculations and algorithms
for deriving the spin Hamiltonian parameters from
experimental data.
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Also of importance are low-symmetry spin
Hamiltonian parameters which are present for
transition ions at crystallographic sites of low
symmetry. Sometimes these components are small
because there is, e.g., a tetragonal, rhombic, trigonal or other small distortion of a dominantly octahedral or tetrahedral site symmetry. If the components of the spin Hamiltonian are represented
as βBgS + SDS + I QI + SAI + · · · , then another cause for the presence of low-symmetry spin
Hamiltonian parameters can be a lack of alignment
between the principal axes of the g-, D-, A- and
Q-tensors. These parameters can be determined
from the position, line width, and line intensity of
the allowed and forbidden transitions in electron
paramagnetic resonance, electron–nuclear double
resonance, and nuclear magnetic resonance spectra. The said parameters manifest themselves in
the features of the angular dependences of spectra
(low-symmetry effects), as well as in spin–lattice
relaxation, broadening of spectral lines, and the
occurrence of forbidden quantum transitions with
respect to the orientation of B along the crystal
symmetry axes.
SPIN INDUCTION

See Nuclear induction.
SPIN–LATTICE INTERACTION, spin–phonon
interaction

Direct (or indirect) interaction of localized (or
free) spins of atoms of a solid with crystal ion displacements (see also Magnetoelastic interaction).
Electric and magnetic forces acting on a paramagnetic center are changed under the inﬂuence
of crystal lattice vibrations (phonons). The spin–
lattice interaction is a perturbation, which causes
spin–lattice relaxation, induces changes of the static spin Hamiltonian constants according to temperature and external pressures, brings about resonance absorption of sound waves by paramagnetic centers (acoustic paramagnetic resonance),
and an indirect spin–spin interaction of paramagnetic centers by means of the phonon ﬁeld. The
magnitude of the spin–lattice interaction is characterized by the constants involved in the spin–
phonon Hamiltonian.
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SPIN–LATTICE RELAXATION

The process of establishing thermal equilibrium between the spin subsystem (electronic or
nuclear) and the phonon or lattice vibration subsystem. The common enough case is the one when
the times τs and τph for the establishment of quasiequilibrium thermodynamic states within the individual spin and phonon subsystems, respectively,
are much shorter than the time τs-ph for the establishment of joint thermodynamic equilibrium between the spin and phonon subsystems which are
in loose (weak) contact with each other. It is customary to call τs-ph the spin–lattice (or longitudinal) relaxation time and to denote it by the symbol T1 , and to call τs the spin–spin (or transverse)
relaxation time denoted by the symbol T2 . The
time T1 of spin–lattice relaxation is determined
by the mechanisms involved in the spin–lattice interaction, and these depend strongly on the external and internal conditions and parameters of the
system. The values of T1 and T2 for a particular
spin system may be determined experimentally by
using methods of continuous saturation and pulse
saturation (see Saturation effects), spin echo, electron paramagnetic resonance, as well as by studies
of resonance broadening of electron paramagnetic
resonance lines. For most solids T1 T2 , and for
low-viscosity liquids T1 ∼ T2 . For relaxation in
low-viscosity liquids Brownian motion plays the
role that lattice vibrations play in solids.
Ordinarily the phonon subsystem is so large
that it serves as a thermal reservoir or heat sink
with a stable temperature, and τph need not be
taken into account. An exception occurs for highpower saturation studies involving the phenomenon of “hole burning” when a narrow frequency
range of the phonon subsystem is raised in temperature, and τph plays a role in the delaxed reestablishment of phonon thermodynamic equilibrium.
Studies of spin–lattice relaxation provide information on the mechanisms of the corresponding interactions, and this is needed for an understanding of the dynamic properties of the spin and
phonon subsystems in a solid. See also Magnetic
relaxation.
SPINODAL

Curve on the phase diagram of a decomposing alloy (see Alloy decomposition). This curve

consists of points, at which the second derivative
of the free energy with respect to the composition assumes negative values. Within the region
bounded by the spinodal, alloy decomposition
proceeds without generating new thermodynamic
phase nuclei, and this is referred to as a spinodal
decomposition. Chemical and coherent spinodals
are distinguished to describe, respectively, incoherent and coherent precipitation.
In the ﬁeld of metallurgy there are structures
called spinodal structures which have two phases,
each of high homogeneity.
SPINODAL DECOMPOSITION

Decomposition or breakdown of a solid solution (see Alloy decomposition) within the region
bounded by a spinodal. The spinodal decomposition proceeds at a fast rate (in a matter of milliseconds) which is determined by the low value of the
diffusion activation energy.
Spinodal decomposition proceeds by the
ascending diffusion mechanism. According to the
phenomenological theory, this decomposition involves the formation of a spectrum of concentration waves. In the beginning of the process, these
waves have low amplitudes and long wavelengths.
The spectrum includes a wave that increases at
a maximum rate mainly along one of the crystallographic directions (100 or 101), depending on the sign of the anisotropy of elasticity of
the alloy. The spinodal decomposition results in
the formation of a modulated structure in a crystal. This breakdown process has been observed in
both metallic (Al–Zn, Cu–Ni–Fe, Fe–Ni–Al) and
nonmetallic (PbO–Al2 O3 , PbS–PbTe, CoFe2 O4 –
Co3 O4 ) decomposing alloys. As a result of this
decomposition, the alloys acquire improved mechanical and physical properties (magnetic, electric).
SPIN OPERATOR REPRESENTATIONS

Notation for spin operators with the help of
Bose (a + , a) and Fermi (b+ , b) creation and
annihilation operators of quasi-particles, used in
the quantum physics of magnetism. The Holstein–
Primakoff representation (T. Holstein, H. Primakoff, 1940) and Dyson–Maleyev representation
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(F. Dyson, 1956, S.V. Maleyev, 1957) may be written in the uniﬁed form:


√
a+ a γ
,
S+ = a + 2S 1 −
2S


√
a + a 1−γ
S− = 2S 1 −
a,
2S
Sz = −S + a + a,
where γ = 1/2 for the Holstein–Primakoff spin
operator representation and γ = 1 for the Dyson–
Maleyev spin operator representation, S is the
atomic spin value, S± = Sx ± iSγ , and the operators a, a + for these spin operator representations have the sense of operators for the creation and annihilation of magnons. These two
spin operator representations allow one to take
into account systematically the dynamical interaction of magnons, and to develop the theory of high-frequency and thermodynamic properties of magnetic substances at temperatures
T  Tc (Tc is the Curie point). The main difﬁculty of their application is the necessity of introducing the projection operator of the inﬁnitelydimensional space of the Bose particle state in the
(2S + 1)-dimensional space of the action of spin
operators Sx , Sy , Sz , the subspace of the magnon
physical state. According to Dyson the ﬁnite dimensionality of the physical subspace may be
taken into account by the introduction of the kinematic interaction of magnons, speciﬁc for the spin
system of magnetically ordered materials. The
problem of taking into account the kinematic interaction of magnons systematically was solved by
V.G. Baryakhtar, V.N. Krivoruchko, D.A. Yablonski (1982), who introduced a new spin operator
representation:


√
a+ a
S+ = a + 2S 1 −
2S

2
−
(2S + 1)a + b+ b,
S
√
S− = a 2S,
Sz = −S + a + a + (2S + 1)b+ b.

Here, the kinematic interaction of magnons
(a + , a) is described by their interaction with
ﬁctitious Fermi particles, the so-called spurions
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(b+ , b). In addition to the above spin operator representations in the theory of magnetically
ordered materials, there are representations of
J. Schwinger (1952); of N.N. Bogolyubov (1949),
and an oscillator representation introduced by
Baryakhtar and Yablonski (1975).
SPIN OPERATORS

Matrix operators that act on the spin component of an ionic (or nuclear) wave function. The
rank of the spin operator matrix is 2S + 1, where
S is the value of the spin (or effective spin). Under space–time inversion spin operators act like
angular momentum operators. The spin operators
for electronic wave functions (S = 1/2) were introduced by W. Pauli (1927) and are called Pauli
matrices. The simplest operators Sx , Sy , Sz (or
S+ , S− , S0 ) may be used to build up polynomials of higher degree called irreducible tensor operators (in particular, Stevens operators). Since the
matrix elements of electrostatic interactions (interaction of electrons and nuclei with a crystal ﬁeld,
exchange interactions, hyper ne interactions and
spin–spin interactions) are expressible in terms of
these operators, the spin operators serve as a basis for describing energy splittings in terms of spin
Hamiltonians.
SPIN–ORBIT INTERACTION

The interaction between an electron spin and
the orbital angular momentum that is second order in v/c (v is the velocity of the electron, c is
speed of light), and is linear in the spin S. When
moving in a Coulomb ﬁeld at the speed v, an
electron experiences the effective magnetic ﬁeld
B = −c−2 [v × ∇U ] due to the Coulomb ﬁeld
gradient ∇U = (r/r)(dU/dr). The interaction of
the intrinsic magnetic moment (spin) with the
ﬁeld B is the classical spin–orbit interaction. By
virtue of the so-called Thomas relativistic correction (L.H. Thomas, 1926), the spin–orbit interaction for an electron in an atom is half as strong as
the classical spin–orbit interaction. The same results are provided by the systematic quantum relativistic theory developed by P.A.M. Dirac (1928);
in particular, the spin–orbit interaction energy is
given by Hso = λ(L·S), where L = [r × mv]/
is the orbital angular momentum, the constant
λ = −[e2 /(4m2 c2 )](dU/dr)r −1 is referred to
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as the spin–orbit coupling constant. The spin–
orbit interaction determines the n e structure of
atomic levels, leads to the splitting of degenerate energy bands in solids, and is responsible for
the g-factor shift (see Landé g -factor) of the splitting in electron paramagnetic resonance spectra
relative to the Landé ge -factor of a free electron
(ge = 2.0023).
SPIN-PAIRED COMPLEXES
See High-spin complexes.
SPIN–PHONON HAMILTONIAN
Hamiltonian of the spin–lattice interaction. The

spin–phonon Hamiltonian Hs-ph has the form of
the sum of products of spin operators Oμ with
lattice operators Uμ . In the majority of problems it is sufﬁcient to choose for Uμ a linear
or bilinear form of the operators of the displacements of crystal lattice sites from their equilibrium positions Uσ , and the rates of these displacements U̇σ (σ = x, y, z). For this case, the spin–
phonon Hamiltonian has the form

 σ
σ σ  U  + cσ U̇
Hs-ph =
Oμ aμ
Uσ + bμ
σσ
μ σ

+ dμ U̇σ U̇σ  + eμ Uσ U̇σ  ,
σσ

σσ

where the operators Oμ = Oμ (S1 , S2 , . . . , I1 ,
I2 , . . .) are functions of one or several spin matrices for magnetic ions Si and nuclei Ij ; the form
of the operators Oμ is determined by the values of the spins of the interacting particles, and
by the total symmetry of the system, including
the invariance of Hs-ph under time inversion. The
spin–phonon coupling constants a and b are descriptive of the inﬂuence of the static displacement of crystal lattice sites on the spin subsystem,
the terms c and d determine the dynamic (nonadiabatic) mechanisms, and the term e represents
a mixed mechanism of the spin–phonon interaction. It follows from the invariance of Hs-ph under an arbitrary uniform displacement U = const,
and the Galilean principle, that Hs-ph is, in fact,
an expansion in terms of the differences of atomic
shifts and their rates of change. The spin–phonon
Hamiltonian is used in magnetic resonance studies for describing spin–lattice relaxation, acoustic
paramagnetic resonance, and pressure-related effects in electron paramagnetic resonance. Another

approach to the spin–phonon interaction is the
dynamic spin Hamiltonian which is expressed in
terms of the crystal strain tensor eαβ , the spin
matrices Sσ , and a number of phenomenological
parameters Jαβγ δ ; the number of nonzero parameters is determined from crystal symmetry considerations. Restricting consideration to the part
of the interaction between the spins and the lattice strains that is linear with respect to the tensor eαβ and bilinear with respect to Sα (S > 1/2),
the following expression is obtained for the dynamic spin Hamiltonian: H = Jαβγ δ Sα Sβ eγ δ
(α, β = x, y, z). Since in the case of S = 1/2 the
spin–phonon interaction involves a change of gfactor (see Landé g -factor), this Hamiltonian is
deﬁned within the same approximation by the

expression H = Jαβγ
δ Sα Bβ eγ δ linear in Sα .
A form of dynamic spin Hamiltonian that allows
for higher powers of Sα (S > 1/2) and the tensor
eαβ can be introduced in a similar way.
SPIN–PHONON INTERACTION
See Spin–lattice interaction.
SPIN PHONON MAGNETIC RESONANCE
A variety of phonon magnetic resonance,
which involves inelastic electron scattering between Landau levels (see Quantizing magnetic
e ld) of opposite spin orientation. Available theo-

retical works do not explain the amplitudes of spin
phonon magnetic resonance peaks, although these
amplitudes are considerably smaller than those
of magnetic phonon resonance. Experimental features, which are presumably due to spin phonon
magnetic resonance, were detected in the magnetoresistance of n-InAs under ohmic conditions in
a magnetic ﬁeld of 48 T, as well as in the electron
heating or warm-up mode of magnetoresistance
(see Galvanomagnetic effects) and photoconductivity of n-InSb.
SPIN RELAXATION
See Paramagnetic relaxation.
SPIN, RESULTANT
See Resultant spin.
SPIN–SPIN COUPLING, INDIRECT
See Indirect electron spin–spin coupling, and
also Indirect nuclear spin–spin coupling.
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SPIN–SPIN INTERACTION
General name for dipole–dipole interactions
and exchange interactions involving spins; sometimes this term is also used in reference to hyperne interactions. In concentrated spin systems, a

spin–spin interaction determines the processes of
establishing equilibrium, and inﬂuences the shape
and width of magnetic resonance lines. The secular (diagonal) part of the spin–spin interaction is
an independent heat sink exhibiting its own values of temperature (different from the spin temperature) and speci c heat. The occurrence of a
spin–spin interaction between the nuclei of different isotopes of a material allows the study of
low abundance isotopes by application of double nuclear–nuclear resonance (see Double resonances).
SPIN–SPIN RELAXATION

The process of establishment of equilibrium
within a spin system. In magnetic resonance experiments the spin–spin relaxation is conditioned
by the secular component of the spin–spin dipole–
dipole interactions, which brings about transverse
relaxation (relaxation of those magnetization components that are perpendicular to the constant
magnetic ﬁeld) due to both the dephasing of precessions of different spins, and the precession
phase of every spin caused by modulation of static
local ﬁelds created by neighboring spins, and spinﬂop transitions (see Cross-relaxation). The spin–
spin relaxation manifests itself also in the redistribution of the Zeeman energy of individual spins
within the spin system.
SPIN SUBSYSTEM

The system of interacting spin (magnetic) moments, which are isolated or decoupled from the
lattice. The spin subsystem behaves as a unit
if the spin–spin relaxation time is much shorter
than the spin–lattice relaxation time. The spin
subsystem Hamiltonian used in magnetic resonance experiments involves the Zeeman interaction with a constant applied magnetic ﬁeld, and
the spin–spin dipole–dipole interaction. The alternating microwave or radiofrequency magnetic
ﬁeld is considered as a small perturbation. The
Zeeman energy (see Zeeman effect) generally
far exceeds the dipole–dipole interaction energy,

and hence only the secular contribution of the
dipole–dipole interaction, which commutes with
the Zeeman Hamiltonian, is taken into account
for interpreting the energy levels. The nonsecular part of the dipole–dipole interaction is responsible for the spin–spin relaxation. Due to
this relaxation, the spin system may be considered as in quasi-equilibrium over sufﬁciently long
time intervals, and is characterized only by conserved macroscopic quantities (integrals of motion): mean values of Zeeman energy HZ and
secular dipole–dipole interaction energy Hss . The
quasi-equilibrium state is described by a density
matrix of the form


HZ
Hss
ρ ∼ exp −
−
,
kB TZ kB Tss
where the parameters TZ and Tss represent the
temperatures of the Zeeman and the spin–spin energy reservoirs, respectively.
SPIN TEMPERATURE
See Level population.
SPIN WAVE EXCITATION
See Parametric excitation of spin waves.
SPIN WAVE INSTABILITY
See Kinetic instability of spin waves.
SPIN WAVES

The collective motion of spins of magnetic
atoms (ions) in magnetically ordered media. The
existence of spin waves is due to the strong
electrostatic exchange interactions (see Exchange
interaction) and weak spin–orbit interaction and
dipole–dipole interaction between magnetic atoms,
which results in the shifting of intrinsic magnetic
moments (spins) of atoms from their equilibrium
orientations, and their propagation in the form of
waves.
A spin wave is an elementary excitation of
a subsystem of atomic magnetic moments in a
magnetically ordered medium; the quasi-particles,
which correspond to spin waves, are called
magnons. The existence of spin waves in ferromagnets was predicted by F. Bloch in 1930. Like
any wave in a crystal, spin waves are characterized by a dispersion law, which follows from the
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equations of motion of the magnetization of the
magnetic sublattices (Landau–Lifshits equation),
and from Maxwell’s equations, and depends on
the structure of the equilibrium state of the magnetic ions. The latter is determined by its magnetic
structure, which depends on the temperature T ,
the external magnetic ﬁeld B, and the shape and
relative dimensions of the sample. Spin waves in
uniform magnetic materials are characterized by
their wave vector k and frequency ω, and the number of spin wave branches is equal to the number
of magnetic sublattices n. Out of these n branches,
several (s) branches have a low activation energy
ω0 (ω0 is the frequency for k → 0); the activation
energy of these latter branches is low because of
the weakness of the spin–orbit and dipole–dipole
interactions, and vanishes in the exchange approximation; these s branches are called acoustic spin
waves. The activation energy of the remaining
n − s branches, called optical spin waves, is of the
order of the exchange integral.
The number of acoustic spin waves is determined by the magnetic structure of the material:
s = 1 for ferromagnets and ferrimagnets; s = 2
in the case of collinear antiferromagnets; s = 3 in
the case of antiferromagnets, which possess more
than two sublattices and a noncollinear magnetic
structure. The law of spin wave dispersion in an
isotropic ferromagnet is of the form
ω = ωB + ωE (ak)2

1/2

× ωB + ωE (ak)2 + ωM sin2 θk

1/2

,

where ωE = ε/ (ε is the exchange interaction
energy between neighboring atoms; ωB = γ B;
ωM = μ0 γ M, γ is the gyromagnetic ratio, μ0 is
the magnetic permeability of vacuum, M is the
magnetization of the material at the temperature T ), a is the lattice constant, θ is the angle
between B and k. In the long-wave limit, when
the nonuniform exchange interaction may be neglected (ωE a 2 k 2  ωB , ωM ), the spin waves are
referred to as magnetostatic spin waves. In the
case of ferromagnets, which exhibit low magnetic
anisotropy constants (e.g., in yttrium iron garnet
Y3 Fe5 O12 ), the low-frequency (acoustic) branch
of the spin wave spectrum corresponds to a spatially nonuniform precession of the total magnetization, and is also described by the above equation. The remaining (optical) branches belong to

the submillimeter and IR wave bands (ω ∝ ωE ).
The spin wave spectrum of ferromagnets depends
on the ground state structure. Consider the case of
a uniaxial crystal with two magnetic sublattices,
the magnetic moments of which are collinear to
the crystal principal axes and the external magnetic ﬁeld direction: such a crystal exhibits two
branches of acoustic spin waves, the dispersion
law having the form
;
2 (ak)2 ± ω ,
ωs1,2 = ωE ωA + ωE
B
where ωA = γ BA , BA is the anisotropy ﬁeld,
ωB < (ωE ωA )1/2 . Spin waves may also exist in
nonmagnetic metals. In this case, they exist in
the form of collective excitations of spin moments
of the system of strongly interacting conduction
electrons (see Spin waves in nonmagnetic metals).
There exist nuclear spin waves: the collective oscillations of nuclear spins. Surface spin waves can
also exist near the magnetic–vacuum interface, or
in the neighborhood of the boundary between two
magnetic materials; the law of dispersion of these
waves has a pronounced dependence on the interface properties.
Experimentally, the k = 0 spin waves are excited either through application of special converters (antennae, strip-line waveguides, etc.) or by the
technique of parametric excitation of spin waves
(parallel (longitudinal) pumping), when a single
pumping photon breaks up into two spin waves.
Standing spin waves of ﬁnite wavelength may be
excited in thin magnetic lms (d  10−7 m), and
they appear as peak signals of spin-wave resonance on the electromagnetic energy absorption
curve.
SPIN WAVES IN NONMAGNETIC METALS
(V.P. Silin, 1960)
Oscillations of the spin density of conduction
electrons due to the exchange interaction. The

study of spin waves in nonmagnetic metals has
played a special role in preparing the way for treating conduction electrons as a charged Fermi liquid. In particular, the observation of spin waves in
nonmagnetic metals in an external magnetic ﬁeld
provided, for the ﬁrst time, experimental evidence
that an electron gas exhibits properties of a Fermi
liquid.

SPONTANEOUS SYMMETRY BREAKING

In the absence of an external magnetic ﬁeld
H the spin waves in a charged Fermi liquid are
completely identical with spin waves in a neutral
Fermi liquid. This is because such spin density oscillations do not give rise to any noticeable electric ﬁeld, hence the conditions for their existence
are the same as those of a neutral Fermi liquid.
Thus, in the simplest case when the spin components of the Landau correlation function are independent of momenta, it is also necessary for the
Landau parameter B0 to be positive (see Fermi liquid). Estimates indicate that spin waves of this variety make an insigniﬁcant contribution to the surface impedance, and they have not been observed
experimentally.
The equation of motion of the nonequilibrium magnetization M(r, t) of an electron liquid in an external magnetic ﬁeld involves the
Fermi liquid Landau parameters B0 and B1 . When
the nonuniformity can be ignored the differential equation for M is a Bloch equation, which
describes electron paramagnetic resonance. The
resonance frequency ω0,0 = 2μB H / does not
depend on Fermi liquid effects; μB is the Bohr
magneton. With allowance for spatial dielectric
dispersion, one of the branches ω0,0 (k) of the spin
waves that travel in the metal has the activation
frequency ω0,0 . The dispersion law ω0,0 (k) involves the parameters B0 , B1 as well as the angle α between the wave vector k and the ﬁeld H .
Under the conditions of generating a standing spin
wave (kL = nπ ) in a metal plate of thickness L,
a number of extra transparency peaks arise in the
neighborhood of the principal peak of the paramagnetic resonance. The positions of these additional peaks with respect to the principal one depend on the angle α and the parameters B0 and B1 .
The observation of this effect was instrumental in
the determination of the constants B0 and B1 for
the alkali metals Na and K.
SPIN WAVES, NUCLEAR

See Nuclear spin waves.
SPONTANEOUS POLARIZATION

See Ferroelectricity.
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Reduction of the electrostatic ﬁeld of a spontaneously polarized pyro- (ferro-) electric sample
produced by either free charges, charges adsorbed
at the sample surface from the environment, or
internal charges. Spontaneous polarization shielding by the internal carriers takes place not only
in ferroelectric semiconductors (see Photoferroelectrics) but also in wide-gap materials. An essential, or even decisive, contribution to the shielding
is brought about by surface states.
This shielding reduces the energy of the electrostatic ﬁeld of a spontaneously polarized sample,
and thereby weakens the main cause for the appearance of a domain structure. In particular, the
existence of an equilibrium single-domain state is
possible.
An interesting representation of spontaneous
polarization shielding is the appearance of a periodic phase structure in a ferroelectric semiconductor at a rst-order phase transition. The type of
ferroelectric domain structure is, to a great extent,
determined by the conditions of shielding. The
Debye length (see Debye–Hückel theory) characterizes the screening radius in real ferroelectrics,
due to the high value of the dielectric constant.
During the illumination of ferroelectric semiconductors the conditions of shielding can change, resulting in a rearrangement of the domain structure
(see Photodomain effect).
SPONTANEOUS SYMMETRY BREAKING

The transformation of a physical system to a
symmetry state lower than that of the Hamiltonian
and equations of motion which describe of the system. An example of spontaneous symmetry breaking in classical mechanics is the behavior of a
particle in a symmetric one-dimensional potential
with two minima: the particle, which is originally
placed in the center (unstable maximum point)
falls into one of the two potential wells, hence
the initial symmetry, which exhibits invariance under reﬂections, is spontaneously broken. A spontaneous breaking of symmetry in quantum and thermodynamic systems may take place when the system under consideration has an inﬁnite number
of degrees of freedom, which is the case, e.g., at
a phase transition (see Landau theory). The broken symmetry may be discrete, like in a uniax-
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ial ferroelectric, or continuous, like in a Heisenberg magnet or a superconductor (see Continuous symmetry transformation groups). In the latter
case, Goldstone excitations (see Goldstone theorem) (zero-mass, zero-spin boson excitations) may
arise in the energy spectrum of the system. In order to study theoretically the spontaneous breaking of symmetry in systems of continuous symmetry, N.N. Bogolyubov derived (1963) the quasiaverage method, which consists in analyzing an
object in a weak external ﬁeld, which forces the
breaking of symmetry; and then letting the value
of the ﬁeld strength go zero in the resulting equations.
SPONTANEOUS TRANSITION
See Radiative quantum transition.
SPRAYING

The process of deposition of a layer of material onto the surface of another material called
the substrate. It may consist of a sequence of several processes: forming a ﬂux of the material to be
sprayed; transferring that material from its source
to the substrate; condensing the material vapor
when it reaches the substrate. Table 1 subdivides
spraying methods according to techniques used to
generate the ﬂux of material towards the substrate.
Thermal vacuum deposition consists in heating
the material in a deep vacuum to such a temperature that the pressure of its vapor exceeds that of
residual gases by several orders of magnitude. The
breaking of bonds between surface atoms of the
material to be evaporated results in thermal evaporation. Nominally, the evaporation temperature is

assumed to be such that the vapor pressure at the
surface is P = 1.33 Pa.
For the ionic case, when a solid or a liquid
target surface is bombarded by individual atoms,
molecules, or ions with a kinetic energy exceeding that of atom-to-atom bonds (which determines
the heat of sublimation for the target material), the
atoms of the lattice move to new positions. As a result, atoms migrate across the surface and escape
off it into the gas phase. Such a process is called
physical ionic sputtering. Since cathode material
is sputtered by a subnormal discharge, the term
“cathode sputtering” is used (see Sputtering).
Explosion techniques of spraying produce effective ﬂuxes of sprayed material that far exceed
the background atmospheric level. At the same
time, the detrimental roles of parasitic chemical
reactions and of diffusion which need a longer time
to develop can be largely suppressed. The explosion techniques provide particularly short spraying times, within fractions of a second. During explosion, the metal undergoes almost no evaporation. Instead, most of it is sputtered into a ﬁnely
dispersed mist consisting of droplets (not vapor).
This results in forming lm s from the ﬂux, rather
than large agglomerated high-energy particles: the
higher the energy, the ﬁner the particles.
Chemical techniques of spraying presuppose
that a speciﬁc medium containing one or several components or reactants is formed around the
substrate. This medium includes constituents of
the material to be sprayed. A chemical reaction
mainly occurring on the substrate itself then results in forming a solid condensate of the required
composition. The chemical reaction itself may be

Table 1. Spray-coating techniques
Thermal vacuum
deposition

Ionic case
(cathode sputtering)

Explosion
spraying

Chemical type

Plasma-jet
spraying

Resistive
Electron beam
Laser
Burst
Discrete
High frequency
Electric arc

Diode
Triode
Ionic plasma
Jet
Subnormal discharge
High-frequency sputtering
Ionic sputtering in
arc discharge

Electric
Gasoline
Acetylene
Explosives

Deposition
Pyrolysis
Activation techniques
Hydrolysis
Electron beam decomposition
Deposition to electron beam track
Electron beam polymerization

Plasma generator
Arc
Flame
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activated in various ways: applying either heat or a
high-frequency ﬁeld, irradiating the substrate with
visible light or X-rays, by an electric arc discharge,
by electron or ion bombardment, or by using the
catalytic effect of the substrate surface itself. The
nature of the chemical reaction and of its activation mechanism may noticeably affect the resulting morphology of the sprayed layer.
One runs into difﬁculties trying to draw a clearcut distinction between physical and chemical deposition when considering such processes as thermal evaporation or cathode sputtering in a chemically active atmosphere, combined evaporation
of interacting material, or vacuum deposition followed by transformation of the deposited material
via a chemical reaction initiated through any of the
techniques available.
During plasma–jet spraying, the material to be
deposited is introduced into a high-temperature
high-pressure zone (in excess of atmospheric values). That zone may be formed by an electric arc
or using an arc plasma generator. Next, the material to be deposited is evacuated from the hot zone
by a plasma-forming gas and is delivered onto the
substrate.
SPREADING

A process of spontaneous dispersal of liquid in
the form of a single-phase layer across a solid surface or liquid surface. Spreading occurs because
it diminishes the system free energy, in particular,
its surface free energy (see Surface energy). The
driving force of the spreading of liquid across a
smooth surface in a medium, calculated per unit
width of the spreading liquid wave front, is equal
to σ = σ12 − σ13 − σ23 cos θD , where σik is the
phase-to-phase tension between the ith and the kth
phases, and θD is the dynamic edge angle (see
Wetting). The value of σ for θD = 0 is called the
spreading factor. When a liquid spreads across a
rough surface, σ = k(σ12 − σ13 − σ23 ), where k
is the roughness factor, equal to the ratio of the actual surface roughness to that of an ideally smooth
one (see Surface roughness). During spreading,
resistance forces concentrate either along the wetting line (kinetic resistance), or within the bulk
liquid (viscosity, inertial forces, etc.). In the ﬁrst
case the liquid position x = vt , where v is the velocity of spreading (kinetic spreading regime). In

the second case, we have a hydrodynamic spreading regime. During the initial stage of spreading,
called the inertial spreading regime (a fraction of
a second long), inertial forces play an important
role. The main stage of the process involves viscous spreading. To study the kinetics of spreading one may consider either an inﬁnite or a limited
source of liquid. In the case of an inﬁnite source
we have x 2 = At σ during the principal stage
of the process, where x is the propagation distance and t is time. For a limited source of liquid
x 3 = Bt σ for one-dimensional spreading, and
x 4 = Ct σ for a two-dimensional case. At higher
temperatures the kinetic coef cients A, B, C grow.
Spreading is affected by the surface proﬁle, it
is sensitive to the illumination of semiconducting surfaces (photocapillary effect), to the electrochemical polarization of a metal in an electrolyte,
and to the temperature gradient at the surface.
SPRITE (acronym for Signal PRocessing In The
Element)
Scanning semiconductor photodetector (line

scanning device), which may be considered as a
solid-state analog of a charge coupled device. In
this device, the light-produced proﬁle of the distribution of minority carriers moves at a constant rate
along the photodetector due to the drift of charge
in the electric ﬁeld, which is applied to the photodetector; the light beam, which established this
distribution, is set in motion at the same rate, and
in the same direction. There is a reading element
(usually a semiconductor junction) at the output of
the photodetector, which produces a current proportional to the concentration of the minority carriers in close proximity to the reader; as a result,
the time dependence of the output current reproduces the proﬁle of the charge distribution, and
consequently of the irradiance of the input beam
of light. A photodetector of the sprite type may
be constructed only on the basis of a semiconductor featuring high charge carrier mobility. The device has a number of disadvantages, among which
are the necessity of scanning the beam of light,
and the narrow range of adjustment of the scan
rate: the image can be blurred due to diffusion at
low rates of scanning, and at high rates there is
a drop in sensitivity caused by the effects of the
strong electric ﬁeld. The principal advantages of

1274

SPUTTERING

sprite are its simple construction, high sensitivity
(reached by accumulation of the photocurrent signal during the motion of the charge carrier packet
in the detector), and the fact that, relative to other
scanning photodetectors, the operation of sprite is
much less affected by the heterogeneity of the material. A high-resolution small computer animation object that can be shifted across a screen, independently of images and text material, is also
called a sprite.
SPUTTERING

Release of atoms from the surface layers of
a solid during its bombardment by fast particles: ions, atoms, electrons, neutrons. It was ﬁrst
observed as “evaporation” of metal electrodes,
mainly cathodes in gas tubes at temperatures below the melting temperature of the metal, which is
why ion sputtering has been called cathode sputtering. Sputtering occurs because of energy transfer by ions to the atoms of the target in the process
of their collisions in the surface layers of a solid
target. The process of sputtering occurs under conditions far removed from thermodynamic equilibrium, and in this respect sputtering differs from
evaporation. The products of sputtering are atoms,
ions, and clusters (see Cluster sputtering).
Sputtering is characterized by a sputtering coefﬁcient S that is equal to the number of atoms
knocked out of their positions by a single incoming ion. Values of S may vary over wide limits,
and can even far exceed unity, depending on the
properties of both the bombarding ions (mass, energy, angle of incidence) and the target (structure,
ion mass, bonding energy, temperature). When
bombarding the solid with high-energy particles
(E > 100 keV) atomic collisions rarely takes place
in the surface layer, and the sputtering coefﬁcient
is low. When bombarding a specimen with particles of larger mass and lower energy, sputtering
becomes a dominant factor: mean free paths are
then short, and the energy is mainly transferred to
atoms in the surface layer.
During the initial stages of sputtering of multicomponent systems, one portion of their components may be evacuated faster than another, to produce an enrichment of the surface with the remaining components. Selectivity of sputtering (e.g., depletion of austenite steels in nickel, carbon, manganese) may result in a γ → α transformation, i.e.

a lowering of thermal stability, change of magnetic
permeability, etc.

Along with physical sputtering, produced by
the transfer of energy and momentum from highenergy particles to atoms of the target, there exists chemical sputtering as well. This occurs in
cases when the bombarding particle forms a highly
volatile compound with the target material. For example, when bombarding graphite with accelerated ions of hydrogen, gaseous methane CH4 can
form.
Ionic sputtering is used for cleaning and etching surfaces (ion etching), for growing lm s (by
precipitation of sputtered particles), for analyzing
the surface via the technique of secondary electron
emission, etc.
The diminishing of the wall depth due to sputtering is one of the problems to be overcome on
the way to building a thermonuclear reactor.
SPUTTERING, CLUSTER
See Cluster sputtering.
SPUTTERING, SELECTIVE
See Selective sputtering.
SQUID

See Superconducting quantum interference device.
STABILITY CONDITIONS OF CRYSTALS
See Crystal stability conditions.
STACKING FAULTS, stacking defects
Two-dimensional defects in crystals of a crys-

talline structure associated with the disordered interlacing of close packed layers of the crystal lattice. Stacking faults have atomic sizes in directions normal to their plane, and macroscopic dimensions in the two other directions. The nature
of the distortions of the crystal structure is the
same along the entire defect surface. They are subdivided into defects of interstitial packing (added
atomic plane among normally interrelated lattice
layers, e.g., in the face-centered cubic lattice –
ABCACBCAB) and defects of subtraction packing (missing atomic plane in a closely packed
crystal, e.g., in the face-centered cubic lattice –
ABCACABC). These structures do not necessary
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extend throughout the whole crystal, but may stop
at a partial dislocation. A system of two partial dislocations connected by a stacking fault is called a
split dislocation (see also One-dimensional models of disordered structures).
STAINLESS STEEL
Solid solution of a large group of alloying elements in iron with the surface having enhanced

resistance against rusting under atmospheric conditions, and against corrosion in hostile media. According to chemical composition, stainless steels
are subdivided into chromium, chromium–nickel,
and chromium–manganese–nickel types, so
chromium is the main alloying element with its
content varying between 12 and 20%.
Together with the elements accompanying Fe
(C, Si, S, P), other elements (Ni, Mn, Ti, Nb,
Co, Mo, N) are introduced into stainless steel
to provide the desired level of mechanical and
anti-corrosion properties. Corrosion resistance of
stainless steel is caused by the formation of a thin
protective ﬁlm of oxides and insoluble compounds
at the surface. According to the phase composition, chromium stainless steels are divided into:
(1) martensite, semiferrite and ferrite types with
predominantly body-centered cubic lattices;
(2) chromium–nickel and chromium–manganese–
nickel stainless steels which comprise austenite and austenite–carbide steels with facecentered cubic lattices, and also
(3) austenite–ferrite and austenite–martensite
steels with body- and face-centered cubic lattices.
If the alloys tend to form epsilon phases, their
phase composition will be represented also by
hexagonal close-packed lattices. Depending on the
type of crystal structure, stainless steels may possess the magnetic properties of either paramagnets
or ferromagnets.
STARK EFFECT at impurity centers (after
German physicist J. Stark)

Shift and (or) splitting of energy levels of impurity centers in an external electric ﬁeld E. The
dependence of the energy spectrum on E depends
on the presence or absence of inversion symmetry at the sites of the local centers. When inversion

is included in the point group of the site symmetry the electron states of the center have a deﬁnite
parity, and the square-law Stark effect may occur
in the spectra of these centers (shift and splitting
of levels proportional to E 2 ). A weak quadratic
Stark effect has been observed experimentally in
absorption and luminescence spectra of a number
of crystals (alkaline-earth ﬂuorides, diamond, etc.)
with color centers and impurity ions of the “inversion” type.
When the inversion operation is not included
in the point symmetry group of the center then
the linear Stark effect is possible. This linear effect in spectra of centrally symmetric crystals with
color centers lacking inversion is of particular interest. Such centers possess spontaneous electric
dipole moments which are oriented along some
equivalent crystallographic directions. In an applied electric ﬁeld, the linear shift of the bands
depends on the projection of E on the dipole moment of the center, which differs for centers having different orientations. It causes the splitting of
certain bands in the spectrum into symmetric multiplets, with each component arising from a shifted
transition from a center with a particular orientation (so-called pseudo-Stark splitting). The latter was observed in corundum Al2 O3 (D3d ) crystals activated by 3d n transition metal ions, in alkali halides (Oh ) with dipolar rare-earth centers,
in diamond (all these crystals possess inversion
symmetry), and other systems. An analysis of the
pseudo-Stark band splitting spectrum provides information about the local symmetry of the center,
and about the multipole nature of the optical transitions. Experimentally the splittings are studied
in a static external ﬁeld, or by a more sensitive
differential procedure using a modulated applied
electric ﬁeld.
STARK EFFECT OF EXCITONS

Shift and (or) splitting of energy levels and
spectral lines or bands in exciton optical spectra
in an external electric ﬁeld E. For crystals with
ordinary isotropic electron energy bands, the electric ﬁeld affects the hydrogen-like Wannier–Mott
excitons in a manner similar to the electric ﬁeld
action on a hydrogen atom. The energy states of
excitons with principal quantum number n  2 are
split into sublevels, and the sublevel shift with respect to the initial position in weak ﬁelds depends
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linearly on E (linear Stark effect). For the state
n = 1 only a square law (quadratic Stark effect) is
possible. The ratio between the magnitudes of the
Stark effect for an exciton and that for a hydrogen atom is proportional to the ratio of their Bohr
radii (aeff /aH ) ≈ 102 , where aeff is the effective
exciton Bohr radius, and aH = 0.052918 nm is the
Bohr radius of the hydrogen atom.
The features of the exciton Stark effect depend
upon the properties of the individual crystal. In
uniaxial crystals (CdS, CdSe, GaSe, etc.), the internal crystal e ld partially removes the degeneracy of the states with a given orbital angular momentum quantum number. In weak ﬁelds the dependence of the splitting on E is linear. With a
further increase of E the excitation of forbidden
quantum transitions occurs, which permits the determination of the location of optically inactive exciton states. The splitting in an anisotropic crystal
depends on the orientation of the ﬁeld E relative
to the crystallographic axes. In centrally symmetric crystals (e.g., Cu2 O), the effect of the external electric ﬁeld is like that on alkali metal atoms
which exhibit no linear Stark effect, namely the
excitation of forbidden transitions and a squarelaw shift of the levels with increasing ﬁeld. An
electric ﬁeld E ∼ En /(eae ) easily brings about
the ionization of an exciton state with a binding
energy En . That is why the highest terms of the
exciton Rydberg series are not observed in ﬁelds
∼100 V/cm.
STATE OF STRESS
Internal mechanical stresses produced by ex-

ternal ﬁelds (such as electric, magnetic, mechanical, thermal, etc.) and those remaining in the
material after removal of the ﬁeld (see Internal
stresses). States of stress may be subdivided into:
macroscopic (neutralized within a range comparable to the sample size), microscopic (neutralized within the volume of a single crystallite) and
submicroscopic (neutralized in a volume comparable to a unit cell or single atom). Quantitatively all states of stress may be evaluated using radiographic techniques (see X-radiography).
X-radiography techniques of evaluating macrostresses are all based on the relationship of elastic strain (see Elasticity) to stress via Hooke’s law,
and the angle of diffraction of X-rays for a speciﬁed reﬂection from an {hkl} reﬂecting plane.

Using Debye X-ray imaging, one may calculate
macrostresses from line shifts in the corresponding radiograms. As for the microstresses, these are
calculated from line broadening in the X-ray diffraction patterns and are characterized by a value
d/d, where d is the maximum deviation of
the plane-to-plane distance for a given interference line from its average value, d. Measuring the
line half-width in radians in a sample (b), and a
standard (B), one may ﬁnd the broadening, β, as
β = (b2 − B 2 )1/2 , while the averaged value of microstresses is given by
d
dave

=±

(b2 − B 2 )1/2
.
2R tan θ

Here R is the goniometer radius in the diffractometer, θ is the Bragg angle for the chosen
diffraction line {hkl} (see Bragg law). Submicrostresses, related to defects in crystals that cause
displacements of atoms from their equilibrium positions, are determined from the decreased intensity of X-ray interference lines against those obtained from an undistorted crystal.
STATES OF MATTER

Gaseous, liquid, and solid states.
Atoms and molecules in the gaseous state are
not bound to each other; but rather they move
about as free particles limited only by collisions
with each other, and with the vessel walls. In the
liquid state they are bound by interatomic forces
and vibrate about randomly distributed and continuously changing equilibrium positions. Therefore
a liquid has a ﬁxed volume and possesses boundaries like a solid, but it acquires the shape of a vessel in which it is placed, like a gas. The atoms in
crystalline solids (crystals) are bound to equilibrium positions arranged strictly periodically; and
they undergo small oscillations about these positions in the crystal lattice. The atomic positions
in solids exhibit long range order, those in liquids have short range order, and atomic positions
in gases lack order. The equilibrium positions
in amorphous solids (see Amorphous state) are
arranged irregularly somewhat as in liquids, but
without the continuous rapid motional rearrangements of liquids. Gases and liquids are referred to
collectively as ﬂuids, and liquids and solids constitute condensed states of matter. The state of
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matter in which a material is found depends on
the temperature (T ) and pressure (P ), and regions of different states are represented by phase
diagrams which are distinctive for each material.
Sometimes a plasma, or electrically neutral collection of charged particles, is spoken of as the fourth
state of matter. The concept of states of matter is
also applied in solid state physics to describe the
state of quasi-particle quantum systems (e.g., Bose
gas, Fermi gas, Bose u id, Fermi liquid, etc.).
STATE VARIABLES, state parameters

Physical quantities, which are characteristic of
the state of a thermodynamic system. Extensive
and intensive state parameters are distinguished.
Extensive state parameters (internal energy, entropy, enthalpy, Helmholtz free energy or simply
free energy, Gibbs free energy) are proportional to
the volume (or mass) of the system, whereas intensive state parameters (pressure, temperature, concentration, magnetic ux density, etc.) are massindependent. Since not all state parameters are independent, the equilibrium state of a system may
be uniquely determined by specifying only a limited number of them, such as pressure and temperature for an ideal gas (see Equations of state,
Gibbs’ phase rule).
STATIC DISPLACEMENTS OF ATOMS

Changes of equilibrium positions (for thermal
vibrations) of atoms relative to their corresponding positions in an ideal crystal with an ideal inﬁnite lattice. These changes take place on introducing defects into the crystal, or on applying external distorting stresses to it. The stochastic ﬁeld
of static atomic displacements arises in a crystal as a result of the superposition (in the general case, nonlinear) of displacement ﬁelds produced by various defects. The ﬁelds of static displacements of atoms are conveniently calculated
using the lattice statics method, assuming a speciﬁc model of crystal structure. The ﬁelds of static displacements of atoms produced by individual
defects are in the general case anisotropic, with the
exception of a defect with cubic symmetry in an
elastically isotropic medium (see Isotropy of elasticity). In the latter case, the static displacements
of crystal atoms vary as u = u(r) = Ar/|r|3 (A is
the elastic potential of a defect) at distances |r|

from the defect long compared to the period of
a crystal translation. At short distances from the
defect the discreteness of the crystal becomes appreciable, and in all cases this fails to conform to
the above relation for u(r), an effect which is most
pronounced in crystals with high values of the ion–
ion interaction radius.
STATIC SKIN-EFFECT, steady-state skin-effect

A pronounced increase in the constant electric
current density near the surface of a metallic sample located in a strong magnetic ﬁeld, compared to
the current density within the bulk. For the Larmor
orbit radius condition r < l (l is electron mean
free path), the bulk conductivity σb is extremely
low, for it is determined by the random walk of
the center of closed electron orbits assuming infrequent collisions of this center with lattice defects: σb = σ0 (r/ l)2 , where σ0 is the conductivity
of a bulk conductor in the absence of a magnetic
ﬁeld. Another situation arises within a region of
width r in the neighborhood of the surface when
the closed orbits can be disrupted by frequent collisions of electrons with the surface.
The contribution of the surface to the total current may be analyzed most easily in the case of a
slab or plate placed into crossed electric and magnetic ﬁelds that are both parallel to its surface.
If the reﬂection of electrons from the surface is
specular, then these electrons follow periodic open
(non-closed) paths in the magnetic ﬁeld, with their
mean velocity along the electric ﬁeld direction of
the order of the Fermi velocity vF . Therefore, the
conductivity in the near-surface layer and σ0 are
of the same order of magnitude, and the contribution of the surface to the thickness-averaged conductivity is given by σ s = σ0 r/d, where d is the
plate thickness. A similar situation is observed in
the case of diffuse reﬂection (all reﬂection angles
equally likely) in the absence of transitions between electron and hole states, although the trajectory is not periodic, the mean velocity being of the
order of vF . If reﬂection results in transitions between electron- and hole-type charge carriers (surface recombination), then a zero value of the mean
velocity is possible: the transformation of an electron into a hole changes the direction of the motion of a quasi-particle along the electric ﬁeld. The
role of the mean free path in this process is played
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by the quantity r/w, where w is the probability
of recombination, and hence σ s ∼
= σ0 r 2 /(wld).
The above expressions are valid for metals with
equal numbers of electrons and holes (ne = nh ).
If ne = nh , then the bulk conductivity turns out to
be of the order of σ0 because of the appearance of
a strong Hall ﬁeld, and the static skin effect does
not take place. If, however, the applied ﬁeld is inclined with respect to the surface, then the static
skin effect also occurs at ne = nh , and determines
the value of the dissipative component of the conductivity. The static skin effect in semimetals is of
a speciﬁc type because the probability of recombination as a result of collisions of electrons with impurities in the bulk is small; the skin width in this
case is on the order of the diffusion length, which
far exceeds r.
STATIC STRENGTH
The value of strength determined by static mechanical testing of materials carried out during a

relatively slow change of the test piece loading
corresponding to a low rate of its strain (strain
rate <10−2 s−1 ). Within this range of rates the
mechanical properties of materials only change
slightly. The static strength is determined by mechanical tests for tension, compression, e xure,
twisting. When undergoing mechanical tests the
material exhibits a lower value of the yield limit
and higher plasticity than under dynamic tests, in
which higher loading rates are used (see Impact
strength). This is because the relaxation processes
(see Stress relaxation) in static deformation are
more complete than those in dynamic deformation.
STATISTICAL OPERATOR
The same as Density matrix.
STATISTICAL SUM
See Partition function.
STATISTICAL THEORY OF LINE SHAPE

Theory of the spectral distribution of the resonance frequencies of atoms (paramagnetic centers) under the conditions of a random scatter of
these frequencies. This spread in resonance frequency values may be caused by, e.g., internal inhomogeneities of the crystal due to the presence of

defects: impurities, dislocations, etc. This statistical approach to line shape theory is used in studies
concerned with the phenomenon of magnetic resonance for estimating the broadening due to the
dipole–dipole interaction.
The principle of the method is as follows.
It is assumed that the resonance frequency shift
ω due to defects may be expressed as a sum
of contributions from individual defects ω =
ωi (εi , ri ), where ri is the coordinate of a defect, and εi is the characteristic of its internal state
of (e.g., of its orientation, if the defect has an elastic or electric dipole moment). The line intensity of
absorption I (ω) at the frequency ω is proportional
to the probability of the absorption frequency lying within the interval from ω to ω + dω, i.e.
 
 
I (ω) = δ ω −
ωi
i

≡

1
2π

∞

dt eiωt e−iωt N ,

(1)

−∞

where the angle brackets . . . designate averaging over the variables ri and εi , and N is the total number of defects. The possibility of factorization in the averaging in Eq. (1) is related to the
lack of correlations between the positions and orientations of individual defects, which is the principal reason for the applicability of the statistical method. The product of integrals in Eq. (1)
is easily calculable in the thermodynamic limit
N → ∞, V → ∞, n = N/V = const (V is crystal
volume), which leads to the ﬁnal equation
e−iωi t 


 



= exp −n dr ϕ(ε) dε 1 − e−iω(r,ε)t , (2)

where ϕ(ε) is the distribution density of different
values of ε.
The statistical theory of line shape was elaborated by H. Margenau (1936), and used to explain the broadening of lines (see Line (level)
width) in very dense gases. P. W. Anderson (1951)
employed this method for calculating the electron paramagnetic resonance (EPR) line shape due
to dipole–dipole interactions (see Line shape) in
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magnetically dilute solids. This calculation consisted in determining the corrections to the resonance frequency that arise from pairs of interacting spins, and summing over all the spin moments of the system. For this case of dipole–dipole
broadening the statistical line shape approach predicts the Lorentzian shape of an EPR signal.
The application of the statistical theory of line
shape broadening to the magnetic resonance lines
arising from defects in solids was developed by
A.M. Stoneham (1965). In recent years this theory
has not found widespread use.
STATISTICS
See Bose–Einstein statistics, Fermi–Dirac statistics.
STEADY-STATE SKIN-EFFECT
See Static skin-effect.
STEEL

An alloy of iron with carbon (2.0% C). It often contains technological additives (Mn < 1%,
Si < 0.5%) and, in smaller amounts (<0.1%), permanent and foreign impurities; such steel is called
carbon steel. If particular elements are added to
steel (Cr, Ni, W, Mo, Co, etc.) to give it special
properties, then it is referred to as alloy steel. The
properties of steel may be varied over a broad
range by heat treatment. The wide application
of steel is due to its good mechanical properties, and the especially efﬁcient combination of
strength, plasticity, and viscosity. All these factors as a whole provide high construction material
strength to materials and articles made of steel.
Alloy steels are classiﬁed according to the
presence of various alloying elements (nickel,
chromium, nickel–molybdenum, etc.), or by their
structure (ferritic, austenitic, etc.; see Ferrite,
Austenite, etc.). Steels are designated according
to the content of major elements. The ﬁrst two
numbers of the marking are indicative of carbon
content (in hundredths of %), the following letters of the Russian alphabet indicate the presence of one or another alloying element (H indicates Ni, X = Cr, $ = Mn, M = Mo, C = Si,
etc.), and the numbers placed after the letters denote the percentage of that element in steel; e.g.,
steel marked 30X2H4M1 contains 0.3% C, 2% Cr,

4% Ni, and 1% Mo. In terms of classiﬁcation
according to functions performed, there are four
classes of steels, namely: structural, tool, special
purpose, and stainless types.
Structural steel is used for making major parts
of machines and constructions. The essential feature required of this class of steel is that it must exhibit an appropriate combination of strength, plasticity, and viscosity. The principal structures (for
building, etc.) are made of the so-called low-alloy
(construction) steel. This steel includes enhanced
amounts of Mn and Si and small additives of other
elements (N, Ti, V, Al, Nb, etc.). The carbon content of this steel is low (less than 0.15%) in order
to provide good weldability. The class of construction steels includes spring steel, ball bearing steel,
etc.
The tool steels are carbon, alloy and highspeed steels (the latter used to make high performance cutting tools). On being subjected to
quenching by cooling from high temperatures
(1200–1250 ◦ C) and triple tempering at 560 ◦ C,
the tool steel attains the property of red-hardness,
i.e. it retains high hardness at red heat (600 ◦ C),
which makes it capable of cutting metal. There are
also other types of tool steels: stamp steels, steels
for fabricating measuring tools, etc.
Of widest application among alloy special purpose steels are the following two types: heatresistant steels and high-temperature ones. The
alloys of the former type are usually high in
chromium content, and exhibit high resistance to
oxidation at elevated temperatures (up to 900 ◦ C),
whereas alloys of the second type feature satisfactory heat resistance and exhibit enhanced strength
at temperatures up to 800 ◦ C.
Acid-resistant (stainless) steels are used for
working in aggressive media. Alloying with
chromium, the content of the latter reaching
12–30%, provides corrosion resistance. Purely
chromium steels (ferritic ones) are unweldable,
whereas chromium–nickel steels are weldable by
all welding techniques, which deﬁnes their ﬁeld
of application. Smelting steels to a very low carbon content (0.03%) eliminates the tendency toward intercrystalline corrosion. Precision (machinery) steels include those featuring various speciﬁc
properties: nonmagnetic steels, steels with special
magnetic properties, steels exhibiting features of
thermal expansion, etc.
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STEEL, HADFIELD

STEEL, HADFIELD
See Had eld steel.
STEEL, STAINLESS
See Stainless steel.
STEPANOV EFFECT (A.V. Stepanov, 1933)

Generation of an electric charge (potential difference) at the surface of alkali-halide crystals under plastic deformation. The sign and magnitude
of the charge depend on many factors: the type
of crystalline material under study, presence of
impurities, subjection of the crystal to preliminary heat treatment and irradiation, and conditions of the plastic deformation. As the degree
of plastic deformation and temperature increase
there may be a reversal of the sign of the charge
caused by a change in the character of, respectively, the dislocation motion and the state of impurities. The Stepanov effect has a complex physical nature, and the following phenomena may
contribute to it: the transport of charge to the
surface by mobile dislocations, which occurs because the cores of these dislocations trap excessive
amounts of vacancies of a similar type (sweepup mechanism); the drag of vacancies by dislocations outside the core, the generation of a bulk
charge due to the unbalanced ﬂow of dislocations
of unlike sign, the shift of dislocations with respect to the surrounding cloud of impurities at
the initial stages of the quasi-static or alternatingsign plastic deformation; the preferential displacement in a certain direction of interstitial atoms
or vacancies of certain types. The Stepanov effect is observed not only in alkali-halide crystals,
but also in AII BVI type semiconductor crystals,
which feature charged edge dislocations along
the edges of excess half-planes {111}, composed
of atoms (ions) of types AII and BVI (α- and
β-dislocations) which are oppositely charged.
STEVENS OPERATORS
See Irreducible tensor operators.
STOICHIOMETRIC COMPOSITION

A chemical compound of the general formula
Al Bm Cn . . . is of stoichiometric composition, if
the ratios of concentrations CA : CB : CC : · · · of

its components to each other are in exact correspondence with its formula:
CA : CB : CC : · · · = l : m : n : · · · ,
where l, m, n are integers. Deviations from a stoichiometric composition of a crystal arise due to
introducing excess amounts of atoms of one of
its components, e.g., as doping atoms or as substitutional atoms, or because of the deﬁciency of
atoms of a certain type compared with stoichiometry, which is detected by the presence of vacant
lattice sites. The deviation from stoichiometry ΔA
of the component A of a binary non-stoichiometric
crystal An+α Bm relative to its stoichiometric analogue An Bm is given by ΔA = α/n. In like manner ΔB = β/m is the deviation from stoichiometry for the non-stoichiometric crystal An Bm+β .
Variations from stoichiometry α and β can be
due to the exchange of atoms between the sample and its environment. Many compounds (oxides, chalcogenides, etc.) exhibit considerable deviations from stoichiometry, e.g., the composition
of TiO crystals ranges from TiO0.69 to TiO1.35 .
In such cases there is no rigid line of demarcation between the concepts of a non-stoichiometric
compound and that of a solid solution. These deviations are responsible for various properties of
crystals; it should be noted that stoichiometric defects and impurities can be present in the crystal
concurrently. Sometimes, the stoichiometric composition is deﬁned in a more restricted way;
by designating only the concentrations of corresponding atoms in normal positions at their crystal
lattice sites. In this context, the transitions of atoms
between the lattice sites and interstitial positions
are treated as variations of stoichiometry, which
makes the present interpretation of stoichiometry
less appropriate in many cases.
STOICHIOMETRIC DEFECTS
Intrinsic defects in a crystal lattice, which con-

sist in the general case of two spatially separated
components: vacancies and interstitial atoms. The
presence of stoichiometric defects does not disturb the regular overall stoichiometric composition of the crystal. The designation “stoichiometric defects” is used in reference to Frenkel defects,
Schottky defects, and anti-Schottky defects. If the

STRAIN

components of stoichiometric defects are electrically inactive (e.g., in metals), then their equilibrium concentration is determined by the relation
N1 N2 = N 2 exp[−W/(kB T )], where N1 = N2 is
the concentration of stoichiometric defect components, N is the effective concentration of lattice
sites, W is the formation energy of stoichiometric
defects. The stoichiometric defects in nonmetals
are commonly electrically active (easily ionized),
hence their equilibrium concentration depends on
the equilibrium concentration of electrons n:





W
n
Qa
exp −
,
1+
N1 N2 = N 2 1 +
Qd
n
kB T
where




εd
Qd = Q exp
,
kB T


εa
,
Qa = Q exp
kB T

Q is the effective density of states in the conduction band, εd and εa are the energies of the
local electronic levels of, respectively, donor and
acceptor components of stoichiometric defects,
measured from the bottom of the conduction band
(positions of levels in the energy gap satisfy the inequalities εd < 0, εa < 0). The reversible change
of the equilibrium concentration of electrically active stoichiometric defects with changes of the
crystal temperature is responsible for the intrinsic
conductivity of semiconductors, and for conductivity self-compensation.
STOKES’ RULE (G.G. Stokes, 1852), Stokes’
shift

An empirical rule which states that the wavelength of emitted luminescence light is longer than
that of the incident exciting light responsible for
the luminescence. Stokes’ rule is representative of
the quantum nature of the process of photoexcitation and light emission: in the absence of other
energy sources, the energy of the emitted quantum
does not exceed the energy of the prior absorbed
quantum. Interaction with the environment causes,
as a rule, loss of a certain part of the excitation energy (Stokes’ losses), due to which the emission
becomes shifted to longer wavelengths. It is also
to be noted that Stokes’ rule may be slightly violated when some part of the energy of thermal
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motion is transferred to the emitted light. Therefore, there exists also another statement of Stokes’
rule, according to which both the radiation spectrum as a whole and its peaks are shifted toward
longer wavelengths, compared to the absorption
spectrum and its peaks (E. Lommel). There are
cases in which Stokes’ rule violated. For example, the whole broad band of CdS luminescence,
which peaks at 541 nm, may be initiated by light
of wavelength 633 nm. In Raman scattering of light
Stokes’ rule is obeyed by Stokes lines, and violated by anti-stokes lines. See also Anti-Stokes luminescence.
STONER CRITERION (F. Stoner, 1936)

The possibility of delocalized electrons to exhibit the phenomenon of ferromagnetism. See
Band magnetism.
STORED ELASTIC ENERGY

Energy spent for the formation of crystal lattice
defects which are stable at the defect formation
temperature (e.g., during nuclear radiation). The
subsequent annealing at a higher temperature re-

sults in the healing or annihilation of defects. Different annealing temperatures correspond to different types of defects, which produce peaks of
heat release at different temperatures, typical for
particular types of defects. For some types the
release of stored energy during annealing is observed also in the form of peaks of activated electrical conductivity, luminescence, etc. The temperature positions of the corresponding peaks can
help to identify the defects.
STRAGGLING

A notion sometimes used for the mean-square
spread of the values of a certain randomly changing quantity about its mean value. The term is
commonly employed to characterize the passage
of charged or neutral particles through a condensed medium, e.g., straggling of charged particle paths in solids, charged particle energy loss,
etc.
STRAIN, deformation

Variation of the volume of a body due to the
effect of external ﬁelds (thermal, gravitational,
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mechanical, electrical, magnetic, etc.). Deformation may be elastic (see Elasticity), i.e. disappearing after the cessation of the ﬁeld effect, or plastic deformation, i.e. with residual effects. In the
elastic case there is a linear relationship between
the stress and the deformation (generalized Hooke
law). For isotropic materials (see Isotropy) the connecting coefﬁcients are constants (elastic moduli),
and when anisotropy is present they depend on
the coordinates (see Anisotropy of elasticity). Plastic deformation of crystalline solids is usually associated with the motion of dislocations or translational linear defects which are observed at the
early stages of deformation. As the deformation
proceeds the free dislocations that are capable of
moving begin to disappear, and the crystal structure becomes a system of components (cells, fragments) disoriented with respect to each other (see
Cellular structure, Fragmentation). In such a system plastic deformation may proceed by other
paths, e.g., by the movement of grain boundaries
as independent defects. Plastic deformation is generally understood as a process which occurs at
different structural levels, from the atomic to the
macroscopic.
STRAIN AGING

Variation of mechanical and physical properties of strained metals and alloys as a result of
their storage at room temperature (natural strain
aging) and of their heating (artiﬁcial strain aging).
The physical nature of strain aging lies in the formation of atmospheres of impurity atoms around
dislocations, as a result of which the strength parameters (e.g., yield limit) are increased and the
plasticity is reduced. The most valuable strain aging is in metals with a body-centered cubic lattice characterized by low solubility of the impurity interstitial atoms. The combination of heating
and strain brings about dynamic strain aging, conditioned by the interaction of the impurity atoms
with moving dislocations. Dynamic strain aging is displayed through the toothed character of
“stress–deformation” curves (Portevin–Le Chatelier effect). Strain aging is used in technological
schemes for hardening metals and alloys, e.g., during the manufacture of springs (see Strain hardening).

STRAIN AXES, axes of strain
Principal axes of the strain tensor. This tensor

Uik is symmetric; therefore, using a linear transformation of coordinates at each point, it can be
reduced to the principal axes of a tensor, i.e. to a
diagonal form. The corresponding diagonal components are called principal strains.
STRAIN, BREAKING
See Breaking strain.
STRAIN COMPATIBILITY

Restrictions which are imposed on strains so
the strained elements of the sample will ﬁt tightly
with one another, and not interfere with each another after the deformation. From the standpoint of
mathematics, the necessity of imposing these restrictions is due to the fact that six components of
the strain tensor uik = (1/2)(∂i uk + ∂k ui ), where
∂i = ∂/∂xi , are expressed in terms of three components of the displacement vector ui and therefore cannot be chosen arbitrarily, but must comply
with certain conditions called strain compatibility conditions, or continuity conditions. The corresponding six conditions are of the following form
(no summation with respect to repeated indices):
∂ii ukk + ∂kk uii = 2∂ik uik ,
ik = 12, 23, 31;
∂ik ull = ∂ii ukl + ∂kl uii − ∂ll uik ,
ikl = 123, 231, 312.
STRAIN, CRITICAL
See Critical strain.
STRAIN DEGREE

The quantity, which characterizes the change
of geometric dimensions of a sample under the
action of an external stress (force) or mechanical load. The most commonly used measure of
strain is the value of elongation or compression
per unit length: ε = L/L0 ( L is the absolute
change of length in the direction of the applied
load, L = L − L0 , L0 is the initial effective
length, L is ﬁnal length). As the stress is increased
the strain increases, and the material can undergo a
sequence of successive structural changes. The nature of the resulting dislocation structure and strain

STRAIN HARDENING

hardening are a direct function of the stacking fault

energy, the rate and temperature of deformation,
and the type of applied stress.
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The most widely utilized materials are the alloys
constantan, nichrome, manganin, chromel, etc.
STRAIN HARDENING

STRAIN DEVIATOR, strain deformation tensor
A tensor characterizing, in continuum mechanics, the variation of the shape of an object as a result of strain. The strain deviator 
uik is determined
through the strain tensor according to the formula


uik = uik − u0 δik , where u0 = (1/3)uii is the average strain, and δik is the unit tensor (Kronecker
delta). From here the decomposition of the strain
tensor follows: uik = u0 δik + 
uik , where the ﬁrst
term describes the even all-round strain of an element of volume without any variation of its shape.
After reduction to its principal axes the tensor 
uik
takes on a diagonal form with its principal values 
u1 ,
u2 ,
u3 , satisfying the zero trace condition
u1 + 
u2 + 
u3 = 0. Thus the strain devia
ull = 
tor describes the combination of local stretches or
compressions along three mutually perpendicular
axes, without any accompanying change of overall
volume.
STRAIN ENERGY
See Elastic energy.
STRAIN GAUGE

A sensitive element of a strain measuring device intended for measuring stresses and strains in
solids under static and dynamic loads (see Strain
measurement). Strain gauges are designed for the
transformation of the magnitude of the strain into a
signal (usually an electrical signal) that is used for
further detection and treatment. Depending on the
type of transformation and the ﬁeld of application,
strain gauges are divided into resistance strain
gauges, and capacity, induction, electromechanical, and optomechanical varieties.
The most widely used strain gauges are based
on the piezoresistive effect whereby an electrical
conductor changes its resistance R when subjected
to a strain ε. The functional dependence has the
form R(ε) = kε where k is the piezosensitivity
coefﬁcient. The basic requirements for a material
to be suitable for use in a resistance strain gauge
are the following: as great as possible a magnitude of k (for wire conductors k  2–2.5, for semiconductors k ∼ 200), a small temperature coefﬁcient of electric resistance, a large speciﬁc resistance (resistivity), and high mechanical strength.

Increasing stress of crystalline material ﬂow as
a result of plastic deformation. Strain hardening results from increasing the density of crystal structure defects, especially of dislocations. According
to the dislocation model of plastic deformation the
hardening results from the motion and reproduction of dislocations; it is associated with the effects of interactions of individual dislocations and
dislocation ensembles.
It is possible to estimate the value of the strain
hardening with the aid of deformation diagrams
or τ –γ hardening curves, where τ is the applied
shear stress along the slip plane, and γ is the shear
deformation along this plane. In crystals oriented
for slipping in a particular system usually three
stages of hardening are observed, characterized by
the corresponding hardening coefﬁcients Θ I , Θ II ,
Θ III .
At stage I the hardening process results from
interactions of “primary” dislocations initially
present within the crystal moving with respect to
each other. Toward the end of this stage dislocations of other “secondary” systems begin to appear, thus forming with the primary ones barriers
that are called “sedentary” dislocations (Lomer–
Cottrell barriers in face-centered cubic lattices). At
the second stage the density of these barriers increases (according to the Seeger theory), thereby
increasing the number of ﬂat frozen groups of dislocations within the crystal, and bringing about a
decrease of the mean free path the dislocations of
the primary system.
At stage III the hardening coefﬁcient decreases,
which in the Seeger theory is considered as the
result of easing the transverse slipping of screw
dislocations of the primary system, leading to
the relaxation of stresses of the ﬂat aggregations,
pressed against the Lomer–Cottrell barriers. Electron microscope studies have shown that this stage
of hardening involves the formation of fragmentary structure in the form of interlacing regions,
weakly disoriented with respect to each another
(see Fragmentation). The appearance of such substructure is a result of the collective dislocation interactions. The deformation curve of a crystal oriented for multiple slipping has a parabolic shape.
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The coefﬁcient of strain hardening is determined by the slope of the deformation diagram;
it depends on the material composition and structure, and on the test conditions. It decreases with
increasing degree of strain, of material purity, with
the test temperature, and also with reduction of
the deformation speed. The following effects are
observed in material subjected to strain hardening: decreasing plasticity and increasing hardness,
electrical resistance and magnetic permeability.
STRAIN INTERACTION OF DEFECTS in a
crystal structure
A form of indirect interaction of defects in
crystals. It is conditioned by the interference of

the ﬁelds of static distortions, and of mechanical
stresses associated with them and created by the
different defects within the crystal. The strain interaction of defects contains a contribution from
the elastic interaction of defects which decreases
rapidly, as a rule, with increasing distance r between them (e.g., for defects restricted in all directions). This strain interaction also contains a
component which varies smoothly with distance,
and is associated with mirror reﬂection forces in
analogy with electrostatics, speciﬁed by the individual defects (see Image forces). In many crystals
this strain interaction appears to be the only essentially long-range one, and is dominant compared
with the other types of interactions between defects. Thus, the energy values characteristic of the
strain interaction of defects are 0.1 to 1 eV/atom
(less often 0.01 eV/atom) for impurity atoms depending on their type and location (doping atoms,
substitutional atoms), on their elastic properties,
and on the symmetry of the surrounding lattice
(see Crystal symmetry). Thus, to a large extent this
interaction determines the structural mechanisms
and quantitative dependencies of some physicomechanical processes in interstitial solid solutions.
The interstitial atoms of the impurity cause the
uniform strain of the crystal lattice, and also induce the static displacements of the surrounding
atoms from their lattice sites. The effects speciﬁed by this become especially important in the
close vicinity of a second-order phase transition,
or of a critical point associated with the decomposition curve of an elastically-anisotropic solid solution (see Anisotropy of crystals). The sequential

(noncontinuous) theory of the strain interaction of
defects is based on the lattice statics method (or
ﬂuctuation waves of defect concentration or of static displacements see Fluctuations of atomic positions). With the help of numerical calculations
the following characteristic features of this strain
interaction within crystals of different structures
have been identiﬁed: the nonmonotonic (“oscillating”) character of the dependence of the interaction energy on the distance between defects (as a
rule adjacent similar point defects experience an
indirect attraction, while widely separated defects
may experience repulsion as well as attraction);
the sharp non-central (anisotropic) character resulting from the dependence of the strain interaction energy on the orientation of the radius-vector,
connecting the defects, with respect to the crystallographic axes of the matrix. For a ﬁxed distance r
in a non-ideal crystal this interaction energy depends on the temperature.
STRAIN MEASUREMENT

Techniques developed for studying the strain
state of a solid acted on by an applied force and
heat loads. The strain value in a solid is determined
with the help of strain measuring devices.
The operating principles of several strain
gauges are as follows. A mechanical type is based
on measuring the distance between two points of
a solid before and after loading. An electric device uses the piezoresistive effect which is present
in some materials. An optical one is based on polarized light (see Polarization of light) transmission
through a transparent sample made of an optically
active material in the loaded state. An X-ray device is based on measuring the distance between
the atoms of the crystal lattice. An ultrasonic one
involves measuring the sound velocity in the solid.
A Moiré band method uses the appearance of dark
and light bands resulting from the superposition of
two networks with identical or close parameters; a
method of varnish coatings is based on the determination of loading-stimulated cracks at a varnish
coating applied to the wear surface. Strain measurement is referred to as “tensometria” in Russian
(fr. Lat. tensus, tension and Gr. μετρεω, I am
measuring).

STRATIFICATION-TYPE FAILURE

STRAIN, MICROSee Microstrain.
STRAIN POTENTIAL

An operator characterizing the dependence of
energy states of conduction electrons on the strain
ε(p, r, t) of the crystal lattice. The passage of a
sonic wave through a metal adds to the Hamiltonian of the electron the additional strain tensor deformation potential term δε(p, r, t) which
is linear in the strain tensor


1 ∂ui
∂u
uik =
+ k ,
2 ∂xk
∂xi
where
namely δε =
ik λik (p)uik (r, t);
λik (p) = Lik (p) − m0 vi vk , p is the quasi-momentum, v = ∂ε/∂p is the conduction electron
speed, m0 is mass of the free electron, and u(r, t)
is the displacement of the lattice ions. The value
Lik (p)uik describes the average incremental energy input to an electron with quasi-momentum p
resulting from a variation of the corresponding lattice potential due to the strain. For a free electron
Lik → 0. The value m0 vi vk is the transfer of momentum to the free motion of the electron. The
tensor λik (p) satisﬁes the symmetry condition

λ(p) = 
λ(−p) . The strain potential tensor plays
the role of the “phonon charge”, because it describes the interaction of electrons with phonons.
STRAIN, SHEAR
See Shear strain.
STRAIN TENSOR, deformation tensor

A dimensionless, symmetric tensor uik which
connects the distance between two inﬁnitely close
points of a solid after a deformation dL with
that before the deformation dl: dL2 = dl 2 +
2uik dxi dxk . The diagonal elements of uik are the
deformations of stretching (compression), and the
off-diagonal ones are those of shear.
The deformation tensor may be written as a
function of the Cartesian coordinates xk of the
points of the body before deformation:


1 ∂ui
∂uk
∂ul ∂ul
+
+
uik =
,
2 ∂xk
∂xi
∂xi ∂xk
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where uk are components of the displacement vector. In terms of the coordinates Xk after the deformation this tensor, called the Almansi–Hamel deformation tensor (E. Almansi, G. Hamel), has the
form


1 ∂ui
∂uk
∂ul ∂ul
.
+
−
Uik =
2 ∂Xk
∂Xi
∂Xi ∂Xk
It is possible to represent the tensor uik as a
sum of the strain deviator and the spherical part of
the strain uik = (uik − ull δik /3) + ull δik /3. The
initial deviator term represents a pure shear and the
spherical part (ull δik /3) represents a uniform compression. For weak strains of “three-dimensional”
bodies the linear approximation of the theory of
elasticity is used. In this case the derivatives with
respect to Xk and xk differ up to the second order of smallness so all the differentiations may be
performed along the coordinates xk , and we obtain uik = ((∂ui /∂xk ) + (∂uk /∂xi ))/2. The deformation tensor completely determines the strained
state of a nonmagnetic body, and this state is called
uniformly strained if uik is independent of the coordinates.
STRAIN, UNIFORM
See Uniform strain.
STRATIFICATION-TYPE FAILURE
Failure of a sheet, a wire, or any other pre-

fabricate that proceeds via easy development of a
crack along planes speciﬁcally oriented with respect to the direction of strain. Stratiﬁcation develops as an intercrystalline failure in the presence
of the structural texture of metals. The following
types of stratiﬁcation-type failure are known:
(1) Stratiﬁcation along the boundaries of dislocation cells compressed during the process
of deformation is most often observed in
strongly deformed metals with a body-centered
cubic lattice.
(2) Stratiﬁcation along grain boundaries in deformed metals occurs in the presence of segregations or ﬁlm formations of a second phase
in the vicinity of grain boundaries.
(3) Stratiﬁcation along grain boundaries in recrystallized metal is observed when the structural texture is conserved during the process
of recrystallization.
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The ﬁrst type of stratiﬁcation, that is most
widespread and most dangerous, is triggered by
large elastic stresses related to dislocations in subboundaries. These stresses fully relax (see Stress
relaxation) when dislocations “fall” into the growing crack, which leads to an easy spread of that
crack.
Two other types of stratiﬁcation are produced
by segregation effects when a structural texture is
present. Stratiﬁcation limits the rigid deformation
regime for metals with a body centered cubic lattice, and produces anisotropy of mechanical properties. Strength in the direction normal to the plane
of possible stratiﬁcation may be an order of magnitude smaller than in a “good” direction. The tendency to stratify in a deformed metal augments as
the deformation temperature drops (rolling, drawing) signiﬁcantly below the recrystallization temperature.
STREAMER BREAKDOWN

Incomplete electric breakdown (see Breakdown of solids), when narrow current-carrying
channels emanating from a point of high potential
intergrow into the crystal, but no shorting of electrodes takes place. The phenomenon of streamer
breakdown has been observed since 1930 in alkalihalide crystals, glasses, rosin, celluloid, etc.; the
streamer breakdown causes irreversible thermal
and chemical transformations. This breakdown in
high-ohmic (ρ  5·103 ·cm) direct-band semiconductors is initiated by applying high-voltage
pulses (V  6 kV) to a needle electrode and detecting it in the form of brightly glowing tracks,
which propagate along 48 (ZnSe, ZnS), 36 (CdS),
or 6 (ZnO) deﬁnite crystallographic directions,
which are temperature-dependent (coefﬁcient of
bending being ∼(4–0.7)·10−2 deg/K) at the rate
of 1.2·107 –4·109 cm/s. The direction of streamer
breakdown propagation often coincides with the
direction of phonon avalanche. The free carriers
are established in the streamer breakdown channel
(the so-called streamer) with the concentration of
1017 –1019 cm−3 by application of an electric ﬁeld
pulse to the streamer head. For each semiconductor, there is a certain temperature within the interval 290–470 K, at which the streamer breakdown
pattern is most pronounced and developed. At helium temperatures and above 500 K, the streamers

can be excited only slightly. In defect-containing
crystals, like in amorphous bodies, corona or
diffuse breakdown occurs, instead of streamer
breakdown. The breakdown occurring at a clean
semiconductor surface exhibits a herring-bone or
branch-shaped pattern. The streamer breakdown
is used in streamer lasers for establishing an inverted population (see Level population), for initiation of incoherent streamer radiation, for obtaining information on the structure of a solid
and processes occurring in it, for elucidation of
the general features of electric breakdowns. There
exist streamer-based techniques for rapid evaluation of the orientation of crystals, crystallographic
characteristics of surfaces of plates, the level of
defects in test samples, etc.
STREAMER LASER, laser of the streamer type
Semiconductor laser with the inverted population state (see Level population) established by

application of incomplete electric breakdown (see
Breakdown of solids) of the working material. The
generation occurs behind the ionization front in
the streamer channels in regions of characteristic
size 2–3 μm, which move throughout the crystal at a rate reaching 4·109 cm/s. The generation characterized by the peak power ∼15 kW
and pulse duration of ∼2 ns has been established
in the direction transverse to the streamer axis at
300 K in thin (∼20 μm) CdS samples, the major
faces of which are covered with dielectric coatings of 100% and 97% reﬂectivity. Using an iris
for the near ﬁeld radiation allows one to obtain
picosecond radiation pulses. The generated power
increases with voltage V as V 1.8–2.5 . In the absence of an optical resonator, the stimulated radiation of a clearly expressed mode structure with
principal mode angle 10–15◦ is observed in the
discharge propagation direction, and also in the
opposite direction. The streamer laser design is
based on semiconducting monocrystals in which
streamer radiation is observed.
STREAMER RADIATION in solids

Radiation, which arises under the conditions
of an incomplete electric streamer breakdown in
a solid. The streamer is an electrical discharge,
resembling a bolt of lightning, which arises at a
point of high potential in a charged body, and emanates along narrow paths in the material. This
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type of radiation is observed in the form of thin (2–
5 μm) ﬂuorescent streams, which propagate into
the depth of the sample, or in its near-surface
layer, at the rate of 107 –4·109 cm/s along certain crystallographic directions. The phenomenon
of streamer radiation has been studied since 1930
in alkali-halide crystals, and since 1973 in highohmic (5·103 –1012 ·cm) highly luminescent
semiconductors of group II–VI featuring direct
transitions (CdS, CdSe, CdTe, ZnO, ZnS, ZnSe),
of group III–V (GaAs, InP), etc. The streamer radiation spectra of semiconductors practically coincide with the spectra of photoluminescence under the conditions of intense two-photon excitation. The bands dominant in these spectra at
∼300 K are due to recombination in an electron–
hole plasma. The shift of streamer radiation bands
by 1 nm to longer wavelengths is caused by absorption in the bulk crystal, and the contraction of
the band gap in the streamer channels, in which
the concentration of nonequilibrium carriers can
reach 5·1019 cm−3 .
STREAMING

Distribution of current carriers, which is
markedly extended along an applied electric ﬁeld.
This type of current carrier distribution is realized
in semiconductors at low temperatures. In intermediate electric ﬁelds the carriers acquire the energy of optical phonons ω0 , and have no time to
become scattered in the passive region of momentum space (ε(p)  ω0 ); when passing to the active region (ε(p)  ω0 ) the carriers revert back
to the low-energy range due to the spontaneous
emission of optical phonons. The ultimate needleshaped distribution is realized when the scattering is insigniﬁcant, and the emission of optical
phonons is an instantaneous process. The distribution of carriers in the passive region is concentrated in the neighborhood of the main trajectory,
which is determined from the equations of motion in the ﬁeld, and passes through p = 0. The
motion of carriers involves cycles of free acceleration to the optical phonon energy range. The
trajectory becomes curved in crossed electric and
magnetic ﬁelds, and may close upon itself within
the passive region. The conditions of streaming
provide an opportunity for creating an electromagnetic wave ampliﬁer, in particular, based on

heavy holes in germanium with negative effective
masses, or lasers employing hot holes.
STRENGTH of a material

Capability of solids to resist failure or irreversible change of shape (plastic deformation).
The material strength is deﬁned by the stress that
corresponds to the maximum bearing capacity of
the specimen (the maximum load, P ). During
brittle failure below the cold brittleness threshold
the material strength corresponds to failure stress.
Plastic materials usually have a maximum in their
P versus ε deformation diagram (ε is strain). The
stress corresponding to that maximum is the ultimate strength or the temporal resistance, σt of
plastic materials. Material strength characteristics
are also commonly understood in terms of the
conditional yield limit, σε corresponding to a certain ε = const (e.g., σ0.2 ), with upper and lower
yield limits when the deformation diagram contains a yield cusp, failure stress, and also the coefﬁcient of strain hardening deﬁned by the dσ/dε
derivative. The theoretical Orowan strength estimate (1949) (see Theoretical strength), which does
not envisage a possibility of plastic deformation,
yields the value σT = (Eγ /a)1/2 , where E is
Young’s modulus, γ is the surface energy, and a
corresponds approximately to the lattice parameter. Currently the levels of strength achieved in
thread-like crystals of various materials are close
to these theoretical values. Bulk crystalline materials, however, exhibit actual strengths approximately two orders of magnitude smaller than the
corresponding theoretical values. On the assumption that microcracks are already present in a crystal (see Cracks), one of them opening under stress
can fracture the crystal. The Grif th theory yields
an expression of the Orowan type in which the
length of the crack c stands in place of a. Prescribing c = 1 μm the Grifﬁth theory yields values of strength for failure of solids that are close
to those actually achieveable. During tough failure the strength is determined by the sum of the
yield limit and the value of strain hardening until
the value σT is reached. The yield limit for crystalline materials is deﬁned by the resistance of the
crystal lattice to dislocation motions at the temperature 0 K (the Peierls–Nabarro strength, see
Peierls–Nabarro model), and also by the capability
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of dislocations to penetrate in a thermally active
manner the potential barriers of the crystal lattice
as the temperature grows. The Peierls–Nabarro
strength appears to be higher, the larger the covalent component in the interatomic bond (see Covalent bond). The concept of dislocations makes it
possible to satisfactorily describe the temperature
dependence of the yield limit. The dependence of
strength on the structure factor (the size of crystal
the grains d in case of quasi-brittle failure of a crystal) is satisfactorily described by the Mott–Stroh
equation (N.F. Mott, 1956; A.N. Stroh, 1957),
whereby σ ∝ d −1/2 . During tough failure when
the strength is controlled by the value of σv , the
same type of dependence of strength on the grain
size still prevails. During brittle, in contrast to
tough or quasi-brittle failure, a signiﬁcant scatter
is found in the values of strength, explained by
the difference in defect ensembles from specimen
to specimen. In order to process experimental results adequately in that case, one may use a statistical theory of strength, the most developed being the Weibull theory (W.A. Weibull, 1939), that
is based on the concept of the weakest link. The
main parameter of the theory, the Weibull modulus m, characterizes the homogeneity of the defect distribution in the material (ﬂaw size distribution under uniform stress). The higher the value
of m, the narrower is the scatter in the values
of strength, and the weaker is the dependence of
strength on the scale factor. Metal strength may
be increased by alloying, by dispersion strengthening (see Precipitation-hardened materials), and by
developing certain special structural and substructural states (such as dislocation cellular structures).
See also Construction material strength, Cyclic
strength, High-temperature strength, Impact
strength, Long-term strength, Real strength, Static
strength, Theoretical strength, Ultimate strength.
STRENGTH AND PLASTICITY OF POWDER
METALLURGY MATERIALS

Mechanical properties of materials produced
by powder metallurgy techniques that are deﬁned
by their porosity, and also by the structure and
strength of particle-to-particle contacts. Increasing the volume porosity of baked materials usually
results in a monotonic decrease of their strength

and plasticity characteristics. To describe the ultimate strength dependence on porosity a number of empirical relations is used, but unfortunately they do not take into account of the effect
of pore size and shape, or the particle-to-particle
contact strength. Therefore, they may only be applied when a streamlined uniform technology is
used to produce specimens of different porosity.
Expressions of higher complexity were suggested
to account for the parameters of pore structure, and
the particle-to-particle contacts. The size of particles in the initial powder obtained by chemical
reduction does not usually affect the mechanical
properties of baked plastic materials in any significant way, since the effective length of a slip plane
is deﬁned by ﬁner fragments, limited by interparticle pores and separation interfaces. In the case of
monocrystal powder particles, particularly in brittle materials, their strength grows for smaller particles. The dependence of the yield limit on porosity
may be described by the same expressions, however, the effect of porosity appears to be weaker
than in case of the strength limit. With growing porosity the material plasticity decreases even
faster than the ﬂuidity limit. Baked iron features
a parabolic dependence of its strain hardening on
the degree of strain similar to high-density iron.
The coefﬁcient of deformation strengthening then
decreases at a higher porosity, following the same
dependence as the ﬂuidity limit.
STRENGTH OF COMPOSITE MATERIALS

This characteristic is deﬁned by the composition, properties of the components, binding
strength and structure of composite materials.
Reinforced composite materials characteristically
display a strength anisotropy that is expressed not
only as the dependence of strength on the applied stress direction, but also as the difference
in strength with respect to distension and compression in each direction, and also as the dependence of ultimate strength for shear on the sign
of the tangential stresses. The strength of composite materials reinforced with ﬁbers oriented in a
single direction is deﬁned, to the ﬁrst approximation, by the mixing rule. Generally speaking, the
dependence of the strength of composite materials
on the spatial density of ﬁbers is nonmonotonic.
This effect is explained by the existence of critical
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ﬁber densities at which the mechanism of failure
changes. The strength of composite materials reinforced with discrete ﬁbers decreases as the ratio
of ﬁber length to ﬁber diameter decreases.
Precipitation-hardened materials, with their
speciﬁc strengthening mechanism, present a special case of composite materials. The Long-term
strength of dispersion strengthened composite materials depends on the thermodynamic stability of
the dispersed inclusions of the second phase. The
nature of the failure of pseudoalloys featuring a
two-phase structure depends on the nature and
concentration of the corresponding phases. When
the content of the harder phase increases then the
yield limit of these pseudoalloys grows, and their
fracture toughnes diminishes. A favorable combination of the yield limit with the resistance to
crack propagation results in a maximum strength
of composite materials which is usually found at a
certain ratio of phase concentrations.
STRENGTH REDUCTION THROUGH
ADSORPTION, Rebinder effect (P.A. Rebinder,
1928)

The development of deformation and failure of
solids due to adsorption of surface-active agents

on their outer and inner bounding surfaces that appear during the deformation. The effective strength
reduction is brought about through adsorption of
organic acids and alcohols, or melts of salts and
metals. The physical reason for the strength reduction is related to the decrease of the surface energy. Adsorption is important in the technology of
metal processing by cutting and pressure, drilling
of rock soil, and crushing various solids.
STRESS, BREAKING
See Breaking stress.
STRESS CONCENTRATION
A local increase in the stress tensor compo-

nents of a loaded body. Stress concentration is
caused by stress concentrators such as cracks,
holes, notches, scratches, internal defects, and
other local changes of the condition (form) of the
body. The stress distribution in the stress concentration zone is characterized by increases of the
magnitude and the gradient of stress with the approach to the concentrator. A convenient quantitative index is the stress concentration coefﬁcient

ασ , which equals the ratio of the maximum local stress σmax to its nominal value σn calculated
without taking into account the stress concentration: ασ = σmax /σn . For example, in the elongation of a plate with a circular hole whose diameter is much smaller than the plate dimensions,
the maximum normal stresses arise on the ends
of the diameter normal to the elongation direction with ασ = 3. The following types of stress
concentration coefﬁcients are distinguished: theoretical (σmax and σn calculated by elasticity theory methods), technical (actual σmax and σn values determined by calculation or by measurement
taking into account inelastic deformations), effective (determined by the relation of tolerance limits
of the bodies with and without stress concentration). Zones of stress concentration are the most
probable points of origin of plastic deformation
and failure of a sample or machine components.
Stress concentration (in solid state physics) refers
to the local increase of mechanical stresses caused
by defects of body structure or their clusters. Especially large stress concentrations are associated
with ﬂat pile-up of dislocations. In this case ασ is
approximately equal to the number of dislocations
in the cluster, and this helps to explain the difference between theoretical and technical strength
values of crystal phases.
STRESS, CONTACT
See Contact stresses.
STRESS CORROSION
See Corrosion under stress.
STRESS DEVIATOR, stress deformation tensor
A tensor of continuum mechanics characterizing the shear portion of the stresses (see Shear).

The stress deviator 
σik is determined through
the stress tensor σik according to the expression 
σik = σik − σ0 δik , where σ0 = (1/3)σll is
its average which corresponds to the hydrostatic stress, and δik is the unit tensor (Kronecker
delta). This equality determines the decomposiσik of the stress tensor into hytion σik = σ0 δik + 
σik ) portions. In the
drostatic (σ0 δik ) and shear (
principal axes system the stress deviator is a diσ2 ,
σ3 ] which satisﬁes the
agonal tensor diag [
σ1 ,
σ1 + 
σ2 + 
σ3 = 0 or
zero trace condition 
σll = 
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σ3 = −(
σ1 + 
σ2 ). From this it follows that 
σik
can be decomposed into two diagonal tensors
σ1 ] and diag [0,
σ2 , −
σ2 ] which dediag [
σ1 , 0, −
scribe pure shears along planes at 45◦ with the
principal axes. Thus, the general state of stress is
locally the superposition of a uniform compression
(stretching) plus two shears.
STRESS INTENSITY
See Tangential stress intensity.
STRESS INTENSITY FACTOR

A factor characterizing the mechanical stress
concentration (intensity) in the vicinity of a crack
tip, which follows from solving the problem of
stress distribution near this tip. Depending on the
nature of the load distribution and the load application mode, one can single out the stress intensity
factors of normal tear K1 , longitudinal shear K2 ,
and transverse shear K3 . The stress tensor components (σrθ , σθθ , σrr ) in the vicinity of the tip of
a normal tear crack at a point with coordinates r
and θ is determined by the formula
K1
fij (β) + O(r),
2πr
where fij (θ) are known angular functions; O(r)
is a small quantity for r → 0. The current value of
this factor depends on the applied load, the crack
size, and the body conﬁguration, but it is independent of the coordinates r and θ . For an inﬁnite
plate of a ﬁnite thickness with a central crack of
√
dimension 2a, K1 = σ πa, where σ is the applied stress. The critical value K10 corresponding
to the start of an unstable crack propagation is a
force criterion of failure. The critical factor K10 is
a constant of the material reﬂecting its ability to
resist the crack propagation, and hence it is called
the crack resistance (see Fracture toughness). To
determine these characteristics special procedures
have been developed based on mechanical testing
of materials with cracks.
σij =

STRESS, INTERNAL
See Internal stresses.
STRESS, MACRO- AND MICROSee Macrostresses and Microstresses.
STRESS, MECHANICAL
See Mechanical stress and Mechanostriction.

STRESS PROPORTIONALITY LIMIT
See Proportionality limit of stress.
STRESS, REACTIVE
See Reactive stresses.
STRESS RELAXATION

Phenomenon of reduction, during the course
of time, of stress in elastically stressed solids for
a constant preestablished strain. As in the related
phenomenon of creep which involves an increase
of strain at constant load, stress relaxation is a consequence of plastic deformation at low loads. The
velocity of stress relaxation is generally reduced
by a decrease in temperature or effective stress,
by increasing the binding forces within the lattice,
by creating in the material obstacles for the motion of dislocations, e.g., due to solid-state hardening and to dispersion hardening (see Precipitationhardened materials) with increasing uniformity
and stability of the structure. Stress relaxation of
fasteners, spring units, stressed ﬁtted joints, and
other components of machines is undesirable. The
ability of a material to oppose the reduction of
stresses is called relaxation stability. In engineering the stress στ is determined by the amount that
remains within the material after a preassigned
time τ , or by the decrease in stress στ = σ0 − στ
during that same time interval (σ0 is the initial
stress at τ = 0).
In some cases it is necessary to measure the relaxation of undesirable stresses, which appear in
the material during the course of manufacturing
and processing of articles by the method of cold
plastic deformation, welding etc. For fast stress
relaxation the material is annealed (see Residual
stresses).
The phenomenon of stress relaxation is used
to study mechanisms of plastic deformation. With
the help of this method the parameters of thermally activated dislocation motion (activation volume, activation energy, etc.) can be determined.
STRESS SCALES OF DEFECT STRUCTURES
(N.N. Davidenkow, the 1930s)
Classiﬁcation of internal stresses σint by their
structure scale. Under heat treatment and plastic deformation, solids develop internal (residual)
stresses. By virtue of crystal stability conditions,

STRESS SCALES OF DEFECT STRUCTURES

Variation of internal stresses along the x axis in a solid
section (0, L), where lint is the characteristic scale of internal stress changes, and lm is the small-scale relief of
internal stresses, for the case of two scale levels.

average values of internal stresses across every
section of a solid are equal to zero. The average extent of internal stress variations is called the characteristic scale of internal stresses (see Fig.). Both
average values of internal stresses
 
1/2
1
2 (r) ds
σint
,
σint  =
s
(s)

and the scale of these stresses have considerable
inﬂuence on material strength characteristics.
Three types of stresses are distinguished.
Stresses of the ﬁrst kind are internal stresses with a
scale of the order of the body dimension L, those
of the second kind have a scale of the order of
crystal grain size lg , and those of third kind are
of the order of an atomic size a. Strain of plastic materials usually begins with motion of individual defects (usually dislocations) and small
groups of these defects. As their density increases
the intrinsic defect energy becomes smaller than
that of their interaction, while external forces become smaller than those of interactions. The collective effects begin, and ordered defect structures,
e.g., block boundaries, are generated. The characteristic dimension of block structures lb ∼ 1 μm
is far greater than that of isolated dislocations
ld ≈ 0.01–0.1 μm. At the same time, defects of
ordered structures (second order defects) arise,
e.g., partial disclinations. The deformation growth
causes a transition to plastic twisting deformation,
to the increase of disclination density, to collective
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effects in their ensembles, and to ordered disclination structures. The latter are often called fragmented; a standard terminology has yet to be established (see Fragmentation). Their scale for metals is lf ∼ 10 μm and more; accordingly, such
structures develop third order defects. Possibilities
in solids with a larger grain size are collective effects of the third-order defects, formation of structures and defects of the fourth order, and so on. In
parallel with the multiscale structures, ensembles
of defects form at the initial boundaries that interact with them. Their characteristic sizes are on
the order of those of phase precipitation lph , grain
lg , and grain groups lgg (which undergo collective
motion such as rotation). Thus, the strain causes
the formation of an hierarchy of defect structures
with scales a, ld , lb , lf , lph , lg , lgg , L. In particular
cases, some of these scales may be absent.
Point defects, e.g., impurity atoms, produce
internal stresses of a scale ∼a. A dislocation
with Burgers vector b generates stresses σint (r) =
(Gb/r)f (v), where G is the shear modulus, r is
the distance from the dislocation axis, f (v) ∝ 1
is a function of the angle v. In a multipole structure with dislocation density ρ, they are effective
at distances lD ≈ ρ −1/2 . At larger values of r
the sum of stresses from multipoles with roughly
equal numbers of dislocations with different signs,
N+ ≈ N− , yields negligible values of internal
stresses.
Generation of ordered structures of defects on
all scale levels is accompanied by partition of multipoles into dislocation groups of the same sign
N → N+ +N− , their spacing being of the order of
the structure scale. Therefore, structures produce
internal stresses of the same scale. If the structure extends along b (a kind of pile-up of dislocations), then the stresses are of the dislocation
type, i.e. σint ≈ (Gb/r)f (v)ΔN ; if the structure
is extended perpendicular to b (a kind of dislocation wall), then internal stresses of the dislocation type are generated due to structural defects,
i.e. by its ends and joints, σint ∝ Gb/d, where
d is the spacing of neighboring dislocations N
along the structure. Thus, at plastic deformation
there arises a spectrum of stress scales of defect
structures ld , . . . , lgg , L, the most important scale
lint increasing with deformation. Attainment of the
critical value of lint (which depends on material
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and structure type) signals “plasticity exhaustion”
and failure.
STRESS STATE
See State of stress, Planar state of stress, Simple state of stress.
STRESS–STRAIN CURVE
The same as Deformation diagram.
STRESS SURFACE (introduced by A. Cauchy,
1827)

Characteristic second-order surface given by
the equation σij xi xj = ±1, where σij is the stress
tensor. It provides a geometric representation of
the state of stress. Depending on the sign of the
principal values of the stress tensor, the stress surface may be either a real or an imaginary ellipsoid or hyperboloid. Assume that a vector V of
unit length speciﬁes the direction; corresponding
to this vector there is a ray which passes from the
origin of coordinates along the vector V ; there is
a plane tangent to the characteristic surface at the
point p where the ray intersects the characteristic
surface (see Fig.). The normal stress σN is directed
along the vector V and is proportional in magnitude to r −2 , where r is the distance between the
origin of coordinates and the point p of intersection of the ray and the characteristic surface. The
tangential stress σT is perpendicular to the vector V ; it lies in the plane generated by V , and is
normal to the plane which contains V . In absolute
value σ = (r 2 h−2 − 1)1/2 /r 2 : the meaning of r
is given above, and h is the distance between the

origin of coordinates and the tangent plane. Besides the stress surface, a Mohr diagram may also
be used for the determination of the quantities σN
and σT .
STRESS, TANGENTIAL
See Tangential stress intensity.
STRESS TENSOR

Symmetric second rank tensor σik that completely deﬁnes the state of stress of a body. An
internal force, which acts on an element of an arbitrarily chosen surface inside the body ds (dsi are
Cartesian coordinates of the surface element vector, which is directed along the outward normal to
it), is equal to σik dsk . An internal force, which
acts on a unit volume of a strained body, is equal to
∂σik /∂Xk (Xk are Cartesian coordinates of points
of the body after deformation). The component
σik of the stress tensor is the ith component of
the force acting on a unit surface perpendicular to
kth axis. The three diagonal components σik are
normal stresses, and the three off-diagonal components are tangential (shear) stresses. At every
point of the body there is a Cartesian coordinate
system (of axes) in which σik is diagonal, with
the diagonal values called principal stresses. The
force applied by internal stresses to the $entire surface S of the deformed body, equals S σik dSk
(dS is directed along the outward normal to S).
A state of stress is said to be uniform if σik is independent of coordinates. In the case of uniform
compression, σik = −P δik (P is the pressure).
The tensor σik may be represented as the sum
of a stress deviator and a spherical part: σik =
(σik − σll δik /3) + σll δik /3. The deviator consists
of pure shear stresses, the spherical part consists
of a uniform compression. The average value of
the stress tensor of a deformed sample is

1
σik = V (Xi Fk + Xk Fi ) dV
2
V

+

1
2V

(Xi Pk + Xk Pi ) dS,
S

Stress surface.

where F and P are the forces that act on a unit
volume of the deformed body, and on its unit surface area, respectively. In particular, in nonuniform heating in a nonlinear approximation, F =
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−Kα  ∇T and Pi = Kα(T − T )ni , where K is
the bulk modulus, α is the volume coefﬁcient of
thermal expansion, n is the outward normal to the
surface, and T  is the average temperature over
the volume of the body. See also Mohr diagram.
STRIPE DOMAIN STRUCTURE
See Magnetic lms.
STROH THEORY (A.N. Stroh, 1954)

A physical model representing the generation
of nucleating cracks in polycrystalline solids, followed by the deleterious propagation of these
cracks, leading to the onset of brittle failure of
the metallic material; provides the basis for the
physical theory of brittle failure (cold brittleness)
of body-centered cubic materials. According to the
Stroh theory, the nucleating crack is generated at
the head of the conglomeration of n line dislocations, with the Burgers vector nb, which are inhibited by the grain boundary; and the concentration
of stress nτ established at the point of crack initiation eventually reaches the level of the theoretical
breaking stress (see Theoretical strength). According to Stroh, the critical stage of the process is the
conﬂuence of two initial dislocations at the head of
the pile-up of dislocations, after which all the remaining dislocations ﬂow spontaneously into the
submicrocrack, thus forming a wedge-shaped cavity of equilibrium length c ≈ n2 b. By assuming
that the normal stress at the instant of completion of the microcrack generation equals the Grifﬁth stress, Stroh obtained the following equation
for the brittle failure stress σp of a polycrystalline
metal of grain size d:


6πγ G 1/2 −1/2
d
,
σp = σ0 +
1−ν
where σ0 is the resistance to the dislocation motion, γ is the surface energy, G is the shear modulus, and ν is the Poisson ratio.
In the Stroh theory, the ﬁrst nucleating crack
alone causes complete failure of a metal, which is
inconsistent with the experimental evidence. The
reﬁnement of the Stroh theory introduces an additional stage of elastic equilibrium to the mechanism of the generation of nucleating cracks. At
this stage, only a moderate fraction of all n dislocations (approximately one fourth) falls into the

crack. This reﬁnement provides us with a quantitative description of the conditions of failure of
polycrystalline iron and steel in the context of
the microspalling model (see Microspalling resistance). The Stroh model is the basis of the ﬁrst
consistent theory of failure of metals, which relates the earlier energetic Grif th theory of cracks
(that fracture in brittle materials occurs because of
preexisting ﬂaws) to modern dislocation concepts.
The ﬁrst physical model of cold brittleness of metals was developed in the context of the Stroh theory. Analyzing the conditions of the crack opening
at the end of the arrested slip plane, Stroh assumed
that the growth of the crack may be suspended if
the sources near the pile-up were set into operation
by the stress concentration of the pile-up. Given a
certain combination of structural and thermal-rate
parameters of loading, the stress relaxation may
be suppressed, and hence the crack opening will
cause brittle failure. The Stroh theory has provided
the initial basis for the development of the dislocation theory of cold brittleness of metals. This theory is ideally suited for perturbation calculations.
At present the Stroh theory is mainly of interest
from the standpoint of providing a methodology
for studying the physics of failure of metals.
STRONG BAND PARAMAGNETISM

Paramagnetism of delocalized electrons which
is characterized by a strong and nonlinear dependence between the magnetization m(B, T ) and the
external ﬁeld B; this dependence is analogous to
the Wohlfarth isotherm (see Ferromagnetism of
metals and alloys) in band magnetism,

m2 (B, T )
m2n

=



χn B
T2
− 1+ 2 ,
μ0 m(B, T )
Tn

where χn is the longitudinal magnetic susceptibility at T = 0, and mn and Tn are parameters.
Strong band paramagnetism is theoretically described by the Stoner relations (see Band magnetism, Eqs. (1)), and was ﬁrst observed experimentally in a Cu–Mn alloy by B.K. Ponomarev
et al. (1977). Strong band ferromagnetism is sometimes incorrectly referred to as “non-Stoner ferromagnetism”.
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In a many-particle quantum system the orthogonality condition of different states has the form


· · · ϕi∗ (r1 , r2 , . . . , rN )ϕj (r1 , r2 , . . . , rN )
× d3 r1 . . . d3 rN = δij .
In some cases to simplify the calculations a
stronger restriction is applied, strong orthogonality, whereby

ϕi∗ (r1 , r2 , . . . , rk , . . . , rn )
 ) d3 r = 0
× ϕj (r1 , r2 , . . . , rk , . . . , rN
k

when i = j for arbitrary values of the coordinates
 of all the other particles
r1 , r1 , r2 , r2 , . . . , rN , rN
except the kth one. The condition of strong orthogonality is easy to meet if ϕi , ϕj are approximated by multiplicative wave functions of the
' (j )
' (i)
form k ψk (rk ), k ψk (rk ), or by a determinant of functions, assuming the individual orthogonality of all factors

(j )
(i)
ψk (rk )ψk (rk ) d3 rk = δij .
As the system Hamiltonian contains only singleparticle and two-particle terms, e.g., k , e2 /rkl ,
the strong orthogonality condition reduces all integrals to single-particle and two-particle types. At
the same time, strong orthogonality, which does
not follow from the postulates of quantum mechanics, does not allow one to obtain a true minimum of the system energy by the variational
method, and thus it limits the accuracy of the approximation.
STRONTIUM, Sr

Chemical element of Group II of the periodic table with atomic number 38 and atomic
weight 87.62. Natural strontium consists of four
stable isotopes, among which the isotope 88 Sr
is dominant (82.56%). The radioactive isotope
90 Sr (half-life 27.7 years) is a product of uranium ﬁssion. Electronic conﬁguration of outer
shell is 5s 2 . Successive ionization energies 5.692,
11.026, 43.6 eV. Atomic radius 0.214 nm; radius
of Sr2+ ion is 0.112 nm. Oxidation state +2. Electronegativity 1.0.

Strontium is a silvery-white soft metal that occurs in several polymorphic modiﬁcations (α-Sr,
β-Sr, γ -Sr). The modiﬁcation stable under standard conditions is α-Sr, with a face-centered cubic
structure and lattice constant a = 0.6085 Nm. The
polymorphic transformation α-Sr → β-Sr takes
place at 488 K; β-Sr exhibits a hexagonal lattice; at 878 K it transforms into γ -Sr (bodycentered cubic lattice). Density 2.63 g/cm3 (at
293 K), Tmelting = 1043 K, Tboiling = 1653 K,
heat of melting 9.24 kJ/mole, heat of evaporation
142.0 kJ/mole; speciﬁc heat 0.7392 kJ·kg−1 ·K−1 ;
coefﬁcient of linear thermal expansion of polycrystal is 23·10−6 K−1 . Debye temperature 148 K.
Electronic work function is 2.74 eV. The electric
resistivity is 0.228 μ·m. The atomic magnetic
susceptibility is 91.2·10−6 . Elastic modulus is
15.6 GPa, modulus of compression is 11.956 GPa.
The value of Mohs hardness is 1.8. Metallic strontium is used for the deoxidization of copper and
bronze, and as a getter in electric vacuum engineering; strontium salts are used for the production of luminous compounds, in the fabrication
of glazes and enamels; isotope 90 Sr is used as a
β-radiation source.
STRUCTURAL COHERENCE

An identity of the atomic arrangement and a
closeness of the interatomic distances of two or
more phases over all phase interfaces, or a part of
it which is not a dislocation boundary. A structural
coherence can be one-, two-, or three-dimensional.
If the interatomic distances in two phases at the
phase interphase differ slightly then the structural coherence causes a coherent elastic strain.
Substantial coherent deformations which exceed
a material yield limit disrupt the structural coherence and account of the formation of structural
dislocations at the phase interface. The presence
or absence of structural coherence can be established with the help of electron microscopy, by
the methods of X-ray diffuse scattering, auto-ion
microscopy (see Field ion microscopy), and internal friction. In precipitation-hardened materials, the
presence of structural coherence between the disperse inclusions and the host causes an especially
sharp increase of hardness and yield point, with a
concurrent reduction of plasticity.
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STRUCTURAL DOMAIN
A domain which differs from other domains

in the nature of its atomic or structural component arrangement. Structural domains can emerge
as a result of structural phase transitions accompanied by the reduction of the crystal symmetry.
Other examples are the Kapustin–Williams domains (A.P. Kapustin, R.J. Williams, 1963) in nematic liquid crystals, the structural domains in proteins that are regions of tertiary structure with a
certain autonomy of structural composition, and
the domains of ferroelastics. Domains in ferroelectrics can also be regarded as structural domains. In recent times, for describing the structure of glassy amorphous lms, to counterbalance
the model of the vitreous state of matter as a random continuous network, a model based on structural domains has been introduced. The accumulation of strain energy during the growth of islands
hinders their coalescence, and leads to the formation of a broken ﬁlm structure. This is broken
into structural domains of a certain size separated
by narrow grooves that form the domain boundaries. The most pronounced domain morphology
has been observed by electron microscopy in ﬁlms
of As2 S3 .
STRUCTURAL GLASSES
Solids which contain atomic groups with electric dipole moments or multipole moments hav-

ing interactions randomly varying in sign between
the dipoles or other multipoles. The structural
glasses are divided into: dipolar glasses (of the
type Kx Li1−x TaO3 ) (see Dipolar glass), proton
glassses that constitute a low-temperature state in
mixed crystals of the kind Rb1−x (NH4 )x H2 PO4 ,
quadrupolar glasses, and so on. Structural glasses,
in regard to their properties, resemble spin glasses
with the difference that the role of spin is now
played by a dipole or higher-order multipole.
A phase transition in structural glasses is associated with the presence of an inﬁnite number of
quenched dipoles, and this is related to the appearance of long-range order (see Long-range and
short-range order). A structural glass is referred to
as a non-ergodic system (see Nonergodicity) with
a continuous spectrum of relaxation times. To describe structural glasses, it is necessary to introduce an inﬁnite number of order parameters characterizing the overlapping of quenched dipoles.

The experimental consequences of nonergodicity
of structural glasses are lack of equilibrium, diverse irreversible processes, memory phenomena,
aging, etc.
STRUCTURAL INSTABILITY OF
SUPERCONDUCTORS
A phenomenon of lattice destabilization of su-

perconductors which appears in the form of structural transformations with a lowering of the lattice
symmetry, an anomalous decrease of elastic moduli with the decrease in temperature, a softening of
the high-frequency branches of the phonon spectra, etc. due to a strong electron–phonon interaction.
According to modern theories of strong coupling in superconductors, increasing the electron–
phonon coupling constant λ could lead to an increase of Tc , and this could affect crystal lattice
instability at Tm > Tc . The change of the crystal lattice symmetry leads to a perturbation of not
only the phonon but also the electron spectrum of
a superconductor. The increase of elastic energy
resulting from the crystal lattice strain is compensated by the reduction in energy of the perturbed
electron subsystem.
A structural instability of superconductors was
revealed in superconducting compounds with crystal lattices of the A15 type (e.g., Nb3 Sn, V3 Si),
the CsCl type (VRu), Laves phases (HfV2 , ZrV2 ),
and so on. As a rule, the structural transformations are rst-order phase transitions (see Structural phase transition).
STRUCTURAL NEUTRON DIFFRACTOMETRY

Collection of methods for investigating the
atomic structure of materials (mainly crystals)
based on measuring the nuclear scattering of neutrons during their diffraction by a sample. The
geometric aspects of neutron and X-ray scattering
have many common features. When comparatively
low intensity neutron sources are used, however,
the neutron diffractometry experiment (see Neutron diffractometry) is much more complicated,
and requires using much larger samples than in the
X-ray case (∼1 mm3 in studies of monocrystals
and ∼1 cm3 for polycrystals). The elementary interaction events of the neutron and X-ray beams
with an atom differ from each other.
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The speciﬁcity of structural neutron diffractometry is related to the absence of any dependence of the nuclear scattering amplitudes f on
the charge Z and mass number A of nuclei, and
the fact that some of the scattering amplitudes
are negative or complex. Owing to these circumstances, the methods of structural neutron diffractometry give more reliable and more exact data on
the position and the nature of thermal vibrations
of light elements in the presence of heavy ones
(hydrogen-containing compounds are the extreme
case), and this allows one to study the structure of
compounds with different atoms close together in
their Z values, and to distinguish two isotopes of
the same element. It is possible to exclude the coherent elastic neutron scattering in some systems
by the creation of so-called zero matrices, to study
the absolute conﬁguration of molecules in crystals containing abnormally absorbing nuclei, and
so on. In all these cases other types of structure
studies are either inefﬁcient, or do not provide any
result al all. Structural neutron diffractometry has
been successfully applied for the study of the crystal chemistry aspects of hydrogen-containing compounds such as hydrates, hydrides, organic and biological molecules (myoglobin, vitamin B12 ), and
so on.
A structural neutron diffractometry experiment
is performed with the help of computer-controlled
diffractometers (both poly- and monocrystalline
units) located close to the neutron source. Information on the diffraction reﬂection intensities
(from tens to many thousands of reﬂections) is collected and processed with a computer. To reconstruct the crystal structure, the known modes and
methods of X-ray structure analysis are employed.
The methods of structural neutron diffractometry
continue to be modiﬁed by designing special apparatus for high resolution and wide apertures (used
for small samples), those for high-pressure, highand low-temperature studies, and so on (see also
Neutrons in solid state physics).
STRUCTURAL PHASE TRANSITION,
polymorphic transformation
A phase transition accompanied by a rearrange-

ment of the crystal structure under variation of an
external parameter (temperature, pressure, ﬁeld,

concentration of components, etc.). The most widespread are displacive type structural phase transitions when the atoms shift from their original
positions described by a space group G to form
a new conﬁguration with the space group GD .
As a rule, the atomic displacements are small,
so that the structure of the new phase is a minor distortion of the original phase, and the transformation is called a distortion transition. There
is a subgroup–group relation GD ⊂ G that exists, so one can use the concepts of a higher
symmetry (e.g., tetragonal) original phase (G),
and a lower symmetry (e.g., orthorhombic) derived phase (GD ). In almost all cases the symmetric phase is the stable higher-temperature one.
Transitions in perovskites (BaTiO3 , KMnF3 , etc.)
serve as examples of distortion transitions. Distortion transitions are second-order phase transitions (no latent heat), or are close to them. There
are also structural phase transitions that involve
atomic displacements without a subgroup–group
relation. The atomic displacements here are quite
pronounced, and the crystal structure undergoes a
much more substantial reconstruction. This reconstructive transition is a rst-order phase transition
with a latent heat. Included among these transitions are speciﬁc metal and alloy transformations
from a body-centered cubic phase into either a
face-centered cubic or a hexagonal close-packed
phase.
Another class of structural phase transitions are
order–disorder phase transitions, or those involving some kind of ordering. These are observable in
ordered alloys (CuZn, CuAu, Fe3 Al, etc., see Alloy
ordering), in metal hydrides, etc. Ordering takes
place when cooling a crystal down to the temperature of the structural phase transition. The transition consists of the appearance of a regular alignment of atoms of various kinds, while remaining
at their regular lattice of sites; their settling into
a disordered phase is random. The ordering might
involve forming a magnetic (e.g., ferromagnetic)
phase, or a superlattice, that involves an additional
order over the already existing structure of sites;
a subgroup–group relation GD ⊂ G can also be
present here. A further type of structural phase
transition is an orientational phase transition. The
transition in NaNO2 can serve as an example; in
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this case a certain regular orientation of the triangular complexes NO2 appears below a transition point, with the orientation being random in
the higher temperature disordered phase. A similar situation takes place for the dumb-bell-like O2
molecules in solid oxygen.
Numerous ferroelectric phase transitions which
produce in the crystal a spontaneous electric polarization P (BaTiO3 , KNbO3 and so on) are also
structural phase transitions. From a macroscopic
viewpoint, the appearance of P is caused by a mutual displacement of ions of different sign. In some
cases the transition is accompanied by the appearance of a spontaneous crystal strain, and it is called
a ferroelastic transition.
A thermodynamic description of a structural
phase transition employs the concept of an order
parameter η. In the general case, the order parameter is multicomponent, with the number of
components related to the dimensionality of that
irreducible representation of the group G according to which the transition occurs (see Landau theory of second-order phase transitions). In many
cases when describing a structural phase transition, a macroscopic quantity serves as the order
parameter: the polarization vector P for ferroelectric transitions, the strain tensor Uik for ferroelastic transitions, and so on. To describe the symmetry of the phases their point groups are sufﬁcient.
There are so-called isostructural phase transitions
in which overall G is not changed, but the lattice
constants (e.g., in Ce), or the atomic position parameters in a space group (as in La3 S4 ) change in
a jumpwise fashion. Many phase transitions of the
electronic kind (e.g., the metal–insulator transition
in VO2 , and the Jahn–Teller transition in KCuF3 ,
see Jahn–Teller effect) can also be regarded as
structural phase transitions. There are experimental examples of such structural phase transitions
(NaNO2 , K2 SeO4 , and so on) where the new
phase differs from the original phase by a spatial
modulation with a period incommensurate with
the lattice constants. The principal experimental
methods of studying structural phase transitions
are X-ray, neutron, and electron diffractometry.
Structural phase transitions are sometimes accompanied by diverse anomalies of macroscopic physical properties (e.g., mechanical, electric, magnetic, optical, and others). Their studies yield important information on the nature of the phase

transitions. The temperature range of critical phenomena that take plane at structural phase transitions is small, as a rule.
STRUCTURAL TEXTURE OF METALS

A nonequiaxial shape of grains and subgrains
in a metal which emerges as a result of plastic deformation. The structural texture of metals is also determined by the type of arrangement of grains (see Polycrystal) after a strain. If
the arrangement permits a direct (without turns)
propagation of the main crack along the grain
boundaries (or subgrain boundaries), the metal
strength in some directions is appreciably reduced. The concept of structural texture also includes the condition of grain (subgrain) boundaries of a deformed metal which is determined
by such parameters as elastic internal stresses related to the presence of dislocations in subboundaries, by the presence at the boundary of islands
of the second phase rolled during the deformation process, and the segregation of impurities
at the interfaces and in the near-interface region.
In porous sintered metals, pores under plastic
deformation elongate along the stress directions.
The nonequiaxiality of pores is considered as
their structural texture, and the nonequiaxiality of
grains takes place if the plastic deformation occurs below the recrystallization temperature. The
degree of nonequiaxiality can be calculated on the
basis of the Taylor and Polany principle (G.I. Taylor, 1938; M.Z. Polany, 1925): during the plastic deformation, each grain changes its shape in
the same manner as the sample as a whole. Nonequiaxiality of dislocation cells is smaller than
that of grains in connection with processes of
polygonization and recovery. As the temperature
decreases (when these processes are impeded), the
nonequiaxiality of cells increases and approaches
that of grains. The structural texture of metals substantially affects the micromechanism of failure,
thus stimulating a transition from transcrystalline
failure to intercrystalline failure. The structural texture of metals increases the tendency of the metal
toward breakdown of the lamination type, and
grain size changes in various directions. Therefore, the structural texture of metals together with
the crystallographic texture is responsible for the
anisotropy of mechanical properties of deformed
metals.

1298

STRUCTURE AMPLITUDE

STRUCTURE AMPLITUDE

In general, a complex quantity F (hkl) which
characterizes the dependence of the scattering amplitude of the X-ray, the electrons, and other radiations incident on a crystalline solid on the number and the arrangement of atoms in an unit cell.
The absolute value |F (hkl)|2 is called the structure factor. The structure amplitude of a unit cell
can be written in two different forms:
F (hkl) =

N


fj exp 2πi(hxj + kyj + lzj ) , (1)

in body-centered cubic crystals, the reﬂections hkl
with h + k + l equal to an odd number do not appear).
STRUCTURE ANALYSIS
See Magnetic structure analysis, Microprobe
X-ray defect structure analysis, X-ray structure
analysis.
STRUCTURE FACTOR
See Structure amplitude.

j =1


F (hkl) =

ρ(x, y, z)
× exp 2πi(hx + ky + lz) dV , (2)

where fj is the atomic scattering factor (form factor) for the j th atom; xj , yj , zj are the coordinates
of the j th atom in the unit cell measured in fractions of the unit period; h, k, and l are the crystallographic indices (Miller indices) of the reﬂecting
plane; ρ(x, y, z) is the distribution of the factor
that determines the scattering (such as the electron
density, the electron potential, etc.). The summation in Eq. (1) is performed over all N atoms of
the unit cell, and the integration in Eq. (2) is over
the unit cell volume V0 . Eqs. (1) and (2) refer to a
static lattice; to take into account the atomic thermal motion that decreases the intensity of scattered X-rays it is necessary to make the replacement fj → fj exp(−Wj ), where exp(−Wj ) is the
Debye–Waller factor.
The values of the structure amplitudes for a
given crystal depend on the space group to which
its crystal structure belongs, i.e. on the type of Bravais lattice and on the set of symmetry elements
inherent in the crystal. For example, if the crystal
structure belongs to the space group P 1̄ (a primitive lattice with a single symmetry element that is
a center of symmetry) the following expression for
the structure amplitude is obtained:
F (hkl) = 2

N/2


fj cos 2π(hxj + kyj + lzj ) .

j =1

Due to phase factors exp[2πi(hxj + kyj + lzj )],
in crystals with a complicated unit cell some reﬂections are weakened or totally suppressed (e.g.,

STRUCTURE MEMORY (structure heredity in
Russian)

A phenomenon observable at repeated heating of quenched (see Quenching) or quenched and
tempered steels: at the structural phase transition,
when grains of austenite (gamma phase) newly
formed from the alpha phase (see Polycrystal) reﬂect their orientational and microstructural relations with the prior austenite grains obtained as
a result of the preceding heating. The structure
memory manifests itself most clearly when the
newly-forming grains of gamma phase reproduce
in size, shape, and crystallographic orientation the
primary austenite grains.
STRUCTURE REARRANGEMENT
See Radiation-induced rearrangement of structure.
STRUCTURE STUDIES
Studies of crystal structure and defects in

solids based on using the following phenomena: the diffraction of X-rays (see X-ray structure
analysis), electrons (electron diffraction analysis
and electron microscopy), neutrons (neutron diffractometry), Mössbauer γ -quanta (Mössbauerography); the phenomenon of the ionization of
atoms in a non-uniform electric ﬁeld ( e ld ion microscopy), and the orientation effects of the scattering of charged particles in crystals (channeling)
are also used. To study the microstructure of solids
(including grain and subgrain structure), an optical
or scanning electron microscope is utilized. Indirect methods widely used in structure studies are
based on the sensitivity of certain physical properties of solids to the presence of crystal structure
defects, or to the variation of their composition

SUBCASCADES

(magnetic structure analysis, resistometry, dilatometric analysis, Mössbauer spectroscopy, positron
spectroscopy, nuclear magnetic resonance, relaxation effects, acoustic emission, and so on). To determine the crystal structure (unit cell) beam scattering methods (X-ray, neutrons, or electrons) are
generally employed. In this case, the crystal lattice
is implied to be perfect. The diffraction of radiation from the lattice produces sharp Bragg maxima
whose position and intensity determine the crystal lattice type, the dimensions of its unit cell, the
amount, variety and arrangement of atoms in it.
In actual crystals with defects, the positions
and the intensities of the Bragg maxima may
change, and in addition an extra diffuse scattering of X-rays appears. From its quantitative analysis it is possible to determine the kind of defects,
their spatial distribution and concentration in the
crystal, and the magnitudes of the atomic displacements. Additional information about the actual
crystal structure is available from the method of
small-angle scattering of X-rays or neutrons. This
method gives the dimensions, the shape, the size
and concentration distributions of defects such as
pores and disperse inclusions of a second phase.
The morphology of individual defects (dislocations, stacking faults, segregations, and clusters
of a second phase) are studied with the help of
diffraction electron microscopy, or ﬁeld ion microscopy. A method of “direct evaluation” of the
crystal lattice has been developed which provides
the determination of the magnitude of interplane
distances in regions ∼1 nm in size.
Neutron diffractometry allows one to study
not only the crystal structure but also the atomic
magnetic structure of solids, as well as to distinguish different isotopes of the same element. The
method is efﬁcient in structural studies of solids
containing light elements or their compounds.
In studies of the localized state of an individual atom or atomic group, gamma resonance spectroscopy or nuclear magnetic resonance are often
used. These methods allow one to determine the
internal magnetic ﬁeld at a nucleus, the changes in
the symmetry of the environment around an atom,
and the local chemical and phase composition.
A particular place among the methods of structural studies is occupied by e ld ion microscopy
which gives the patterns of individual atoms on
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surfaces, and enables one to determine their type
(atomic probe) and the atomic structure of defects,
but only at the sharp end point of the object under study with a radius of curvature of only a few
nanometers.
SUBBOUNDARIES

These are boundaries of subgrains (see Block
structure) disoriented by an angle of θ ≈ 1◦ with
respect to each other, consisting of randomly
arranged dislocations of various kinds with one
prevailing dislocation sign, which provides the resulting disorientation of the subgrains. Subboundaries arise during plastic deformation of monocrystals or polycrystals at moderate temperatures. During annealing, the subboundaries rearrange into
polygonal boundaries due to annihilation of dislocations with opposite signs.
SUBCASCADES

Branches of a collision cascade in a solid.
When elastic collisions of atoms incident on the
atoms of a solid occur with an energy exceeding
a certain threshold energy they split the cascade
of successive atom–atom collisions into subcascades (10 keV), and these subcascades are divided into two classes. In the majority of collision
events, the incident high-energy atom is scattered
into small angles; a substantially lesser number
of collisions involves scattering at a wide angle.
A graph serves as a mathematical model of such a
process, with arcs that are close to linear trajectories of incident atoms (see Fig. on next page) that
scatter into small angles (arcs AB, BC, and BD),
and apices (B, C, D) that are the branching points
of the cascade in which the high-energy incident
atom is scattered at a wide angle. A vacancy is
formed at every branching point, and to every arc
there corresponds a high-energy branch with the
following structure: there are vacancies and associated athermic clusters produced by the scattering
atom along its trajectory; the momenta of atoms
knocked out of the lattice sites are normal to the
trajectory; the starting points of the ejected atoms
serve as origins of high-energy cascade branches.
One high-energy branch in combination with adjacent branches forms a subcascade.
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SUBLIMATION

Calculated structure of a high energy branched 0.1 MeV cascade in α-Fe (numbers denote energies of knocked-out atoms
in eV, and arrows indicate directions of motion).

SUBLIMATION

A type of rst-order phase transition whereby
a solid transforms directly to a gas, bypassing the
liquid phase. Sublimation takes place in a certain
range of temperatures and pressures, and is accompanied by a latent heat of sublimation. When
applied to an atom in a monatomic solid, this
quantity of heat energy has been considered as
corresponding to the potential well depth in an interatomic interaction potential. Owing to this, the
heat of sublimation can be expressed through the
compressibility, the Grüneisen constant (see Thermal expansion), the speci c heat, and so on. A kinetic characteristic of sublimation is its rate (i.e.
amount of mass passing from solid to gaseous
state per unit time) which depends on the type of

solid (metal, insulator), its surface temperature, its
saturation vapor pressure, and the rate of vapor removal from the surface. Sublimation is employed
for cleaning solids (sublimation with subsequent
cooling). It is of importance when intensive vaporization takes place (e.g., thermonuclear reactors).
SUBMICROCRACKS in surface layers,
nanocracks
Cracks with dimensions from 40 to 200 nm
that nucleate in crystals during plastic deformation
(both creep and active loading) under

conditions of low and moderate temperatures
(T > 0.4Tmelting ). Cracks with dimensions smaller
than the Grifﬁth size (see Grif th theory) are called
microcracks; their indedependent growth is energetically unfavorable. Their dimensions vary from
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0.1 μm to a few mm depending on the properties of
the solid and the loading conditions (in rocks they
can be up to tens of cm). Submicrocracks (or nucleating cracks) are those that nucleate as a result
of a single event within a time of the order of 10 μs
at a pile-up of dislocations, or at disclination structures (see Disclinations). Reconstructions of defect
structures provide the energy gain for the nucleation of submicrocracks; and the latter process can
be stimulated by thermal uctuations. At moderate temperatures the rate of development of dislocations (see Dislocations) and disclination structures is higher in the surface layers of 10–100 μm
thickness (depending on crystal size and loading
conditions). Therefore, at T < 0.4Tmelting the submicrocracks nucleate mainly in these layers. Submicrocracks can be detected as early as at the
stage of less than 10% strain. In quasi-brittle solids
(see Quasi-brittle failure) the submicrocracks remain open and are able to grow during increasing
deformation; submicrocracks transform into microcracks, and then into macrocracks. In plastic
solids (see Plasticity) the submicrocracks rapidly
become blunted and transform into pores. Their
subsequent growth is due to the conﬂuence of a
high concentration of submicrocracks. On reaching the critical submicrocrack concentration, the
avalanche stage of their conﬂuence begins; eventually ending with a transition from a failure process
to the next stage of macroscopic crack nucleation,
or to neck formation. At the critical concentration of submicrocracks there is a critical dilatation
from 0.5 to ∼2% (depending on the submicrocrack mean size). Annealing the submicrocracks
at the intermediate stage results in a signiﬁcant
improvement of the plastic properties, and an increase of durability and strength.
SUBMICRON TECHNOLOGY
See Nanotechnology.

the inability to utilize experimental methods developed for neighboring spectral ranges. The submillimeter range covers the energies of phonons in
crystals; the energies of Cooper pairs (energy gap)
in superconductors; the energies of phase transitions in ferroelectrics, ferroelastics, ferromagnets,
and so on; speciﬁc binding energies and the energies of intrinsic excitations of impurity centers,
excitons and more complicated bound and collective states of current carriers (impurity atoms and
biexcitons, clusters, H− -like impurity states, and
the electron–hole liquid) in semiconductors; the
frequencies of cyclotron resonance, and plasma
and magneto-plasma resonances in the system of
free current carriers in semiconductors. The methods of submillimeter spectroscopy are useful for
studying processes involving the delocalization of
electrons, photoconductivity, and photothermal impurity ionization, as well as phase transitions in
solids.
The main instruments of submillimeter spectroscopy are diffraction spectrometers, interference Fourier-spectrometers (see Fourier spectroscopy), gas lasers, and spectrometers based on
backward-wave tubes. There are semiconductor
generators based on impact ionization avalanche
transit time diodes, as well as band-to-band transition solid-state lasers, and semiconductor-hotplasma tunable lasers.
SUBSTITUTIONAL ALLOYS
Alloys based on substitutional solid solutions,

where the atoms of the dissolved element replace
solvent atoms at crystal lattice sites. When the differences between the radii of the atoms exceeds
14–15% then only restricted ranges of composition of these solid solutions can form; otherwise
unlimited solubility of the components is possible.
Many two-component or more complex substitutional alloys are known, which form on the basis
of crystal lattices of metals or intermediate compounds.

SUBMILLIMETER SPECTROSCOPY

A ﬁeld of spectroscopy which deals with the
interaction of electromagnetic radiation with matter in the submillimeter spectral range (λ ≈ 50
to 1000 μm) that occupies an intermediate position between the middle IR range and the highfrequency microwave-range. This is characterized
by specialized instrumentation techniques due to

SUBSTITUTIONAL ATOM
An impurity atom replacing a regular atom in
a crystal lattice, i.e. substituting for an inherent

atom that has been removed. The term substitutional atom also refers to an inherent atom of a
crystal (chemical compound), occupying the position at a site of another sublattice, e.g., an M atom

1302

SUBSTRATE

at a site of sublattice X in the crystal Mp Xq . An
inherent substitutional atom is referred to as an antisite defect.
SUBSTRATE

A surface of a certain material, on which a
layer of the same or a dissimilar substance is built
up through a particular technique (see Thin lm
growing). Monocrystalline and amorphous (glass,
ceramics) substrates are used, depending on the
function and the method of layer deposition. For
good adhesion and a high degree of structural
perfection, the surface of the substrate must be
thoroughly cleaned prior to the deposition process
to avoid mechanical or structural imperfections.
The following methods are used for this purpose: chemical and mechanical polishing, chemical etching, degreasing with organic solvents, ultrasonic, ionic and plasma cleaning. In gas phase
epitaxy and liquid-phase epitaxy cleaning of the
substrate surface is brought about through the removal of the surface layer by certain chemical reactions with substances in the gaseous phase, or by
dilution in the melt, which is achieved by exposure
at an elevated temperature. Control over the quality of the substrate surface is carried out through
electron diffraction analysis and Auger spectroscopic analysis (see Auger electron spectroscopy);
wherever possible, the control is accomplished in a
vacuum chamber just before starting to precipitate
the lm . The following additional requirements are
imposed upon the substrate for producing epitaxial structures: (1) it must have a low density of dislocations, (2) the discrepancy between parameters
of the crystal lattice of the substrate and the new
layer must not be too pronounced. Besides that,
the lower side of the substrate may be put through
a defect-generating treatment, which forms discharge channels for defects that arise during the
process of layer deposition.
SUBSURFACE VOLUME ACOUSTIC WAVES
(SSVAW)

Horizontally polarized shear volume waves
generated by opposing rod transducers (see
Acoustic wave transducer). These waves propagate through a piezoelectric material near its surface. SSVAWs differ from surface acoustic waves
(SAW). The latter localize immediately under the

surface of a piezoelectric while SSVAWs propagate at a small angle to the surface and follow the
(λ/R)1/2 law in their extinction (λ is the wavelength and R is the distance from the input transducer). The basic material for SSVAW devices is
a rotated I -cut quartz. The SSVAW velocity at
that cut exceeds the respective SAW velocity by
a factor of approximately 1.6. Therefore, employing SSVAWs in acousto-electronic signal processing devices makes it possible to expand their frequency range to 2–3 GHz, and also to improve
their temperature and overall long-term stability,
as compared to the corresponding surface wave
devices.
SUM RULE
See Friedel sum rule.
SUPERALLOYS
Complex alloys based on nickel, cobalt or iron,

that comprise numerous components (up to 13
in number and 5–18% by mass), such as Cr,
Al, Ti, Mo, W, Ta, etc., and they often include
10–12 impurities and alloying elements speciﬁcally introduced (C, B, O, Mn, Hf, Zr, etc.). Superalloys exhibit certain favorable features: hightemperature long-term strength, good plasticity,
high impact strength, resistance to high and low
temperature fatigue and high-temperature corrosion, good molding properties (see Casting), stable microstructure at high temperatures. All these
properties result from the speciﬁc selection of
basic doping elements that ensure solid-solution
hardening and the formation of intermetallic compounds, carbides, etc. These feature respective
crystal structure, shape, size, distribution and overall properties that ensure their stability during
long term operation. Superalloys are capable of
withstanding long-term loads, (50–60)·103 Pa, for
104 –105 h at temperatures of 800–1100 ◦ C. Superalloys are used in aviation and space technology, chemical industry, etc.
SUPERANTIFERROMAGNETISM

A particular magnetic state of a tiny well-cut
antiferromagnet slab with an even number N of

atomic planes parallel to the surface, belonging alternatively to one of the two magnetic sublattices
of the antiferromagnet. The slab retains its basic
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antiferromagnetic properties, but since the planes
at the edges (boundaries) are in weaker effective
antiferromagnetic exchange elds than those deep
inside the plate, the related magnetic moments
become stronger along the direction of an external magnetic ﬁeld B. As a result, in an applied
ﬁeld there appear local variations of antiferromagnetism vector (L = M 1 − M 2 ) directions which
are nonuniform over the plate thickness, but are
symmetric in respect to its central plane. The magnetic susceptibility of this thin plate in weak ﬁelds
grows up to twice its value in the corresponding
bulk antiferromagnet. Cf. Superparamagnetism.
SUPERCONDUCTING ALLOYS
Disordered and ordered alloys and solid solutions of various transition and simple metals,

and also of metals and nonmetals that exhibit superconducting properties (e.g., NbTi, PbBi, etc.).
Superconducting alloys belong to the so-called
“dirty” type II superconductors. They ﬁnd wide
practical applications in electric current carrying
and magnetic superconducting systems (see Superconducting magnets).
According to the Anderson theorem, electron
scattering by atoms of different elements (or by
impurities) in an alloy does not result in changes
of thermodynamic properties of a superconductor
(its transition temperature, Tc , energy gap Δ, speci c heat jump C at the transition point, etc.),
provided that this superconductor is invariant with
respect to time inversion. However, electromagnetic properties of alloys differ from those of pure
superconductors, the values of their critical magnetic ﬁelds and currents change, a transition from
the situation of an ideal Meissner effect to a mixed
state takes place, and characteristic microscopic
superconductor lengths (coherence length ξ , penetration depth of magnetic eld λ) also change.
Violation of the Anderson theorem is explained,
if one takes into account electron spin- ip scattering in alloys with paramagnetic impurities and
anisotropic effects. A strong dependence of Tc on
the structural state and stoichiometry is also observed in intermetallic compounds with complex
lattices, and those containing features of low dimensionality.
In an isotropic alloy, the characteristics of
its superconducting state are smooth functions

of the ξ0 / l ratio, where ξ0 = νF /(πΔ0 ) is the
coherence length for a pure superconductor at
T = 0 K, l is the electron scattering length (mean
free path). A pure superconductor corresponds to
the criterion l ξ0 , and an impure one to l  ξ0 .
The concentration of superconducting electrons,
which controls the diamagnetic response of a superconductor, is expressed by the formula ns =
nχ(l/ξ0 , T /Tc ). Here n is the number of electrons
per unit volume, χ(x, t) is the Gor’kov function
with its asymptotes χ(x, 0) ≈ x for x → 0 and
χ(x, 0) ≈ 1 for x → ∞. The concentration of superconducting electrons around the critical temperature point is
ns =

πΔ2 τ n
χ(2πτ T ),
2T

where χ(x) = 1 and χ(0) = 0.85/x for x
1
(τ = l/νF is mean free path time). The magnetic ﬁeld penetration into a pure superconductor
is given by the London penetration depth λ0 =
[m/(μ0 ns e2 )]1/2 . In a dirty superconductor the
penetration depth λ increases relative to the London value λ0 as λ = λ0 (ξ0 / l)1/2 . The characteristic displacement of an electron within its correlation time t0 = /Δ0 in an alloy is given by
the relation Δ = (2Dt0 )1/2 , where D = νF l/3 is
the diffusion coef cient. The value x = (ξ0 l)1/2
is signiﬁcantly smaller than ξ0 ; in other words,
the radius of a Cooper pair in an alloy decreases.
Around the critical temperature, Tc , the value of ξ
follows an asymptote ξ(T ) ≈ 0.74ξ0 /(1 − t)1/2 in
a pure alloy, and ξ(T ) ≈ 0.86(ξ0 l)1/2 /(1 − t)1/2
in a “dirty” alloy, where t = T /Tc .
According to the Ginzburg–Landau–Abrikosov–Gorkov (GLAG) theory, superconducting alloys become type II superconductors at high
enough impurity concentrations. The critical concentration
value is given by the condition κ =
√
1/ 2, where κ is the Ginzburg–Landau parameter, κ = λ/ξ . In an impure alloy, the value of κ
may be expressed as κ = κ0 + 0.23(ec/kB )γ 1/2 ρ,
where ρ is the residual electric resistivity, and γ is
the coefﬁcient of the linear term in the electronic
speci c heat. In alloys containing paramagnetic
impurities the transition temperature decreases in
proportion to the impurity concentration (see Gapless superconductors).
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SUPERCONDUCTING CRITICAL
TEMPERATURE
See Critical temperature of superconductors.
SUPERCONDUCTING GROUP SWITCH
(commutator)
A set of superconducting switches such that a

prescribed sequence of turning them on results in
a prescribed direction and magnitude of current
in the switched circuits. Such a group switch can
make use of cryotrons in which current (below
the critical value) in one or more superconducting input circuits controls the superconducting to
normal transition in one or more output circuits.
The most important parameter of a superconducting group switch is its switching time. When wire
cryotrons are used to build such a group switch,
this time may reach 10−6 –10−5 s. Film cryotrons
provide switching times within 10−7 –10−6 s, and
Josephson elements may reach 10−9 s. Wide application of the latter using classical superconductors has been limited in the past by the complex
technology, and the need to have a cryogenic base
for them. The use of high-temperature superconductors with liquid nitrogen cooling should facilitate the adoption of Josephson junction switching.
SUPERCONDUCTING INTERMETALLIC
COMPOUNDS

A wide class of superconducting materials,
with their crystal lattice formed by atoms of heterogeneous metals. Among the superconducting
intermetallic compounds are superconductors with
the A15 structure, the Laves phases, delta phases,
and compounds of the α-Mn type.
Superconductors with the A15 structure are
compounds with an A3 B chemical formula, their
crystal lattice having body-centered cubic symmetry (β-W structure). Their B atoms are positioned
at the apices and the center of a cube, and the
A atoms pair-off at cube faces, forming families
of mutually perpendicular inﬁnite chains along
the principal crystallographic directions. The unit
cell contains 8 atoms and belongs to space group
P m3̄n (Oh3 ). The A atom is usually a transition
metal atom: V, Nb, Cr, etc. (metals of Groups
IV–VI of the periodic system). The B atom is a
nontransition (Al, Sn, Si, Ge, Ga, . . .) or transition metal (Co, Ni, Ru, . . .) element from among

those positioned to the right of Group VI of the
periodic system. Prior to the discovery of the
cuprate superconductors, the A15 type had been
the compounds with the highest critical temperatures, reaching 23 K and 20 K for such pseudobinary compounds as Nb3 Ge and Nb3 Ga, respectively, and 24 K for Nb3 Ge ﬁlms. The A15 compounds are type II superconductors, featuring high
critical magnetic ﬁelds Bc2 (Bc2 (0) ≈ 47 T for
Nb3 (Al, Ge)), and high current densities. The critical current density in the diffusion layers of Nb3 Sn
reaches jc ≈ 3·1010 A/m2 in a magnetic ﬁeld
B = 5 T, while ribbons made of V3 Ge are capable
of carrying currents up to 107 A/m2 in a magnetic
ﬁeld B = 20 T at 4.2 K.
Because of their chain crystalline structure, the
A15 compounds exhibit certain unusual physical
properties. For example, V3 Si, Nb3 Sn and Nb3 Ge
display anomalous temperature dependences of
their electron and phonon characteristics. The spin
component of their electronic magnetic susceptibility and their Knight shift (see Hyper ne interaction) both grow with lowering temperatures, the
more rapid the growth the higher the Tc for the
respective material, because of the presence of a
peak in the density of electron states in the vicinity of their Fermi level. The temperature dependences of their speci c heat, Hall constant (see
Galvanomagnetic effects) and electrical resistance
are all unusual. The latter tends to saturate at high
temperatures. With lowering temperature, V3 Si
and Nb3 Sn show a softening of their elastic shear
moduli: Cs = (C11 − C12 )/2, so at a temperature Tm that somewhat exceeds Tc (Tm = 21 K,
Tc = 17 K for V3 Si; Tm = 45 K, Tc = 18 K for
Nb3 Sn), a structural phase transition and a transformation from a body-centered cubic crystal lattice to a tetragonal one becomes possible. Such a
phase transition manifests itself by the instability
of the acoustic phonon spectrum with wave vector
q  110 and polarization P  110. The veloc1/2
ity of these phonons, proportional to Cs , tends
to zero at T = Tm . Experimental data indicate
a possibility of low-temperature structural transitions in the Nb3 Alx Ge1−x , V3 Ga and Nb3 Al
alloys. No structural phase transitions were observed in any A15 material with low Tc (note
that the electron–phonon interaction is weak in
that case). Both types of phase transitions in A15,
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namely the transition to a superconducting state at
high Tc = Tm and the lattice instability result from
strong a electron–phonon interaction that, in its
turn, results in changes of the lattice symmetry accompanied by transformation of the A15 electron
spectrum. The nature of the latter may be related
to both the Peierls instability and the Jahn–Teller
effect. In both cases, the loss in the elastic energy
accompanying the appearance of a tetragonal deformation of the crystal lattice is compensated by
a lowering of the overall energy of the transformed
electron subsystem. When Tm decreases (e.g., under external pressure), Tc grows. Introducing defects, impurities, as well as radiation disordering
always results in lowering of both Tm and Tc in
A15 materials with high Tc (Nb3 Sn, V3 Si, Nb3 Al,
Nb3 Ga, Nb3 Ge, V3 Ge), while A15 compounds
with low Tc (Mo3 Ge, Mo3 Si) may display an increase of these temperatures.
Superconductors with a B1 structure are chemical compounds with an AB chemical formula,
having a crystal lattice structure similar to that
of NaCl. Atoms of metal A form a face-centered
cube lattice, and atoms of metal B occupy octahedral sites. Atoms of type A usually belong to
the transition metals of subgroups III–VI of the
periodic system, and atoms of type B are nontransition elements of the same subgroups. This
B1 group includes borides, nitrides, oxides of the
transition metals. Available vacancies characteristic of these compounds are ordered, forming
superlattices. The highest transition temperature
Tc = 10 K is found in nitrides and carbides of
Zr, Nb, Mo, Na, W. The value of Tc decreases
for larger deviations from stoichiometry and increasing number of vacancies. The highest critical parameters are reached in niobium carbonitrides, NbNx C1−x , where Tc and the upper critical e ld Bc2 both peak as functions of x at x = 0.7
max (0) ≈ 16 T). The critical cur(Tcmax ≈ 18 K, Bc2
rent density then increases to jc ≈ 8·1010 A/m2
at B = 10 T and T = 4.2 K.
Among the B1 substances are palladium compounds with hydrogen, PdH, and deuterium, PdD.
No superconductivity is found in either pure Pd or
its alloys, but saturating Pd with either H or D results in superconductivity at T = 2 to 9 K, while
the H/Pd ratio varies from 0.8 to 1. When substituting deuterium for hydrogen the value of Tc increases to 11 K, in other words, an inverse isotope
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effect develops. The absence of superconductivity
in pure Pd is explained by the strong spin u ctuations that are suppressed in PdH due to the ﬁlling
of the narrow palladium d-band by the hydrogen
electrons.
Superconductors with a C15 structure are compounds with a face-centered cubic crystal lattice
(as in MgCu) that belong to the F d3m (Oh7 )
space group (see Crystal symmetry). Most C15
substances have both their superconduction transition temperatures Tc and their upper critical
magnetic ﬁeld Bc2 (T ) relatively low. An exception is the Hf1−x Zrx V2 alloys, with their maximum Bc2 (4.2 K) = 23 to 24 T, jc (4.2 K) = 105
to 106 A/m2 , and Tc = 10.1 to 10.2 K attained
for x = 0.5 to 0.6. At Tm = 100 to 150 K these
alloys undergo a structural phase transition from
cubic to body-centered orthorhombic (x < 0.40)
or rhombohedral (x > 0.45) symmetry. The Tm
temperature is sensitive to the conditions of thermal processing of these materials, and decreases
for deviations from stoichiometry, and when doping admixtures are introduced. The Tm (x) dependence exhibits a minimum, coinciding with the
maximum in Tc (x). Such a correlation is related to
the electronic nature of the structural phase transition. It also manifests itself in the peaks found
in the vicinity of Tm in the temperature dependences of the electric resistance, magnetic susceptibility and speciﬁc heat of the C15 materials. The
band structure of the electron energy spectrum
contains plateaux around its L- and X-points, and
in the H –C direction of the Brillouin zone. If the
Fermi level passes in the vicinity of these regions,
the strong electron–phonon interaction results in a
transformation of the spectrum of elementary excitations of current carriers, and initiates a structural phase transition that follows the Peierls instability mechanism. As a result, an insulating gap
opens at ﬂat regions of the Fermi surface, with
its presence responsible for certain features in the
temperature dependences of electron characteristics of the C15 materials. The critical temperature
Tc in C15 compounds is only weakly sensitive to
radiation damage.
SUPERCONDUCTING MAGNET (solenoid)

Devices used for generating constant or alternating magnetic ﬁelds that employ solenoids made
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of superconducting materials. Superconducting
magnets and solenoids with magnetic ﬁelds up
to 10 T are manufactured from multiple conductor cable of the Nb–Ti alloy. The Nb3 Sn alloy
solenoids have produced ﬁelds above 20 T, and
their operating volume ranges from about 10 cm3
to several tens of m3 . Such magnets are widely
used in laboratory research, in magnetic resonance imaging (MRI), in accelerators, in plasma
traps built for the control of thermonuclear synthesis installations, as induction energy capacitors,
etc. The value of the maximum operating magnetic
ﬁeld is determined, ﬁrst of all, by the current capacity of the superconductor, i.e. by the critical current density for a given magnetic ﬁeld, and, second, by the structural and strength qualities of the
solenoid material and the unit as a whole.
SUPERCONDUCTING MAGNETIC SHIELD

A device used to screen away a magnetic ﬁeld,
or stabilize its value in a prescribed volume. Superconducting magnetic shields are usually fabricated from lead or niobium, and have the shape
of hollow cylindrical shells. They function in liquid helium (T = 4.2 K) in external magnetic ﬁelds
Be with magnitudes below the critical ﬁeld for the
respective superconductor. Since a superconductor pushes the magnetic ﬁeld outside its own volume and “freezes” the magnetic ﬂux with a ﬁeld
strength B inside the shell, the magnetic ﬂux may
penetrate partially inside the shell only through its
openings. At a distance l into the shell from the
edge of its opening of diameter d, the longitudinal component of a variable ﬁeld B is screened
by a factor of S = Be /Bl ≈ 7.6l/d, and the
transverse component B⊥ is screened by the factor of S⊥ = Be⊥ /Bl⊥ ≈ 3.8l/d. The longitudinal component of a constant ﬁeld may either be
screened (by the same factor or less) or become
“frozen” at a lesser gradient. This is one of the
advantages of superconducting magnetic shields
over the ferromagnetic and electromagnetic types.
Another advantage consists in the independence
of the screening that they provide for (S , S⊥ )
from the frequency (f ) of the external ﬁeld in the
range f ∼ 0–1010 Hz. Superconducting magnetic
shields are used to protect magnetometric transformers from magnetic interference, to provide a

high-grade magnetic “vacuum”, to build superconducting sources of strong magnetic ﬁelds, and to
generate highly homogeneous magnetic ﬁelds.
SUPERCONDUCTING MICROBRIDGES

Short, narrow superconducting bridges (e.g.,
weak links) that couple together two superconducting electrodes of macroscopic dimensions.
Electric and physical properties of superconducting microbridges depend on the relation between
their characteristic dimensions (length L, width w,
and thickness t ) and the parameters of the superconducting material from which they are fabricated: penetration depth of magnetic eld λ and coherence length ξ . Provided max(L, w, t) < ξ, λ,
Josephson effects develop in the superconducting microbridges (see also Josephson junction).
When the transverse dimension of a microbridge
or its length exceeds ξ , then its resistive state
involves either the motion of Abrikosov vortices
through the bridge, or the formation of centers of
phase slip. The current–voltage characteristics of
superconducting microbridges exhibit strong nonlinearity, so the bridges are able to detect and
transform electromagnetic radiation, and may also
serve as switches. Thin ﬁlm superconducting microbridges link together superconductors made
from thin lms . One should differentiate between
constant thickness ﬁlm superconducting microbridges and those with a variable thickness. In
the ﬁrst case the microbridges are the same thickness as ﬁlm electrodes, and in the second they are
thinner than such electrodes, thus providing for a
three-dimensional spread of current through electrodes which results in less Joule heating of the
regions where the current concentrates.
SUPERCONDUCTING MICROWAVE
ELECTRONIC DEVICES

Devices in which electron beams or plasma interacts with electromagnetic ﬁelds generated by
microwave instruments that consist of superconductors in whole or in part. The basic advantages offered by this application of superconductors, their alloys and compounds in microwave
electronic devices stem from the fact that the active component of the surface impedance of a
superconductor may be several orders of magnitude lower than in normal metals. That fea-
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ture is very efﬁciently used to produce highQ resonator cavities (see Superconductor electronics), highly stable generators, band pass and
band stop ﬁlters, wide-band transmission lines, delay lines, analogue elements for signal processing, various components in accelerator technology, etc. Since the energy loss in a superconductor is many orders of magnitude less than in
normal metals in the microwave range, one can
produce various units and devices with parameters unattainable by common technologies. For example, the Q of microwave cavities may exceed
1011 , the transmission band in coaxial transmission lines may be as wide as 100 GHz at an attenuation of 10−2 –10−3 dB/m, band ﬁlter amplitudefrequency characteristics may have their edges as
steep as 30 dB/octave, and the relative instability
of the frequency generator may be about 10−16 .
Researchers are seeking ways and means to use
superconductors in elementary particle accelerators. The low losses of superconductors at these
operating frequencies make it possible to improve
their efﬁciency by several orders of magnitude,
and to proceed from pulse to quasi-continuous
and even continuous operation acceleration modes
when running accelerators. Small-size superconducting accelerators that operate in a continuous
mode already produce gradients in their accelerating ﬁelds equal those of the best modern pulse accelerators. However, there still remain some problems in building accelerating units (mostly of a
technical nature) that await solutions.
SUPERCONDUCTING PHASE TRANSITION,
phase transition from normal to superconducting
state

Transition to a phase with zero electric resistance, which takes place in certain materials at low
enough temperatures. It was ﬁrst observed close to
4 K in mercury by H. Kamerlingh-Onnes (1911).
It was later found to occur in a wide class of
metallic, semiconducting and polymer materials.
Transition temperatures Tc for several classical superconductors are: 3.7 K for tin, 7.2 K for lead,
9.5 K for niobium, 18 K for Nb3 Sn. Prior to the
late 1980s Tc could not be raised above 23.2 K
(Nb3 Ge). In recent years high-temperature superconductors, which are copper-containing metal
oxides called cuprates with a layered structure,

Phase diagram of a type I superconductor in a magnetic
ﬁeld (B) versus temperature (T ) coordinate plane. The
superconducting phase is denoted by SC and the normal
phase by N; Bc (T ) indicates the critical magnetic ﬁeld
line where the phase transition occurs.

have been found with their Tc reaching 133 K. The
value of Tc for the most popular cuprate superconductor, YBa2 Cu3 O7−δ , is Tc = 90–95 K (see
High-temperature superconductivity).
An applied magnetic ﬁeld B destroys the superconducting state of a type I superconductor if
it exceeds a certain critical level, Bc , which is a
function of temperature. In other words, there is a
rst-order phase transition that takes place along
the Bc (T ) line in the phase diagram of superconductors (see Fig.). Type II superconductors have
more complicated phase diagrams with two critical ﬁelds Bc1 (T ) and Bc2 (T ). Physically, the superconducting phase transition takes place when
a single multiparticle quantum-mechanical state
develops for a macroscopically large number of
conduction electrons when these electrons with
antiparallel spins and opposing momenta form
Cooper pairs in the vicinity of the Fermi surface. Long-range ordering then spreads throughout the system, and an order parameter which is
complex appears, in contrast with, e.g., the case
of a magnetic material. The characteristic size of
Cooper pairs, i.e. their coherence length ξ , plays
the role of the correlation length of ﬂuctuations of
the superconducting order parameter, which grows
without limit for T → Tc . The classical lowtemperature superconductors have a critical region
which is extremely narrow, and their superconducting phase transition is very well described by
the phenomenological Ginzburg–Landau theory of
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superconductivity, as well as by the more fundamental microscopic Bardeen–Cooper–Schrieffer
theory, both of which employ the rationale of the
self-consistent eld approach.
SUPERCONDUCTING QUANTUM
INTERFERENCE DEVICE (SQUID),
superconducting quantum interferometer

A superconducting current loop containing
either a single (one-junction) or a pair (twojunction) of weak links (Josephson junctions).
SQUID is an acronym for Superconducting QUantum Interference Device. It appears more correct
to envisage a SQUID as a superconducting quantum interferometer combined with electronic circuitry used for processing the resulting signal information. Depending on the type of SQUID used,
its critical current, impedance or actual loss display a periodic dependence on the external magnetic ﬂux Φ. The quantum interference of wave
functions of superconducting electrons, which develops as a result of combining quantization of
u x with Josephson effects, controls that periodicity and also the discrete quantum states of
the SQUIDs: their total magnetic ﬂux Φ being
equal to an integral number n of quanta (ﬂuxons), Φ = nΦ0 . Modern electronic devices are capable of recording 10−4 –10−6 Φ0 /Hz1/2 , which
makes it possible to exploit the unique capabilities of SQUIDs as a new class of measuring instru-

ments. Despite the impressive capabilities of twojunction SQUIDs, the one-junction SQUIDs are
more widely used. A simple scheme of such a onejunction SQUID circuit is presented in the ﬁgure.
The superconducting quantum interferometer circuit (SQUID) is inductively connected on the left
to the input solenoid of a superconducting transformer (ST). The latter transforms the ﬂux from
the magnetic antenna (MA). A resonant circuit
(RC) is also present. The amplitude of oscillations
in the latter is determined by the periodic parameters of the SQUID. Depending on a dimensionless
parameter l = LIk /Φ0 , where L is the inductance
and Ik is the critical contact current, there may be
two regimes in which the HF SQUIDs operate: the
hysteresis-free (l = 1) and the hysteretic (l > 1)
regime. When l < 1, the circuit reactance is modulated and when l > 1 the losses in the RC are modulated. The pumping generator (G) frequency is
close to the RC intrinsic frequency, and is usually
within the range 30–400 MHz. With the pumping frequency growing, the SQUID sensitivity increases (microwave SQUIDs). A low-noise ampliﬁer (A) and a power ampliﬁer (PA) provide signal detection and recording, often in the feedback
mode, so the SQUID operates as a null-indicator.
Various types of antennae makes it possible to
measure the magnetic ﬁeld, the components of the
tensor of ﬁeld gradients, and its derivatives of second and higher orders.

Circuit for measuring a magnetic ﬁeld B or ﬁeld gradient dB/dz using a single-junction SQUID.
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SQUIDs are the most sensitive low-frequency
measurement devices available, making it possible to reach the quantum limit at frequencies
that are signiﬁcantly below kB T / h. The sensitivity of SQUIDs already realized is 10−16 T/Hz1/2
in a magnetic ﬁeld, 10−16 T·m−1 ·Hz−1/2
in a ﬁeld gradient, 10−13 A/Hz1/2 in current,
10−15 V/Hz1/2 in voltage (such instruments are
called femtovoltmeters). SQUIDs are capable of
measuring magnetic susceptibility in low ﬁelds
(10−4 –10−10 T) at a sensitivity of 10−12 SI unit,
and at reaction times down to 10−5 s (at 30 MHz).
When conducting nuclear magnetic resonance
spectroscopy and tomography SQUIDs make it
possible to detect a single spin, in principle. The
energy sensitivity of SQUIDs reaches 10−28 –
10−29 in commercial and 10−31 –10−34 J/Hz in
laboratory instruments. The best result achieved
by means of a two-junction SQUID is
4.8·10−34 J/Hz ≈ 3.2. In other words, the fundamental threshold has been almost reached. The application range for SQUIDs embraces such ﬁelds
as scientiﬁc instrumentation, geophysics, search
for magnetic anomalies, extremely low frequency
communications, biomagnetism, computer technology, etc. SQUIDs ﬁrst initiated quantitative
studies of the quantum behavior of macroscopic
systems with dissipation (macroscopic quantum
tunneling) at temperatures about 1 K, and of the
quantum electrodynamics of superconducting circuits.
SUPERCONDUCTING SEMICONDUCTORS
AND SEMIMETALS

Superconducting materials with a degenerate
electron spectrum and a density of current carriers n that is low in comparison with that found
in the more conventional superconducting metals
and alloys. Free electrons or holes in superconducting semiconductors and semimetals are generated by way of an admixture doping or via the
equilibrium excess or deﬁciency of one of the
components. All of these materials are type II
superconductors. Several of the AIV BVI structure are known (see Semiconductor materials)
with hole conductivity. Among them are GeTe
with its maximum superconducting critical temperature Tcmax ≈ 0.53 K. Its concentration range
of current carriers in which the superconductivity exists is 8.5·1020 cm−3 < n < 6·1021 cm−3 .

Next are SnTe, with Tcmax ≈ 1.1 K and the respective concentration range 4·1020 cm−3 < n <
7.5·1021 cm−3 ; PbTe doped with Tl (Tcmax ≈
1.4 K, n < 1020 cm−3 ); and SnTe alloys with
GeTe or PbTe (Tcmax ≈ 2.75 K, 1019 cm−3 <
n < 1.5·1021 cm−3 ). Of particular interest is superconductivity in Tl-doped PbTe that develops
due to the formation of quasi-local states in the
Tl impurity band (up to 1.25 at.% of Tl). Adding
0.5 at.% of Na raises the critical temperature Tc
of that system to 1.6 K. There are also materials
based on In: InSn1−x Te1+y (y  1) with Tcmax =
3.5 K (n  5·1020 cm−3 , p- and n-type conductivity) and an n-type inversion layer in p-type
InAs, its Tc = 2.7 K. The La–X systems (X = S,
Se, Te) display relatively high values of Tc , their
Tcmax reaching 3.8 K for La3 X4 , X = Te, 8.25 K
for X = S, and 10 K for X = Se at 1021 cm−3 <
n < 6·1021 cm−3 (n-type conductivity). The upper critical eld Bc2 (T = 0) for La3 S4 is 16 T.
Two additional electron conductivity superconductors in this group have a perturbed perovskite structure. These are SrTiO3 with Tcmax =
0.65 K, 8.5·1018 cm−3 < n < 3·1020 cm−3 and a
nonmonotonic Tc (n) dependence, and BaPb1−x Bix O3 (BPB) with its Tcmax ≈ 13 K at x = 0.25
and nmax ≈ (1–5)·1021 cm−3 . BPB features one
of the highest Tc values among all the materials that contain no transition metal atoms. Although the Tc (x) dependence is similar to Tc (n)
for SrTiO3 , in the case of BPB Tc (n) monotomax (0) ≈ 4.4 T.
nously increases with n, and its Bc2
The Bardeen–Cooper–Schrieffer theory relation
Δ(0) = 1.76kB Tc between Tc and the energy gap
Δ is approximately satisﬁed in all the superconducting semiconductors and semimetals for which
the energy gap Δ(T ) was measured.
Superconductivity in all the above-mentioned
types of materials has been variously explained
by interaction of their current carriers with either
longitudinal or transverse optical phonons, by the
multivalley nature of their band spectrum, by the
plasmon mechanism of superconductivity, by twophonon exchange between the electrons, by the
Bose–Einstein condensation of bipolarons, and by
various combinations of these and other factors.
Most theoretical studies assume that either superconducting semiconductors and semimetals are
ferroelectrics, or that their crystal lattice is on the
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verge of transforming into this state with spontaneous polarization.
SUPERCONDUCTING SUPERLATTICES

Either natural or synthesized solid state systems, such that their structure is characterized by
a periodicity (or a quasi-periodicity) in one or several directions. Moreover, such a period (quasiperiod) should signiﬁcantly exceed unit cell (or
interatomic) distances. Modern methods of crystal growth (see Monocrystal growth) and nanotechnology (see Molecular beam epitaxy) make it
possible to produce artiﬁcial crystals with interfaces between layers that are smooth on an atomic
scale, while the layers themselves may be spatially oriented in some desired sequence. When
the superconducting superstructure is periodic in
a single direction its is called one-dimensional.
Two-dimensional and three-dimensional superconducting superlattices are characterized by superperiods along either two or three axes, respectively,
of the coordinate system. The mutual positioning
of layers may be either periodic, quasi-periodic
(i.e. following a certain algorithm), or disordered,
so one may differentiate between these three types
of superconducting superlattices. Among the artiﬁcial superlattices are the following types: superconductor/insulator (Al/Ge, Nb/Ge, Nb/Si, V/Si,
Mo/Si); superconductor/normal metal (Nb/Cu,
V/Ag, Nb/Ta); superconductor/magnetic atom
(V/Cr, Mo/Ni, V/Ni). Intercalated layered superconductors (see Quasi-two-dimensional superconductors) and transition metal dichalcogenides of
the type Nb/Se2 , Ta/S2 also form one-dimensional
superconducting superlattices since their transverse periods across the layers may signiﬁcantly
exceed interatomic distances (5–6 nm) as a result
of the intercalation. In the same sense, one may
speak about layered high-temperature superconductors formed on the basis of Y, Bi, Tl, etc. in
which their cuprate layers (–CuO2 –)n or double
layers are spaced at 1–3 nm, while other elements
controlling their chemical composition form regular layers of an “atomic intercalate” free of atomic
disordering. One may also produce superconducting superlattices with layers one unit cell thick
that are composed of high temperature superconducting crystals, e.g., YBa2 CuOx /PrBa2 Cu3 Ox .
Replacing Y by Pr does not particularly affect

the size of the corresponding unit cell, but makes
the layer of PrBa2 Cu3 Ox nonconducting. Therefore, varying the layer thickness at a discrete step
of a single unit cell, one may study superconductivity in monolayers of pure YBa2 Cu3 Ox . Superconducting superlattices in cuprates based on
Bi are also known. In them Bi is partially replaced by Pr, so that by gradually varying the
concentration of Pr the superconducting superlattice is gradually brought to the superconductor/insulator type. Finally, one may speak about
superconducting superlattices in high temperature
superconductor crystals because a quasi-regular
mesh of planes of twinning of crystals is present
in some of them. Such a superlattice is interesting because of the effect of local ampliﬁcation
of superconductivity that may occur in the vicinity of twinning planes, similar to regular superconductors; the so-called Khaikin–Khlyustikov effect (M.S. Khaikin, I.N. Khlyustikov, 1981). In
that sense, the PbTe/PbS superconducting superlattice is also unusual. First, it consists of layers
of PbTe and PbS, both non-superconducting when
separated from each other. However, the critical
temperature of such a joint superconducting superlattice featuring the semiconducting concentration of electrons 1019 cm−3 is Tc = 5.5 K. Second, beside the one-dimensional alternating layer
period, the PbTe/PbS superlattice also features
a two-dimensional rectangular mesh of epitaxial
dislocations positioned in the vicinity of layer-tolayer interfaces.
Since such quantities as the coherence lengths
along and across the layers, the penetration depth
of magnetic eld, the thickness of the layers and
the intervening interfaces, the period and the
quasi-period may all vary quite widely in the
above superconducting superlattices, their features
and properties are also as variable. Among the critical characteristics of superconducting superlattices, those studied in greater detail are the superlattice critical temperatures, critical currents and
critical magnetic elds. All of them are necessary
for the development of an elemental basis for the
next generation computer components.
One of the most interesting phenomena in
superconducting superlattices is dimensional crossover. It appears as a smooth transition from three-
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dimensional distributions of characteristic variables (typical for the Bardeen–Cooper–Schrieffer
theory) to the corresponding two-dimensional distributions typical for thin lms at lower temperatures. Such a crossover must be clariﬁed in ﬁner
detail to understand the temperature dependence
of the upper critical eld. Studies of superconducting superlattices are pursued quite actively, although they are still far from their ﬁnal stage of
maturity. See also Superlattices.
SUPERCONDUCTING SWITCH

A switch which utilizes the property of superconductors to increase their electrical resistance
dramatically during the transition to the normal
state. A superconducting switch consists of a bulk
superconductor (a piece of wire, a band) or a superconducting ﬁlm converted to its normal state
by heating or applying a magnetic ﬁeld. An example is a superconducting current carrying wire
or ﬁlm (e.g., cryotron) that is ﬂipped back into its
normal state by the magnetic ﬁeld of a control device. These switches are used in superconducting
magnetic systems to obtain persistant currents by
short circuiting the ends of the current carrying superconducting magnet coil. When the switch is in
its normal state, in other words it has a ﬁnite resistance, a prescribed current in injected into the
superconducting solenoid. After that, the switch
is ﬂipped into its superconducting state, so that a
persistent current ﬂows continuously through the
short-circuited solenoid.
SUPERCONDUCTIVITY

The phenomenon of a sharp drop of electric resistance to zero of certain metals, alloys and intermetallic compounds at some critical temperature, Tc . Critical temperatures may vary from well
below 1 K in some elemental superconductors
to appreciably above 100 K in high-temperature
superconductors. To give a few examples: Al,
Tc = 1.2 K; Nb, Tc = 9.2 K; Nb3 Ge, Tc = 23 K;
La2−x Srx CuO4 , Tc = 36 K; YBa2 Cu3 O7−x ,
Tc = 92 K; HgBa2 Ca2 Cu3 Ox , Tc = 135 K. Superconductivity was detected by H. KamerlinghOnnes (1911). In 1986–1987 J.G. Bednorz,
K.A. Müller and C.W. Chu discovered hightemperature superconductivity in metal oxide compounds. Besides their ideal (inﬁnite) conductivity,

superconductors display absolute diamagnetism
(the Meissner effect) whereby they expel magnetic
ﬂux from their interior. In other words, we have
B = 0 in bulk superconductors within a certain
range of magnetic ﬁeld strength from 0 to Bmax .
The value Bmax = Bc is called the thermodynamic
critical magnetic eld for type I superconductors
(pure metals). Another value, Bmax = Bc1 is the
lower critical eld for the case of type II superconductors (alloys, intermetallic compounds). Type II
superconductors are in their mixed state within the
range Bc1 < B < Bc2 (Bc2 is the upper critical
e ld). In this mixed state the ﬁeld penetrates into
the bulk superconductor in the form of quantized
Abrikosov vortices. We have B = nΦ0 for the magnetic ﬁeld (n is the density of vortices, and Φ0 is
the ux quantum, the amount of ﬂux in one vortex). The ﬁelds Bc and Bc1 are usually of the order of 10−2 –10−1 T, while Bc2 can be quite high
(10–100 T).
When the applied magnetic ﬁeld is zero, the superconducting phase transition is a second-order
phase transition accompanied by a jump in the
speci c heat (it increases below the transition
point Tc ). The nature of superconductivity consists in the formation of macroscopic large-scale
ordering of the wave function ψ(r) into a coherent
superposition of wave functions of separate particles (electrons or holes coupled into Cooper pairs).
The phase of that function is a macroscopic variable associated with so-called quantum coherence
effects such as quantization of ux, and the dc and
ac Josephson effects.
According to the microscopic Bardeen–
Cooper–Schrieffer theory of superconductivity
(BCS theory) the macroscopic quantum state arises
from the Bose–Einstein condensation of Cooper
pairs. Because of the electron–phonon interaction
electrons in common superconductors bind into
pairs that have a total momentum P = 0 and spin
S = 0 (singlet state), provided an electric current
is completely absent. Due to exchange of virtual
phonons, electrons develop a common attraction
in the vicinity of the Fermi surface. In the common case when the pairs form via the electron–
phonon interaction mechanism the critical temperature depends on the mass M of its atoms (the
so-called isotope effect). Some compounds including heavy fermions (e.g., CeCu2 Si2 , UBe13 ) may
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form triplet Cooper pairs with a spin of S = 1 (see
Triplet pairing).
As a result of pairing there develops an energy
gap Δ in the energy spectrum of a superconductor.
That gap yields the minimum value of excitation
energy, so that εp = (Δ2 + ξp2 )1/2 , where ξp is
the electron energy as a function of the momentum p in a normal metal, measured relative to the
Fermi surface. The gap is zero at Tc , and at T = 0
it reaches its maximum value Δ(0), which for
most superconductors has the approximate value
Δ(0) ≈ 1.76kB Tc . Since, during the interaction of
a superconductor with an electromagnetic ﬁeld,
excited (unbound) electrons are released in pairs,
a threshold of energy absorption from that ﬁeld
appears, ω = 2Δ ≈ 3.5kB Tc . A superconducting
state with zero gap is also possible (see Gapless
superconductors). However, the density of states
still exibits an anomaly within a range of energies
of the order of kB Tc in the vicinity of the Fermi
level (i.e. it is signiﬁcantly lower than its normal
state value).
Superconductivity ﬁnds numerous practical applications such as the generation of superstrong
magnetic ﬁelds (superconducting magnets), devices for measuring superweak magnetic ﬁelds
(Superconducting QUantum Interference Devices,
SQUIDS), measuring devices, and computer elements and components.
See also Dislocation superconductivity, Hightemperature superconductivity, Nonequilibrium superconductivity, Surface superconductivity, Thin
lm superconductivity, Twinning plane superconductivity, Weak superconductivity.
SUPERCONDUCTIVITY, HIGH-TEMPERATURE
See High-temperature superconductivity.
SUPERCONDUCTIVITY IN
QUASI-ONE-DIMENSIONAL SYSTEMS
The phenomenon of superconductivity in quasione-dimensional crystals that present a system of

weakly interacting metal ﬁlaments (chains), such
that their electronic energy spectrum is basically
one-dimensional:
E± (p) = ±vF (p ± pF ) + E⊥ (p⊥ ),
E⊥ (p⊥ )  vF pF ,

where pF , vF are the Fermi momentum and velocity; p and p⊥ are the components of quasimomentum of the electron along and transverse to
the chain, respectively. In case of a single electron band, the Fermi surface of such a system
consists of two weakly corrugated planes that superimpose as a result of transposition by a wave
vector 2pF /. If the transverse dispersion of the
electron spectrum is low (E⊥ → 0) the condition of nesting E+ (p) = −E− (p − 2pF ) is satisﬁed for the Fermi surface. Other instabilities
may develop along with the Cooper instability
in a quasi-one-dimensional system superconducting state, all generated by interactions of electrons. Examples are instabilities with respect to
the formation of charge density waves (CDW)
or spin density waves (SDW). Their wave vector is equal to 2pF /, and both result in an insulating state of the system (see Peierls transition).
In a quasi-one-dimensional crystal the above instabilities compete against each other and affect
each other. Theoretically, such a competition was
studied in detail using a one-dimensional model
of a metal in which the electron–electron interaction is described by constants g1 and g2 . These
correspond to electron scattering accompanied by
strong (∼2pF ) or weak (∼0) transfer of longitudinal momentum, respectively. In a commensurable case (2pF = πn/a) one has to account
for a third interaction constant, g3 , which is responsible for Umklapp processes (see Conservation laws). The form of the ground state in such
a metal is prescribed by the relationships between
the above constants. In particular, if g1 − 2g2 > 0,
then Cooper instability is the important factor
and the ground state is superconducting. When
this inequality has a negative sign then instability with respect to a CDW dominates, and the basic state of the system is a Peierls insulator. When
the transverse dispersion of the electron spectrum
is low then uctuations also play a considerable
role, preventing the formation of long-range order in the system and lowering the temperature
of a three-dimensional phase transition. The role
of three-dimensional effects becomes more important when the probability of an electron transition
between the chains increases. The level of Fermi
surface corrugation then increases, generally resulting in a suppression of instabilities with respect to the formation of CDW (or SDW). Besides,
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the role of order parameter ﬂuctuations diminishes
so that the transition of a quasi-one-dimensional
metal into its superconducting state becomes possible (see Organic conductors and superconductors), provided the values of E⊥ are not too low.
SUPERCONDUCTIVITY MECHANISM
For different varieties, see Anderson mechanism of high-temperature superconductivity, Bipolaron mechanism of superconductivity, Cooper effect, Cooper pairs, Exciton mechanism of superconductivity, Magnon mechanism of superconductivity, Phonon mechanism of superconductivity,
Plasmon mechanism of superconductivity.
SUPERCONDUCTOR CHARACTERISTIC
LENGTH
See Characteristic lengths in superconductors.
SUPERCONDUCTOR COLLECTIVE
EXCITATIONS
See Collective excitations in superconductors.
SUPERCONDUCTOR CURRENT STATES
See Current states in superconductors.
SUPERCONDUCTOR ELECTRONICS
A branch of cryogenic solid-state quantum
electronics which employs nonlinear quantum

phenomena of superconductors, their zero resistance and absolute diamagnetism, to transform
signals and to solve various problems of radio
electronics and physics. The most important result achieved by superconductor electronics lies
with the greater sensitivity of various instruments.
Deep freezing (to 0.1–4.2 K) lowers thermodynamic noise in such instruments. However, various
types of noise appear in the resistive state of superconductors, and quantum ﬂuctuations set fundamental limits on the possibilities of further sensitivity increases.
Most of the active elements used in superconductor electronics employ the phenomena of quantum coherence: the Josephson effect, the quantization of ux, and quantum interference. Superconducting magnetic screens make it possible to
lower constant magnetic ﬁelds (shield the Earth’s
ﬁeld) to 10−12 T, and variable ﬁelds by a factor of 1012 . Superconducting resonators (cavities) in the VHF and microwave bands achieve

quality factors Q up to 1012 –1014 . Superconducting bolometers can reach threshold sensitivities of 10−10 –10−16 W/Hz1/2 and time constants
of 10−10 –10−1 s at temperatures of 4.2–0.1 K.
Josephson junctions with direct conductivity are
used as detectors, mixers, parametric ampliﬁers
with self-pumping, etc. The sensitivity of Josephson sensors reaches 10−15 –10−16 W/Hz1/2 in
various regimes. Due to certain features of their
current–voltage characteristics, tunnel junctions
are promising memory and logic elements for new
computer technologies. Single-particle current–
voltage characteristics of small area tunnel junctions (S–I–S contacts, weak links) and those of
Schottky superdiodes (see Schottky diodes) make
it possible to actually develop new types of video
and heterodyne detectors and mixers, with noise
levels approaching the quantum threshold at frequencies from tens of GHz to the near IR band.
One may expect to see new technologies which
employ systems with multiple superconducting
junctions that can operate synchronously, perhaps
produced by electron or ion lithography at submicron resolution (1–100 nm). The widest use in
measurement technologies is offered for superconducting

quantum

interference

devices

(SQUIDs), their energy sensitivity having almost
reached the quantum threshold already at the level
of 10−28 J/Hz in mass produced and 10−33 J/Hz
in laboratory SQUIDs. Resolution in magnetic
ﬂux lies within 10−4 –10−6 Φ0 , where Φ0 =
h/2e is the ux quantum. Measurement systems
based on SQUIDs can record magnetic ﬁelds of
10−16 T, voltages down to 10−16 V, and other
variables transformed into variations of magnetic
ﬂux. These achievements provide new classes of
instruments for scientiﬁc research, geophysics,
medical science, metrology, and other technical
ﬁelds. Several countries have established their
national standard for the unit volt using the
Josephson effect expression f/V = 1/Φ0 =
483.6·1012 Hz/V, where f is the frequency. Certain other standards, comparators, measurement
systems to conduct fundamental physical experiments followed suite, all of them employing
SQUIDs, superconducting cavities, etc.
Superconducting cavities are electronic resonator systems in which their current conducting
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elements and other parts operate in a superconducting state. Their principal property is a quality factor which is far higher (Q ∼ 1011 ) than that
of resonators built using normal metals. Superconducting resonators feature extremely high operational quality factors as standards since at their
operative temperatures metals have a very low
linear expansion coefﬁcient. The concept of “superconducting resonators” usually includes both
cavity microwave resonators and resonating systems that operate in various frequency ranges. The
gain in the quality factor may vary from several units to several factors of ten, depending on
their design, operating temperature, and the material from which the cavity is manufactured. To
produce superconducting cavities such pure metals as niobium and lead are sometimes used, with
critical temperatures of 9.25 K and 7.18 K, respectively. A15 intermetallic compounds such as
Nb3 Sn, Nb3 Ge and others with somewhat higher
transition temperatures (15–20 K) have been under consideration for such applications. Superconducting resonators are effectively applied to solve
various problems in electronics, radio physics,
measurement techniques, and particle acceleration installations. Their use can improve instrumentation sensitivity by several orders of magnitude, as well as its accuracy and efﬁciency. Widespread application of superconductor resonators is
so far hampered by the difﬁculties of liquid helium
cooling under continuous operation. One may expect a breakthrough in this ﬁeld when new hightemperature superconductors operating at liquid
nitrogen temperatures enter routine use.
SUPERCONDUCTOR ENERGY GAP
See Energy gap.
SUPERCONDUCTOR INTERMEDIATE STATE
See Intermediate state of superconductor.
SUPERCONDUCTOR NUCLEAR SPIN
RELAXATION
See Nuclear spin relaxation in superconductors.
SUPERCONDUCTOR PARAMAGNETIC LIMIT
See Paramagnetic limit.
SUPERCONDUCTOR PROXIMITY EFFECT
See Proximity effect.

SUPERCONDUCTOR RESISTIVE DOMAIN
See Resistive domains in superconductors.
SUPERCONDUCTOR RESISTIVE STATE
See Resistive state of superconductors.
SUPERCONDUCTORS
Solid materials (metals, alloys, solid solutions,
chemical compounds, organic polymers, doped
semiconductors, semimetals) that exhibit the property of superconductivity at low enough tem-

peratures. Among the pure metals (Hg, Pb, Sn,
Zn, Al, Tc, Nb, etc.) the highest critical temperatures Tc of the superconducting phase transition are found in Nb (Tc ≈ 9.46 K) and Tc
(Tc ≈ 7.75 K), while among the metal alloys and
compounds the highest is the intermetallic compound Nb3 Ge (Tc ≈ 23.2 K). Degenerate semiconductors doped with atoms of metals (Nb, Te),
such as GeTe, PbTe, SnTe, InTe, SrTiO3 , exhibit low critical temperatures: Tc < 5 K. Layered dichalcogenides, NbX2 , TaX2 and trichalcogenides NbX3 , TaX3 of the transition metals
(X = S, Se) feature somewhat higher critical temperatures, Tc ≈ 2–8 K. Values of Tc ≈ 8–10 K
were reached by organic compounds with chain
(quasi-one-dimensional) and layered (quasi-twodimensional) structures and strongly anisotropic
conductivity. Among the superconductors available by 1986 that did not contain any transition
metals the highest critical temperature was found
for the solid solution BaPb1−x Bix O3 (Tc = 13 K
at x = 0.25). Its critical temperature Tc sharply
dropped to zero at higher contents of Bi (x  0.3),
because of the metal–insulator transition during
which alternating valence states of Bi3+ and Bi5+
ions appear at adjacent sites of the crystal lattice.
In 1988 the value of Tc ≈ 30 K was reached for
the solid solution Ba1−x Mx BiO3 (M = K, Rb).
In 1986, high-temperature superconductors
based on layered metal oxide cuprates were discovered, with Tc > 90 K by 1987, and Tc > 130
by 1993.
See also Amorphous superconductors, Gapless superconductors, Granular superconductors,
High-temperature superconductors, Magnetic superconductors, Organic conductors and superconductors, Quasi-two-dimensional superconductors,
Reentrant superconductors.

SUPERCONDUCTORS WITH LOCAL PAIRS

SUPERCONDUCTORS AND PLASMONS
See Plasmons in superconductors.
SUPERCONDUCTORS AND TUNNELING
See Tunnel effects in superconductors.
SUPERCONDUCTOR SPECIFIC HEAT
See Speci c heat jump in superconductors.
SUPERCONDUCTORS OF TYPE I AND TYPE II
See Type I superconductors, Type II superconductors.
SUPERCONDUCTOR SURFACE ENERGY
See Surface energy of superconductors.
SUPERCONDUCTOR SURFACE IMPEDANCE
See Surface impedance of a superconductor.
SUPERCONDUCTORS WITH CHARGE (SPIN)
DENSITY WAVES

Anisotropic metal systems in which one ﬁnds
coexisting superconductivity and charge density
waves (CDW) or spin density waves (SDW),
formed as a result of phase transitions at higher
temperatures. As a rule, superconductors with
these density waves are low-dimensional metals,
their Fermi surface spanning a reciprocal lattice
vector Q (Q is the CDW or SDW wave vector).
The transition to a CDW or SDW state results
in the appearance of an insulator gap in the electron spectrum in the vicinity of nested regions (regions spanned by reciprocal lattice vectors) of the
Fermi surface; that, in its turn, results in a decrease
of the density of electron states at the Fermi level.
The critical temperature, Tc of the superconducting phase transition is smaller than the value Tc0
that would exist in the absence of either a CDW or
a SDW. Suppressing a CDW (SDW) by the introduction of impurities, or by applying an external
pressure, makes it possible to increase the transition temperature up to the value Tc ≈ Tc0 . Such
a situation in which the superconducting state coexists with a CDW or SDW is observed in double and triple chalcogenides of the transition metals, i.e. the compounds of the form MX2 and MX3
(M = Nb, Ta; X = S, Se), and in the case of SDW
in organic conductors and superconductors of the
−
−
form (TMTSF)2 X (X− = AsF6 , ClO−
4 , FSO3 ,
etc.).
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A number of theoretical studies treat, along
with the competition between superconductivity
and a CDW (SDW), the possibility of increasing
the critical temperature of superconducting transition in systems with a CDW or SDW. A theoretical model suggested by Yu.V. Kopayev et al.
puts forth such a mechanism for raising Tc . The
model assumes that doping may result in shifting
the Fermi level in CDW systems from the vicinity
of nested areas of the Fermi surface to the edge of
the energy gap in the electron spectrum. The density of electron states then develops a feature of
the form g(ε) ∝ 1/(ε2 − Δ2 )1/2 , where Δ is the
width of the insulating gap. All this should result,
under certain conditions, in increasing the superconducting transition temperature.
Currently known superconductors with CDWs
(SDWs) have certain particularities in their physical properties. Among them, there can be a signiﬁcant restructuring of their phonon spectrum during
the transition to the superconducting state, that results in a change in the frequency of the amplitude
mode of CDW oscillations. Using Raman scattering of light such a feature has been observed in
transition metal chalcogenides.
SUPERCONDUCTORS WITH LOCAL PAIRS

A theoretical model that explains macroscopic
quantum properties of superconductors by the formation, in the actual physical space and due to
a strong electron–phonon interaction, of electron
pairs that belong to one and the same or adjacent
sites of a crystal lattice. Superconductors with local parameters are often described using the phenomenological Hubbard Hamiltonian (see Hubbard model) with an effective attractive interaction
potential (−U ):
=
H
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+
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+
where aiσ
(aiσ ) are the creation (annihilation)
operators of an electron at the ith site; V is the

1316

SUPERCONDUCTOR THERMAL CONDUCTIVITY

Coulomb energy of interaction of electrons belonging to different sites, t is the site-to-site transition integral, and the summation ij  is limited to adjacent sites. At low temperatures, when
T  U/kB , the Hamiltonian may be transformed
into a different one that operates in the space of
electron pairs and is, in its turn, equivalent to
the anisotropic spin Heisenberg Hamiltonian. The
bipolaron mechanism of superconductivity results
in the same Hamiltonian if the treatment is brought
to the limit at which the binding energy of the
bipolaron, Δ, signiﬁcantly exceeds the width of
the polaron band, W (bipolarons of small radius).
The random phase treatment demonstrates that the
spectrum of elementary excitations is acoustic,
and below the transition temperature Tc the speci c heat C(T ) follows a power law. The dependence of the upper critical eld Bc2 on T , taking
into account scattering from impurities, has a positive slope. The penetration depth of magnetic eld
entering superconductors with local parameters,
λP , signiﬁcantly exceeds the London value, λL ,
while the speciﬁc heat jump at T = Tc may be abnormally small, and remain experimentally unobservable. The effect of disorder in the material signiﬁcantly lowers Tc . The drawback of the model
of a superconductor with local parameters is that it
does not account for the large-scale Coulomb repulsion. The Anderson model with localized centers of electron attraction against the background
conduction electron gas that screens the Coulomb
interaction overcomes that deﬁciency.
SUPERCONDUCTOR THERMAL
CONDUCTIVITY
See Thermal conductivity of superconductors.
SUPERCONDUCTOR THERMODYNAMICS
See Thermodynamics of superconducting transition.
SUPERCONDUCTOR TUNNELING
SPECTROSCOPY
See Tunneling spectroscopy of superconductors.
SUPERELASTICITY, pseudoelasticity,
anomalous elasticity
A property whereby some alloys, under the

effect of applied stress σ , undergo considerable
strain ε (up to 25%), then, without any noticeable

Stress (σ ) versus strain (ε) curves showing the plateaux
of the regions of superelasticity.

residual effects, they return to their initial state
when the stress is lifted. Superelastic deformation
was ﬁrst observed by A. Ölander in Au–Cd alloys (1932), and is known to exist in many metals
and alloys (such as Cu–Al–Ni, Cu–Al–Zn, In–Tl,
Ni–Ti, etc.). Superelasticity may arise from diverse causes: it may develop when predominantly
oriented crystals of martensite form under applied stress in the range of temperatures where
the martensite phase does not form without stress.
These crystals vanish when the stress is lifted,
so that an inverse martensitic transformation takes
place. Intermartensite transformations may also
occur in a ﬁeld of external tensions. They consist in the successive formation of close-packed
phases that differ in their crystal structure. When
the stress is lifted, martensitic phases disappear in
the subsequent inverse transformation. Stress may
also affect the motions of twinning boundaries in
martensite (see Twinning of martensite). In other
words, certain twins may grow at the expense of
others. When the stress is lifted a reverse motion of
twinning boundaries occurs (the martensite crystal
structure does not change its symmetry).
Depending on the alloy chemical composition,
the temperature of the test, the crystallographic
orientation of the initial phase, etc., one or several
mechanisms of superelasticity may be at work.
Superelasticity appears mainly when monocrystals are stretched along the [001] axis of the cube.
In those monocrystals in which superelasticity
is produced by martensite and the intermartensite transitions, the respective stress versus strain
(σ –ε) curves typically exhibit several plateaus
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which correspond to the stress σiF = const. Apparently these are transitions during which martensite (M) forms from the high temperature phase
(A), and one martensite phase forms from another
(see Fig.). The effect of superelasticity is closely
related to the shape memory effect, since both of
them are based on direct and inverse martensitic
transformations. In certain cases the residual deformation found during superelasticity tests may
be removed by additional heating.
Superelasticity is sometimes observed in alloys that do not undergo martensitic transformations, e.g., in Fe3 Al monocrystals. They feature a
1.5% reversible strain under shear loading at room
temperature (see Shear). In that case, the possible
mechanisms include twinning of crystals and disordering (see Alloy ordering). Alloys with a superelasticity effect are used in various branches of
technology to produce sensors and activating elements (such as microcoolers, clamps for solidstate circuitry assembly operations, etc.).

fermions with half-integer spin couple together to
form atom-like entities of 3 He or electrons under the effect of some attraction (van der Waals
forces, electron–phonon interaction). Being themselves bosons with an integer spin that is not necessarily zero, such pairs form a coherent superﬂuid
condensate (see Cooper pairs). As for the charged
Fermi particles (e.g., electrons in a metal) such a
situation corresponds to the phenomenon of superconductivity. Superﬂuidity is possible for a Bose
liquid (Bose gas) of charged bosons, e.g., bipolarons (see Bipolaron mechanism of superconductivity).

SUPERFLUIDITY

SUPERFLUID PHASES OF 3 He (A-phase and
B -phase)

The phenomenon of the vanishing of viscous
friction in quantum liquids at low temperatures.
Superﬂuidity in liquid helium (4 He) below the
lambda point (Tλ = 2.17 K) was discovered by

P.L. Kapitza (1938). The transformation from the
natural (He I) to superﬂuid (He II) state is a
second-order phase transition.
Superﬂuidity is a universal property of quantum ﬂuids provided the spectrum of their elementary excitations satisﬁes the Landau super uidity
criterion (L.D. Landau, 1946). Superﬂuidity develops when a macroscopically large number of
particles transforms into a single coherent quantum state (a condensate). In liquid 4 He which is
a quantum Bose u id, superﬂuidity is often associated with the phenomenon of Bose–Einstein
condensation, which is typical for an ideal or
weakly non-ideal Bose gas (N.N. Bogolyubov,
1947; S.A. Belyaev, 1959). However, due to the
strong interaction between the atoms in liquid
4 He, the single particle Bose condensate becomes
depleted, in other words particles with zero energy and momentum almost disappear. Thus, at
T < Tλ , the superﬂuid component in He II forms
a correlated multiparticle quantum state (an effective condensate) that is not directly related to Bose
condensation.

Superﬂuidity is also typical of quantum Fermi
liquids, both neutral (e.g., liquid 3 He, see Superuid phases of 3 He) and charged (conduction
electrons in metals). Pairs of linked (correlated)

SUPERFLUIDITY CRITERION
See Landau super uidity criterion.

Low-temperature phases of liquid 3 He discovered by D.D. Osheroff, R.C. Richardson, D.M. Lee
in 1972 (Nobel Prize, 1996). Phase transitions
of normal 3 He (N -phase) into its A-phase, and
of the A-phase into the B-phase of 3 He were
discovered in the solid 3 He melting curve (P =
35 atm) at temperatures of Tc = 2.6 mK and
TAB = 2.07 mK, respectively. When lowering the
pressure, the temperature Tc separating natural
3 He from its superﬂuid state decreases to 0.9 mK
at P = 0, while TAB increases to 2.4 mK at
P = 20 atm. In other words, there is a multicritical point present. The phase transition between
the N -phase and either the A- or the B-phase is
a second-order phase transition, while the ABtransition (between 3 He-A and 3 He-B) is a r storder phase transition. The Tc curve splits in an
applied magnetic ﬁeld, and the transition from the
N -phase to the A-phase goes via another superﬂuid phase, the A1 -phase. Moreover, the B-phase
is separated from the N -phase by a band of 3 HeA at the B- to N -phase boundary near the melting
line (see Fig.).
The transition of 3 He into a superﬂuid state
(see Super uidity) is associated with the formation of a Bose condensate of Cooper pairs formed
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Superﬂuid phases of 3 He.

by atoms of 3 He. L.P. Pitayevsky predicted the
mechanism of pairing for 3 He as early as in 1959:
Cooper pairs with a nonzero orbital angular momentum l form due to the van der Waals attraction.
Theoretical and experimental studies of superﬂuidity of 3 He showed that triplet pairing takes place
in 3 He (spin of pairs is S = 1 at l = 1). Superﬂuid states of the Fermi liquid with l = 1 were ﬁrst
studied by P.W. Anderson and P. Morel (1961), as
well as by R. Balian and N.R. Werthamer (1963).
Such states ﬁnd their natural existence as the Aphase and the B-phase of superﬂuid 3 He, respectively. Atoms with their spins “up” or “down” couple in the A-phase while all the components of
the triplet, Sz = +1, 0, −1, couple together in the
B-phase. As a result, all the pairs have a projection l = 1 on a certain l axis (l 2 = 1) in the
A-phase, while their spin projection on a certain
other axis, V (V 2 = 1), is zero. The directions V
and −V are equivalent to each other for the latter.
As for the B-phase, no selected quantization axes
exist there for either the spin or the orbital angular
momentum. The order parameters in 3 He-A and
3 He-B are, respectively:
AA
kj = ΔA (T )Vk Δj ,

(1)

iϕ
AB
kj = ΔB (T )e Rkj (n, ν),

(2)

where Δ = Δ + iΔ , {l, Δ , Δ } is a triplet of the
mutually orthogonal vectors (l = Δ × Δ ), Rkj is

a real orthogonal matrix that describes the rotations around a certain direction n (n2 = 1) through
a certain angle ν, and ΔA and ΔB are phenomenological parameters of the gap in the spectrum of
quasi-particles. The order parameters (1) and (2)
are constructed to take into account the degeneracy along the orientations of the spin axis V and
the triplet of vectors {l, Δ , Δ } in 3 He-A, and for
degeneracy in phase ϕ and orientations of the spin
space relative to the orbital space in 3 He-B (the
degeneracy parameters are n and ν).
The spin–orbit interaction, its role played by the
dipole–dipole interaction of the magnetic moments
of 3 He nuclei, as well as the presence of an external magnetic ﬁeld, work to partially lift the degeneracy of the superﬂuid phase of 3 He. These effects
combine to deﬁne the diverse physical and topological properties of 3 He. These involve the properties of a superconductor, a magnetic substance,
and a liquid crystal simultaneously. From the theoretical point of view, superﬂuid 3 He is particularly
interesting since it poses new fundamental problems in condensed matter physics.
SUPERFLUID VELOCITY

A gradient-invariant quantity deﬁning the
current states in a superconductor. The supercon-

ductor current density j s is proportional to the superﬂuid velocity V s :
j s = ns eV s ,


2e2

∇ϕ −
A ,
Vs =
2m
c
where ϕ is the phase of the complex order parameter (macroscopic wave function of Cooper pairs),
and A is the vector potential of the magnetic ﬁeld
(see Superconductivity).
SUPERHARD MATERIALS
Monocrystals, polycrystals, composite materials with a strength exceeding that of corundum

(α-Al2 O3 ) which rates 9 on the Mohs hardness
scale (F. Mohs, 1811). The only superhard (SH)
natural mineral is diamond. Superhard materials
(SHMs) are synthesized by applying ultrahigh
pressures (>5 GPa) at high temperatures, and then
selecting the product through multistage enrichment, and various sorting techniques. SHMs feature high compression strength and thermal conductivity, low friction constant, and speci c heat.
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Table 1. Characteristics of monocrystalline synthetic diamond and cubic boron nitride
Characteristic

Diamond

Cubic boron nitride

Crystal structure
Lattice constant, nm
Minimum distance between atoms, nm
Density, theoretical (by X-rays), g/cm3
Density, pycnometric, g/cm3
Heat resistance, K
Number of atoms per unit cell
Number of atoms per cm3
Coefﬁcient of contraction from hexagonal to cubic structure

cubic
0.3567
0.1544
3.515
3.23–3.60
1123
8
1.76·1023
1.55

cubic
0.3615
0.1565
3.48
3.44–3.49
1473
8
1.69·1023
1.53

There are many SH nonmetallic and metal-like
carbides, borides, and nitrides, the most common
being synthetic diamonds and cubic boron nitride
(cBN), see Table 1. A speciﬁc index of the physical and chemical properties of diamond-like materials is the directional covalent bond of atoms
in their crystal lattices: the high strength of the
carbon sp3 -hybrid conﬁguration, and the maximum bonding density. The redistribution of electrons among the atoms of metals and nonmetals
results in the formation of an ionic admixture in
the chemical bonds. Compared to diamond, the valence electrons of SH carbides, borides, and nitrides of various transition metals exhibit lower
stability, and the interatomic ionic-covalent bonds
of these materials are also weaker. The yield limit
for diamond, cubic boron nitride, and many other
fragile hard materials has not yet been found.
The hardness of SH compounds is approximately proportional (with correlation coefﬁcient
of 0.8) to the ratio of the product of the interatomic bonding energy E0 times the index of covalent bonding ac divided by the square of the
interatomic distance d (see Table 2). Crystalline
SHMs are fragile, with microplasticity practically
absent. They are obtained by crystallization at high
static pressure (diamond, cBN), by hot isostatic pressing, by sintering in an electric discharge
plasma or laser beam (polycrystals and lm s are
obtained that way), in shock waves (crystals),
by epitaxial growth of priming crystals from the
gas phase at low pressures. By varying the reactant composition as well as the conditions of
synthesis and separation, one may vary widely
the physicochemical properties, size and shape of

Table 2. Hardness (GPa) and rigidity parameter
E0 ac /d 2 for various compounds
Material

Hardness, GPa

Rigidity parameter
E0 ac
·1016 , eV/cm2
d2

BN
B4 C
TiB2
SiC
Si3 N4
BP
TiC
ZrC
YB2
VC
ZrB2
AIN

60.0
45.0
33.7
33.0
32.3
32.0
31.7
29.5
28.0
24.8
22.5
12.0

5.37
4.39
2.42
2.92
2.80
2.62
2.86
2.72
2.05
2.52
2.13
2.04

polycrystals, level of purity, and density of composites. Synthetic diamonds and other SHMs are
mainly produced as powders of particles 0.03–
0.1 μm in size. These are used to manufacture
abrasive instruments, substrates for electronic circuitry, to produce polycrystalline superhard materials. Large synthetic diamonds of the ballas and
black types, microcrystalline in nature, are also
produced this way. Monocrystalline synthetic diamonds up to 10 mm in size are grown, and the
ballas and black diamond are produced in the
shape of plates and cylinders 100–200 mg in mass.
Synthetic diamond (dismite, carbonite, CB) polycrystals are baked at high temperatures and pressures from ﬁnely powdered synthetic diamond,
and the ﬁnal product is cylinders 3–5 mm in di-
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Table 3. Fracture toughness of superhard materials
Material
Cubic boron nitride (monocrystal)
B4 C (sintered)
Elbor RM ∗
AlN + TiN (sintered)
Composite 12 ∗
Si3 N4 (sintered)
Carbonite
Ballas diamond
Diamond (monocrystal)
Hexanite RM ∗
TiC + VC (sintered)
Dismite
Slavutich (sintered)
Cyborite
Tvesal (sintered)

K1c , MHz·m1/2
2.20
3.38
3.91
4.20
4.30
4.33
4.64
5.50
5.70
5.89
6.00
6.38
7.60
8.16
8.50

∗ Produced by high-pressure synthesis (>5 GPa).

ameter and 4 mm high. High-pressure synthesis
may produce diamond–hard alloy plates from ﬁne
powders, 8–13 mm in diameter, with an 0.9 mm
thick diamond-saturated layer. cBN polycrystals
(hexanite-R, belbor, elbor-R, cyborite, composite10, teplonite) are made in the shape of plates
6–50 mm in diameter, 4–5 mm high or alternatively as hard alloy substrates with a cBN layer
0.8–1 mm thick.
Polycrystals and composites of SHMs are used
to produce spindle teeth, lather mills, saws, drills
and other cutting instruments. These are used
to process hard tempered steels and cast irons,
abrasive light alloys that contain silicon, viscous
and corrosion active plastics, composites armored
with high strength ﬁlaments. There are additional
composite SHMs containing diamond (slavutich,
tvesals, diamond containing tool material) based
on hard-alloy and metal binding that even exceed
diamond in their wear resistance.
High compression strength and wear resistance
makes it possible to use superhard materials for
machine parts, as well as instruments. There is a
technical limitation specifying that fragile superhard materials may only be of limited use, depending on their fracture toughness (see Table 3). High
values of optical parameters, thermal and electric conductivity, of superhard materials control

their effective use in electronics, electric technologies, instrument building. Superhard materials are
widely used as coatings that are put on the surface
of metal and nonmetal pieces by directional charging (rubbing-in), detonation and plasma spraying,
galvanic precipitation, epitaxial growth. They all
feature high wear strength (see Wear), corrosion
and erosion strength (see Corrosion and Surface
erosion) and a low friction constant. The class of
superhard materials may be expanded using the
principles of isovalent substitution to form triple
and quadruple metal-ceramic compounds with the
aid of high pressure and high temperature techniques.
SUPERHYPERFINE STRUCTURE

See Hyper ne structure.
SUPERLATTICE OF ALLOY, superstructure of
alloy

A structure in an ordered alloy (either substitutinal or interstitial) where atoms of different
types alternate in a regular order, forming a periodic lattice with a period exceeding that of the
disordered alloy crystal lattice. Superlattice structures form below a certain temperature, called
the order–disorder phase transition temperature, in
cases when it is favorable in energy for the atoms
of a given type to be surrounded by atoms of a
different type. Often a superlattice structure forms
as a result of a second-order phase transition. An
example of a superlattice structure is found in
the Cu–Zn alloy (so-called β-brass) in which the
Cu and Zn atoms are ordinarily in a disordered
state, distributed with equal probability among the
body-centered cubic lattice sites. When, however,
the alloy transforms to an ordered state, the atoms
of one type occupy the sites at the apices, while
those of the other type are found at the centers of
these cubic cells, forming a superlattice. Similar
superlattice structures are found in substitutional
alloys of, e.g., the compositions Cu–Be, Cu–Pd,
Ag–Mg, Fe–Al, Au–Zn, etc. An interstitial phase,
isomorphous to those alloys, has its stoichiometric
composition of the form Me2 X (Me is the metal,
X is the nonmetal).

SUPERLOCALIZATION OF STRAIN SHEAR BANDS

SUPERLATTICES

Solid-state structures in which, besides the periodic potential of their crystal lattice, there is
another one-dimensional potential present, with
a periodicity signiﬁcantly larger than the lattice
constant. Such semiconductor systems were ﬁrst
considered by L.V. Keldysh in 1962. Composite
superlattices have alternate layers of crystalline
structures of different types, and doped superlattices have periodic changes of impurity concentration. Strained superlattices with large discrepancies in their lattice constant (1–5%) are also
known. Superlattice periods vary from a hundred
to several thousand nanometers. One may obtain
systems of such types using molecular beam epitaxy from the gas phase, and other state-of-the-art
technologies.
Semiconducting superlattices are the ones most
widely used and studied. They offer the unique
possibility of constructing a customized band
structure in a system. While the motion of current carriers transverse to the superlattice axis remains free, their motion along that axis is miniband in nature, and the operational characteristics
of such minibands may be adjusted so as to modify
the transport and optical properties of the system.
Examples of this are systems containing alternating layers of GaSb and InAs, in which the top of
the GaSb valence band is higher in energy than
the bottom of the InAs conduction band. Another
example is offered by GaAs with periodic doping
that results in alternating n-type and p-type layers. Such superlattices provide the basis for constructing low-noise photodiodes, photomultipliers,
photodetectors, light-emitting devices, including
semiconductor lasers.
Metallic superlattices can be used to construct
systems that have superconducting layers alternating with normal (systems with Nb/Cu, Pb/Cu) or
metallic ones (V/Ni system). Here Nb, Pb and V
are superconductors, Cu is a normal metal, and
Ni is a band ferromagnet. Systems have also been
constructed with alternating superconductor metals of different types (Nb/Zr, Ru/Ir). Such superlattices are of especial interest from the point of
view of producing new superconducting systems.
Because of changes in their crystalline structure
in thin layers the properties of materials used for
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them can change signiﬁcantly. Therefore, it becomes possible to produce new structures not realizable in the materials themselves used to produce superlattices under ordinary conditions. An
example of such a new system is Au/Ge with Au
layers 1 nm thick and Ge layers 1.3 nm thick. It exhibits novel properties, not found in its initial components. The system becomes superconducting at
Tc = 1.5 K, despite the fact that neither Au nor Ge
display any superconductivity at atmospheric pressure.
Both critical currents and critical ﬁelds significantly change in superconducting superlattices.
Due to the layered structure of the material, they
become anisotropic, and their values increase.
Such an effect is explained by their spatial inhomogeneity that induces vortex pinning. The
anisotropic nature of the electron motions in superlattices that combine superconducting and normal semiconducting or metallic layers may be so
strong that the interaction of superconducting layers may exhibit a Josephson effect. According
to theoretical calculations, the spectrum of quasiparticles is a zero gap type in superlattices consisting of alternating superconducting and normal
layers, provided their structure is sufﬁciently perfect.
Magnetic superlattices are associated with
paramagnetic atoms which align their spins in an
ordered manner (ferromagnets, antiferromagnets,
ferrimagnets, standing spin waves) with a periodicity length which exceeds the crystallographic
lattice constant.
SUPERLATTICE, SUPERCONDUCTING
See Superconducting superlattices.
SUPERLATTICE, SURFACE
See Surface superlattice.
SUPERLOCALIZATION OF STRAIN SHEAR
BANDS
A particular type of strain of monocrystals that

appears at high (pre-melting) temperatures (see
Melting temperature). The strain under these con-

ditions is mainly concentrated in high-temperature
localized slip bands (HTLSB) where the shears
reach 1000% and more. Outside the shears, the
strain is a few parts per thousand. The HTLSB
begins to manifest itself at T > 0.6Tmelting , by
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its growth with increasing T . Their structure and
properties differ considerably from those of the
shear bands observed at the low-temperature localization of slip (see Localization of plastic deformation). The HTLSB shears are so pronounced that
they form noticeable macroscopic steps at crystal faces, whereupon the degree of shear of the
HTLSB increases, and the related step growth is
accompanied by a noticeable broadening of the
width of the comparatively narrow HTLSB (in
crystals of LiF their width is 10 to 50 μm). As
the strain ends and the sample cools, it is impossible to reveal the difference in the dislocation structure in regions within and beyond the
HTLSB by using ordinary methods such as selective etching, X-radiography, electron microscopy,
optical microscopy, and so on. The phenomenology of the representation of this superlocalization
studied in various materials is the same: the proﬁle
of strain curves (see Deformation diagram) consist of jumps, yield cusps, and so on. However,
the mechanism for the phenomenon requires more
study in situ (during strain development), since
structure studies of samples as the strain terminates are not very informative.
SUPERPARAMAGNETISM

A quasi-paramagnetic behavior observed in
magnetically-weakly-coupled very small particles
of magnetically ordered materials. In ferromagnets and ferrimagnets their spontaneous uniform
magnetization M always has 2n (n  1) possible
orientations for a minimum of the free energy (two
orientations for each of the n equivalent easy magnetization axes). A reorientation of M is related to
overcoming a barrier height kV , where k is the
magnetic anisotropy constant, and V is the particle volume. In the case of typical values k and
T ∼ 100 K, the barrier is of the order of the thermal energy kB T for volumes ∼10−27 –10−23 m3 .
A probability of thermally activated reorientation
of M in particles of such a volume becomes of
practical signiﬁcance. For the values of V indicated above the particle is usually a single-domain
particle with a magnetic moment μ = M · V which
reorients as a whole while conserving its magnitude. The magnetization of the ensemble of such
particles is described by the Langevin function just
as in the case of a classical paramagnet, but with
the difference that in this case the role of the el-

ementary magnetic moment is not played by the
moment of an individual ion, but rather by the
much greater moment of the particle as a whole.
As a result, the magnetic susceptibility of superparamagnetic particles can be very high.
For hyper-small antiferromagnetic particles,
the disruption of the exact equivalency of their
magnetic sublattices, and the lack of compensation of their magnetic moments, becomes probable. The particles acquire permanent magnetic moments, and superparamagnetism is characteristic
for their ensemble (compare with superantiferromagnetism).
The concept of superparamagnetism is applicable in problems of nondestructive testing techniques of alloys with inclusions of a magnetic
phase (clusters), and in studies of rock magnetism.
SUPERPLASTICITY

Capability of solids under certain conditions
to undergo very large uniform distortions, to acquire high strains (δ > 80–100%), and to withstand them without breaking up. This usually occurs at high temperatures. Cases are known when
δ may reach 2000% and more. In contrast to superconductivity and super uidity, superplasticity is not
a state of matter resulting from a phase transition.
In the 1930s, G. Pearson observed superplastic behavior in such eutectics as Pb–Sn and Bi–Sn. During the 1940s–1950s A.A. Bochvar and A.A. Presnyakov conducted the ﬁrst systematic studies of
superplasticity and coined the term. One may differentiate between the superplasticity of a phase
transition and structural superplasticity. The former is observed during the cyclic thermal processing of a solid in the vicinity of its phase transition temperature. Then, the strain ε ∝ σ , where
σ is the applied external stress. Of particular importance is the structural superplasticity that appears when the conditions are absent for either
brittle failure or tough failure. That failure results
from quick formation and growth of a neck during dilation of the sample. Structural superplasticity manifests itself under the following conditions:
(1) temperature T > 0.4Tmelting , where Tmelting is
the melting temperature; (2) the rate of deformation ε̇ ≈ ε·10−3 s−1 ; (3) the crystalline grain size
(see Polycrystal) is d ≈ 1 μm. Moreover, the grains
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should not grow during the process of deformation. Certain eutectic alloys formed by binary or
more complex systems in which the structural superplasticity is most clearly observed meet the
latter condition easily: Al–33%Cu; Ag–28%Cu;
Co–40%Al, etc. (mass percentage is indicated
here). The principal input to plastic deformation in
the case of superplasticity is provided by slip that
develops along grain boundaries. Grains do not
elongate, but maintain their equiaxial nature. No
dislocation substructure appears in them, since lattice dislocations, which develop during the course
of internal accommodation deformations in the
grains, then pass through grain boundaries. These
boundaries are in a speciﬁc excited state so that
dislocations are absorbed by them, and no texture forms in the process. The number of grains
in the sample cross-section diminishes during its
dilation, which means that deformation is not of
an afﬁne nature. Modern theories of superplasticity yield certain expressions to describe the rate of
deformation during structural superplasticity. This
rate is more or less close to the following in its
form:


Q
.
ε̇ ∼ σ 1/m d −A exp −
kB T
Here m is the ﬂow tension versus deformation rate
sensitivity index. In the case of structural superplasticity, we have 0.5 < m < 1 and A = 2–3; Q is
the activation energy, its value falling between the
activation energy for volume diffusion and that for
diffusion along the grain boundaries. Superplasticity ﬁnds its technical application in low load pressure processing of pieces with an intricate shape.
SUPERSTRONG MAGNETIC FIELDS

Fields beyond B  50–100 T in strength (the
lower value is the maximum constant ﬁeld attainable without using pulsed technology; the upper
value is such that the shortest burst of such a ﬁeld
results in the destruction of metal solenoids). Superstrong magnetic ﬁelds are used in the physics
of solids to study galvanomagnetic effects, thermomagnetic phenomena, magnetooptical effects,
magnetic phase transitions. Absorption spectra
and cyclotron resonance in solids, and the Faraday effect in the visible and the infrared, Zeeman
energy level splittings, the magnetoresistance of

thin bismuth wires, etc., were all studied in magnetic ﬁelds up to 200 T.
Superstrong pulsed magnetic ﬁelds provide
a source of quasi-hydrostatic pressures up to
1011 Pa and high energy densities. For example,
the energy density of a magnetic ﬁeld of 500–
1000 T exceeds the binding energy of most solids,
and the magnetic pressure reaches values found in
the center of the Earth. Pulsed ﬁelds in the range of
50–80 T are used for pressure processing of metals, e.g., for magnetic pulse welding of metals.
Achieving superstrong magnetic ﬁelds is related to the problem of material strength. The
magnetic pressure of a 50 T ﬁeld (PH ≈
B 2 /(2μ0 )) reaches 109 Pa, which exceeds the
strength characteristics of most metals. A high energy density is released in the surface layer of
the solenoid material, and the resulting enormous
magnetic pressures can lead to the destruction of
that solenoid. Therefore, choosing adequate materials and judicious solenoid designs becomes one
of the key problems in obtaining superstrong magnetic ﬁelds. Another problem lies with developing
high-power critical current sources. Cooling the
solid with cryogenic liquids (liquid nitrogen, neon,
hydrogen) is a promising approach. Lowering its
electric resistance suppresses heat release and also
increases metallic strength. Combined magnetic
systems that include cryogenic and superconducting magnets makes it possible to obtain stationary magnetic ﬁelds up to 50 T. Fields stronger
than this are only obtained using pulse techniques,
and the stronger the ﬁeld, the shorter its duration. The skin-effect, however, hampers achieving
superstrong magnetic ﬁelds for particularly short
pulses: the current density increases and the heat
transfer worsens. To reach ﬁelds up to 80 T use is
often made of multitwisted single layer solenoids
built from strong materials of high electrical conductivity, e.g., beryllium, chrome bronze, or composite materials. Superstrong magnetic ﬁelds also
may be obtained by compressing the magnetic ﬂux
by high explosives. Such devices are called explosion magnetic generators and magnetic cumulative generators. The magnetic ﬂux may also be
compressed by electrodynamic forces, using the
pressure of an external magnetic ﬁeld, and ﬁelds
up to 280–310 T may thereby be reached. Superstrong magnetic ﬁelds are measured by calibrated
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induction sensors (magnetic probes), and also by
monitoring the Faraday or Zeeman effect.
SUPERSTRUCTURE, SEMICONDUCTOR
See Semiconductor superstructure.
SUPERSTRUCTURE VECTOR

A vector other than zero in the ﬁrst Brillouin
zone of an initial (more symmetric) crystal structure, such that its transformation properties coincide with the symmetry properties of the corresponding superstructure (superlattice). The superstructure vectors corresponding to the symmetry
points of the ﬁrst Brillouin zone characterize the
macroscopically uniform ordered structures that
may be stable with respect to the formation of
antiphase domains. The superstructure vector is
identiﬁed experimentally from the diffraction pattern, and the positions of the so-called superstructure Bragg reﬂections. An irreducible representation of the initial crystallographic space group that
characterizes the highly symmetric phase corresponds to the superstructure vector. Using superstructure vectors makes it possible to reconstruct
the spatial distribution of ordered elements (atoms,
spins) at the sites (or interstitial locations) of the
initial lattice.
SURFACE ACOUSTIC WAVES
Propagating elastic strain of a solid, which has

an energy that is localized in the neighborhood
of the surface. Surface acoustic waves are subject to the same wave equations as bulk acoustic
waves, and are also governed by the boundary
conditions of the surface. An example of these
waves is provided by Rayleigh waves (J. Rayleigh,
1885), which occur at a plane boundary that separates a solid from vacuum, and whose displacement vector lies in the plane formed by the normal to the surface and the direction of propagation of the waves. The depth of penetration of a
Rayleigh surface acoustic wave into the substrate
is of the order of its wavelength, and the phase
velocity is lower than that of its bulk counterpart
(vRayleigh ≈ 0.9v⊥ ), which ensures the stability of
surface acoustic waves. There are no other surface
acoustic waves at the boundary described above,
because a wave that is polarized in the plane of the
surface and satisﬁes the boundary condition, is a
bulk acoustic wave.

Surface acoustic waves of the above polarization may exist at the surface, for different boundary conditions. Consider the surface loaded with
a solid layer, in which the speed of a transverse surface acoustic wave is less than the speed
of this mode in the substrate; this surface carries Love waves (A. Love). An electroacoustic
Gulyaev–Bleustein wave (Yu.V. Gulyaev, 1969;
J.L. Bleustein, 1968) travels along the surface of
piezoelectric materials. Besides the components of
transverse displacements, the latter wave has components of an electric ﬁeld, which accompanies
the deformations of the medium because of the
piezoelectric effect (see Piezoelectricity). Besides
purely transverse surface acoustic waves, which
were discussed in the above examples, the surface may also carry surface acoustic waves of
the Rayleigh kind. In anisotropic media, this division of the wave into two groups (purely transverse modes and Rayleigh ones) is possible only
in high symmetry directions of propagation. Another speciﬁc feature of anisotropic media is that
under certain conditions there occur unstable surface modes (evanescent surface acoustic waves),
which decay as they propagate because of radiation of bulk acoustic waves (v surface > v bulk ).
All above-mentioned modes of surface acoustic
waves occur at the boundary between a solid and a
liquid or gaseous medium with the difference that
in this case the surface acoustic waves are subject
to attenuation, which is caused by sound emission into the outside medium. Both radiative unstable modes of surface acoustic waves and nonradiative ones (Stoneley waves, R. Stoneley, 1924)
may exist at the boundary between two solids. The
Stoneley waves are, in fact, two coupled Rayleigh
waves, which travel on each side of the boundary.
Propagation of coupled surface acoustic waves at
the boundary between two piezoelectric materials
is possible even if there is no mechanical contact
between the media; in this case, the coupled waves
propagate because of the relation between electric
components of the waves (gap waves).
The nature of the propagation of acoustic
waves in nonuniform media is determined by the
ratio between the wavelength and the sizes of inhomogeneities. In layered media, long-wavelength
surface acoustic waves exhibit the same modes,
as in homogeneous media, yet new modes arise
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with an increase of frequency. These new modes
are related to the propagation of elastic deformations inside the layers. The simplest example is
provided by Lamb waves (H. Lamb, 1917): the
acoustic modes of a solid plate (the single layer),
which exhibit a pronounced wave-guiding character (see Acoustic waveguide) at low frequencies; in the short-wavelength limit the Lamb waves
become separated into a pair of weakly bound
Rayleigh waves, which travel along both sides of
the plate. The nonuniformity of the surface of the
medium, which is due to, e.g., grooves and stripes,
is responsible for the generation of a retarding
layer on the surface in the long-wave limit. In the
case of high-frequency oscillations, these structures may play the role of acoustic waveguides,
acoustic bafﬂes, and dispersion elements. Surface
acoustic waves have found the widest application
in acousto-electronics, where they are used for radio signal processing.
SURFACE-ACTIVE AGENTS, surfactants

Substances which exhibit a pronounced capability of getting adsorbed at phase interfaces and,
by so doing, cause a considerable reduction of the
surface energy (surface tension). In aqueous solutions, this ability is exhibited by various organic
materials with a molecular structure that includes
polar functional groups (OH− , COOH− , NH−
2,
−
SO3 , etc.) and long hydrocarbon chains (e.g., radicals of the formula RCn H2n+1 , RC6 H5 , etc.). Organic substances, which form colloidal solutions
in water (e.g., fatty and synthetic soaps), also exhibit high surface activity. When adsorbed on a
surface, surface-active agents inﬂuence (depending on their structure) either hydrophilic or hydrophobic properties of the surface (see Lyophilic
and lyophobic behavior). Thus, it is possible to
gain control over the nature and the intensity of
the effect of these agents upon the surface properties of solids by a suitable selection of surfactants.
The clearly deﬁned surface properties of the solutions of surface-active agents determine their uses:
wetting agents (surfactants, which change the wettability of solid surfaces), agents for modiﬁcation
of stability of disperse systems: foams, emulsions,
suspensions.
Surface-active agents have a wide range of application. Surfactants are used for ﬂotation of ores,
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in mining (added to the mud ﬂuids at boring, they
reduce the hardness of rocks), in metal-working
industry (additives to lubricating oils), as modiﬁers of crystallization; are also used for modiﬁcation of the conditions of deposition and properties
of electroplated coatings.
SURFACE ACTIVITY

The ability of a material to reduce the free energy of an interface as a result of adsorption on
it. In the case of surface-inactive materials the adsorption is either absent or negative (i.e. the surface layer contains less dissolved substance than
the bulk of the solution). Surface activity depends
on the molecular properties of the medium that
provides the adsorbate, and on the chemical composition of the surface-active agents. Surface activity often increases with decreased solubility of
the substance, since such a substance is more easily adsorbed from the solvent, in which it is less
soluble. Surface activity is high, when the interaction between adsorbate and solid surface involves chemisorption, and the adsorbed substance
is rigidly attached to the surface by strong chemical bonds.
SURFACE ALLOYING
See Surface doping.
SURFACE ATOMIC STRUCTURE

The order of arrangement of atoms in the outermost atomic planes of a crystal. An equilibrium
surface is one having minimal values of surface
energy or surface tension. The surface free energy
is a function of surface orientation. The plot of
surface energy versus orientation γ (θ) (Wulf diagram, see Fig. 1) at 0 K has an inﬁnite number
of minima in all the directions that are describable
in terms of rational Miller indices (see Crystallographic indices). The less prominent minima become smeared with increased temperature, and a
ﬁnite number of acute minima remains at a sufﬁciently high temperature. The tendency of the system to form a minimal energy surface may result
in the decomposition of a planar surface into several faces of various orientations, whereby the increase of surface area is more than compensated
for by the decrease in the speciﬁc free surface energy of the resulting faces.
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Fig. 2. Surface of a real crystal showing steps,
adatoms (1), and vacancies (2).

Fig. 1. Wulf diagram; polar plot of surface energy versus
orientation γ (θ ) showing minima and maxima in varous
directions.

Using the Wulf diagram, the surfaces may be
divided into three types:
(1) Singular surfaces, to which the sharp minima
on the γ (θ) plot correspond. These are lowindex surfaces, which are bounded by atomic
planes of indices equal to those of the surface.
(2) Vicinal surfaces, with orientations in direct
proximity to the singular ones. Such surfaces
often consist of the low-index facet terraces,
connected by atomic steps with heights of one
or several interplanar distances.
(3) Nonsingular surfaces comprise all the remainder; and sometimes they are called atomicallyrough surfaces or diffuse surfaces. Usually
they are combinations of planes with other indices, or combinations of the facets.
Atoms at the surface of the crystal have a
smaller number of nearest neighbors than those
within the volume, so the forces which affect them
differ from the volume ones. This may lead to the
reconstruction of the outermost atomic surfaces
of the crystal. Such a surface reconstruction takes
place mainly at the surfaces of covalent semiconductors, but they can also be encountered at planar
surfaces of metals, e.g., at (100) surfaces of gold,
platinum, iridium. As a result, two-dimensional
surface structures form, including several upper
layers, with periods which, as a rule, differ from
the corresponding periods within the crystal volume. The surface rearrangement may occur either

via the displacements of atoms from their normal
positions in the lattice, or through the formation of
orderly arranged surface defects (vacancies, adsorbed atoms). The surface reconstruction may be
caused by impurity atoms dissolved in the crystal
or adsorbed at the surface. Under the effect of an
impurity not only can new two-dimensional surface structures appear, but in addition the type of
surface may change considerably: a ﬂat surface
may be reconstructed into a step-like or faceted
one, or vice versa.
When the system deviates from equilibrium
during the course of growth, with increasing temperature, there is an increase of the surface defect concentration, and a number of fractures develop at the steps. A smooth close-packed face
may transform to a rough one (see Fig. 2). The
surface roughness of such a type is called kinetic
roughness.
When the temperature is varied there may occur a bulk order–disorder phase transition or an
order–order phase transition at the surface, when
no bulk phase transition occurs within the volume
of the crystal. These transitions may be either reversible or irreversible.
The main methods of surface structure investigation are low-energy electron diffraction, highenergy electron reﬂection-diffraction (see Electron diffraction), reﬂection and transmission diffraction electron microscopy, scanning electron
microscopy, X-ray diffraction. The method of scanning tunnel microscopy has great prospects for the
investigation of surface structure. See also Solid
surface.

SURFACE BARRIER STRUCTURES

Structure of mechanically treated surface. Mechanical processing (cutting, turning, grinding,
and polishing) of crystalline materials induces a
signiﬁcant distortion of the crystal structure of a
treated surface. It is convenient to classify the distortions in relation to the failure mechanism of
crystals: (1) brittle failure; (2) quasi-brittle failure
in the presence of macroscopic plasticity δ = 0;
(3) quasi-brittle failure for δ > 0; (4) tough failure.
In case (1) (diamond, SiC) the treated surface does not contain any traces of plastic deformation, and the removal of material during the
processing takes place by means of the conﬂuence of circular Hertz cracks. In case (2) (carbides,
nitrides, oxides, semiconductor covalent crystals,
and so on), the removal of material also occurs
as a result of the conﬂuence of cracks of various
kinds, however, in this case a defect layer with
a pronounced heterogeneous strain remains near
the surface, with a small-grain polycrystalline or
amorphous layer in close proximity to the surface
(see Amorphous state). In the polycrystalline layer
a phase transition can take place (e.g., in CdS).
Below this is situated the host crystal with an increased dislocation density. The density of dislocations decreases as the distance from the surface increases. The untouched structure is at depths from
a few μm to a few tens of μm. In case (3) (BCC
metals at low temperatures including room temperature), the quasi-brittle failure facilitates the
separation of shavings during processing in comparison with case (4) (metals with a close-packed
lattice and BCC metals at high temperatures). In
both cases, a disturbed subsurface layer is much
thicker than in case (2), and can reach 1–2 μm. At
the depth of a few μm below the surface, a highly
fragmentized, crystallographically textured structure can form. As a result of mechanical polishing using the ﬁnest abrasive with a particle size
of 1 μm, an amorphous layer can appear. The intensive absorption of embedding impurities during the treatment promotes the stabilization of
the amorphous state. In steels, in the region of a
treated surface, a series of phase transitions takes
place in addition to plastic deformation.
SURFACE ATOM VIBRATIONS
See Vibrations of surface atoms.
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SURFACE BAND STRUCTURE
The structure of energy bands of a semiinﬁnite crystal, which is bounded by a plane, under

conditions of conservation of translational symmetry in directions parallel to the surface. Energy
states are numbered with respect to components
of the surface quasi-momentum parallel to the surface k . The values of k are conﬁned within the
limits of a two-dimensional Brillouin zone, which
is the projection of the Brillouin zone on the selected surface. The three-dimensional band structure, which is projected onto the two-dimensional
Brillouin zone, retains the absolute gaps (energy
regions, which have no eigenstates of the inﬁnite
crystal). Relative energy gaps, which exhibit discontinuities of the energy spectrum in a limited region of the three-dimensional Brillouin zone, may
vanish or remain in the surface band structure, depending on the orientation of the projection plane.
Besides volume band states, which are projected
onto the surface, the surface band structure includes energy branches that are related to surface
electron states, the wave functions of which are
constructed using solutions that correspond to absolute and relative energy gaps.
Information on the details of the surface band
structure is necessary for a quantitative description
of the processes of thermionic emission, catalysis,
adsorption, adhesion, etc. This information may
be obtained through various methods of electron
spectroscopy and photoelectron spectroscopy.
SURFACE BARRIER
Potential barrier, which arises in the neighborhood of a solid surface or near a solid–solid inter-

face, solid–liquid interface, or solid–gas interface
(see Phase interface). It prevents charge carriers
from moving in directions which are perpendicular to the interface. An example is a Schottky barrier which is a junction between a layer of semiconductor material and a layer of metal characterized by hot current carriers. A surface barrier
exerts a strong inﬂuence on current ﬂow in semiconductors and semiconductor devices.
SURFACE BARRIER STRUCTURES

Multilayer structures, which consist of electrically conducting layers and thin dielectric (insulating) and semiconducting layers. The simplest
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SURFACE BRILLOUIN ZONE

Fig. 1. Energy diagram of a surface barrier structure:
1, metal; 2, insulator; 3, semiconductor; EFM and EFS
indicate the positions of the Fermi levels of the metal and
the semiconductor, respectively, and EC and EV are the
locations of the bottom of the conduction band and the
top of the valence band, respectively.

Fig. 2. The surface ﬁrst Brillouin zones for two surface superstructures:
√ Si (111)–(1 × 1) (solid line) and
√
Si (111)–( 3 × 3) (dashed line). High-symmetry
points of these surface ﬁrst Brillouin zones and some
directions in the reciprocal three-dimensional space are
also shown.

SURFACE CAPACITANCE
The capacitance of a condenser, which consists

of a conducting electrode, and the near-surface
space charge region of a semiconductor. High-

structure of this kind is the metal–semiconductor
junction. Surface barrier structures exhibit rectifying properties. The speciﬁc feature of all surface
barrier structures is that practically the entire applied voltage drop takes place in the semiconductor (see Fig. 1).
Besides that, the widths of contact conducting
layers and dielectric layers of these structures are,
as a rule, rather thin, so the light absorption can
be neglected in these layers. Surface barrier structures ﬁnd wide application in semiconductor electronics and photoelectronics.
SURFACE BRILLOUIN ZONE

This is the region of a two-dimensional reciprocal space (see Reciprocal lattice) with a center
at the origin Γ (see Fig. 2) corresponding to the
Wigner–Seitz cell of the direct lattice which involves a parallelogram system of equivalent points
(a two-dimensional analog of the Bravais lattice)
of the surface superlattice under consideration.
The surface ﬁrst Brillouin zone (see Brillouin zone)
is a domain adequate for determining the dispersion law (periodic function of a two-dimensional
wave vector) of a surface quasi-particle.

frequency surface capacitance and low-frequency
surface capacitance are distinguished. The surface capacitance is said to be low-frequency,
when the modulation frequency ω of the applied low-amplitude voltage is considerably less
than reversal periods of nonequilibrium charge
carrier generation–recombination. Low-frequency
surface capacitance consists of capacitances of
surface electron states, which are connected in
parallel, and the near-surface space charge region
of a semiconductor.
High-frequency surface capacitance is realized
when the magnitude of ω considerably exceeds
the reversal periods of generation–recombination
of nonequilibrium charge carriers. High-frequency
surface capacitance is determined by the capacitance of the near-surface space charge region of a
semiconductor.
Surface capacitances ﬁnd wide application as
adjustable capacitors (variable condensers, varicaps), in semiconductor electronics, and in microelectronics. The surface capacitance method is
widely used in studies of generation–recombination characteristics of semiconductors, and for determination of the parameters of an insulator–
semiconductor boundary.

SURFACE CONDUCTIVE CHANNEL

SURFACE CHANNELING
Surface channeling is observed when highvelocity ions are scattered at glancing angles from
a monocrystal surface. The motion of particles

along potential valleys in the channeling mode
is determined by the continuous plane potential
(string potential), since the channeled particle undergoes correlated interactions with a large number of atoms along the plane or axis. When an
ion moves at a glancing angle to the single crystal surface the scattering is due to the continuous
potential valleys of atomic axes located along the
trajectories of the ions in the neighborhood of the
surface. The incident ions are scattered mostly by
the potential valleys formed by atomic axes in the
ﬁrst (I) and second (II) layers at the monocrystal
surface (see Figs. 1 and 2).

1329

An ion, which possesses transverse energy
E l = θ 2 E (where E is total ion energy, θ is the
angle of incidence on the crystal), is scattered by
an equipotential surface that is formed by the continuous potentials of the ﬁrst two layers of the
monocrystal surface atoms (Figs. 1 and 2). By
analogy with bulk channeling, the critical angle
of total external reﬂection is introduced. At surface channeling the ion does not undergo collisions with small impact parameters, so little energy is lost by reﬂection from the surface. It has
been proposed to use surface channeling for the
purpose of changing the direction of propagation
of a beam of high (or average) energy particles.
The phenomenon discussed above is not unique
to particular kinds of particles, and therefore can
also take place at the reﬂection of light, electrons
or positrons.
SURFACE, CLEAN
See Atomically clean surface.
SURFACE CONDUCTIVE CHANNEL

Fig. 1. Curves of equipotential surfaces (110) for the Ni
001̄ direction.

Fig. 2. Schematic of surface valley along the 001̄ direction, showing equipotential surfaces in a continuous
potential model.

Electrically charged near-surface layer of increased electrical conductivity. It arises either because of the injection of mobile charge carriers
from a material in contact with the semiconductor, or under action of the surface electric ﬁeld perpendicular to the surface. Concentration and type
of charge carriers in the surface conductive channel may vary according to the direction and value
of the applied electric ﬁeld. If the concentration of
carriers in this channel is low, then processes of
charge transport are inﬂuenced by inhomogeneity
of the solid surface (see Surface inhomogeneities).
As the density of free charge carriers increases, the
thickness of surface conductive channel decreases,
and size effects begin to inﬂuence the charge transport. Then when the channel thickness approaches
the mean free path of electrons (holes), surface
scattering begins to play a signiﬁcant role. Besides bulk mechanisms of scattering, those typical
of the surface alone take place: scattering by surface irregularities, by charged centers which are
localized at surface states and in neighboring layers, by surface phonons (surphons). The effect of
these mechanisms on charge transport increases
with the decrease of the ratio between the conductor thickness and the mean free path of the
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charge carriers. On further decrease of the channel thickness, when it becomes comparable to the
free charge carrier de Broglie wave length, then
the charge carrier energy is quantized. Speciﬁc
quantum effects manifest themselves in electron
transport: change of effective mass of free charge
carriers, initiation of anisotropy, oscillations of
conductivity in a magnetic ﬁeld, effects of carrier localization, negative magnetoresistance, onset of high mobilities. The ratio between characteristic lengths, which brings about quantization,
is also enough to inﬂuence surface scattering; thus
both size effects take place: processes of surface
scattering proceed at quantization of the energy
of free charge carriers. In such a situation, physical regularities of transport phenomena will differ
from those observed for an unquantized electron
gas. Quantization leads to increased efﬁciency of
scattering by acoustic phonons. It changes the mobility μ(T ) temperature dependence at scattering
by Coulomb centers. In particular, the power n in
the dependence μ ∝ T n changes from 3/2 to 1.
In the quantum limit, the mobility of carriers in
a two-dimensional gas (see Two-dimensional electron gas) may tend with decreased temperature to
a certain limiting minimum value, which does not
depend on temperature of the sample or on the
concentration of scattering centers.
SURFACE DECORATION

Method of detection of point defects, dislocations, steps of growth and other defects of the crystalline lattice through deposition of material at the
surface of a crystal from gaseous or liquid phases,
or by chemical methods. Material can be deposited
in the form of particles at the positions of defects,
and thus mark (decorate) them, and the decorated
crystals are then examined by optical or electron
microscopy. Surface decoration is used to study
crystallization processes, the surface structure of
crystals, epitaxy, and chemical reactions that take
place at the solid surface. Unlike the methods of
etching used for investigating defect structures and
detecting spots where dislocations reach the surface of the crystal, the method of surface decoration can also provide information on the geometry
of defects within the crystal.
Pictures of decorated thin voids, parallel to the
(110) faces in ZnS crystals have been observed

upon the application to the surface of Zn or Ag
by the method of electrophoresis with successive
annealing at 500 to 800 ◦ C. Dislocations and twinning planes in ZnTe have been decorated by depositing Te via heating the crystals up to 1100 ◦ C
with the successive hardening. In CdS and CdSe
crystals disc-like deposits formed by Cd, have
been found, and also needle-like deposits of Cu
and Ag sulﬁdes. Vortices in superconductors and
domains in magnets are observed by decorating
with magnetic particles like iron powder.
SURFACE DEFECTS

Deviations from an ideal periodic arrangement of atoms on the surface of a material.
Surface defects may be subdivided into point
(zero dimensional), one-dimensional, and twodimensional ones. Point defects include: vacancies, atoms shifted from their normal locations
within the lattice, impurity atoms which substitute
for atoms of the crystal, and adatoms which are
inherent or impurity atoms located on the outer
atomic plane. Surface defects may be arrayed in
an ordered sequence, thus forming a surface structure. The periods of unit cells of such structures often differ from the corresponding periods in parallel crystallographic planes within the volume (see
Atomically clean surface). A region of surface with
the ideal periodicity of this surface structure may
be considered as a domain. Domains shifted with
respect to one another via a vector which is not
a multiple of a surface structure vector are called
out-of-phase domains. If the surface symmetry
is lower than that of the unreconstructed crystal
planes lying below, it is possible to form domains
with surface structures which differ in orientation
of their unit cells. For instance, on the surface with
a square lattice, rectangular cells can be formed
which are rotated by 90◦ with respect to one another, and on the surface of a hexagonal lattice
there may form unit cells of three orientations in
the form of parallelograms turned by ±120◦ relative to each other. Domain boundaries are associated with one-dimensional surface defects. Another type of one-dimensional surface defect is an
atomic step. Examples of two-dimensional defects
are facets or microfaces located obliquely to the
surface plane. To a large extent surface defects
inﬂuence the electronic properties of surfaces, as

SURFACE DOPING

well as the processes of adsorption, catalysis, diffusion, the initial stages of growth, etc.
SURFACE DEGRADATION

Irreversible changes of the physical, chemical
or other parameters of a surface towards their deterioration due to variations of structure, composition, geometrical relief, etc. The degradation of
the surfaces of metallic, ceramic and other construction materials is usually associated with mechanical wear, corrosion, the appearance of microcracks upon exposure to intense irradiation, etc.
For semiconductor materials surface degradation
generally involves the degeneration of its electrophysical parameters such as the growth of surface
electron states and surface recombination centers,
the increase of surface scattering of current carriers which occurs due to the appearance of defects (see Surface defects), the diffusion of impurities, and uncontrollable surface oxidation. This
degradation produces an irreversible deterioration
of the properties of semiconductor devices such as
the appearance of soft breakdown in ultra-high frequency diodes, of parasite channels in large-scale
integrated circuits, the reduction in sensitivity of
gas sensors, etc. Surface degradation can be costly
since it reduces the reliability and stability of device operation; and to prevent it various types of
protection can be used (surface passivation, conservation).
SURFACE DIFFUSION

Process of transport of surface atoms along a
solid surface, through random displacements of

atoms from one metastable position to another,
which correspond to minima of the lattice potential. The activation energy of surface diffusion
is sharply dependent on the atomic structure of
the surface, and therefore has different values for
different faces of the crystal. The activation energy of surface diffusion is usually several times
smaller than that of bulk diffusion. Interaction of
surface particles (which may belong to the solid
under consideration or be foreign adsorbed particles) is responsible for the dependence of the surface diffusion coefﬁcient on the surface concentration, and the correlation between the surface diffusion coefﬁcient and changes in the surface layer
structure. When passing from coatings, which are
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less than one molecular layer thick (θ < 1, where
θ is the relative surface concentration) to coatings of θ ≈ 1, the mechanism of surface diffusion
changes. This change is related to the motion of
adsorbed atoms of the upper layer along the substrate coated with a monolayer adsorbed ﬁlm (socalled mechanism of the unrolling carpet). On further increase of θ , the generation and growth of
small areas of adsorbate are possible, with a consequent coalescence and coagulation. The layers
with closely packed particles exhibit group surface diffusion (coordinated transport of groups of
atoms). Surface diffusion plays an important role
in the processes of growth of crystals, catalysis,
sintering, wetting, etc.
SURFACE DISLOCATIONS (introduced by
G.I. Barenblatt, 1959)
Imaginary (ﬁctitious) dislocations, which are

spread over the free surface of a body, over
the boundary between crystalline phases or over
the surface, which separates mutually disoriented
crystal blocks. The concept of “surface dislocations” was ﬁrst used to describe the boundary conditions at the free surface and the surface of pores
in crystals without internal stresses. It has also
been used for the description of grain boundaries
and coherent integration of crystals with different lattices, when the mismatch causes the generation of internal mechanical stresses. Unlike real
(lattice) dislocations, surface dislocations are inﬁnitesimal, i.e. the Burgers vector is very small.
The introduction of surface dislocations is useful
in solving problems of elasticity theory in connection with the development of numerical methods
of energy minimization. The term “surface dislocations” is sometimes used in reference to dislocations that are located in the neighborhood of
the free surface of a crystal whose properties are
strongly inﬂuenced by image forces.
SURFACE DOPING, surface alloying

Modiﬁcation of the surface or near-surface region of a solid, which results in changes of physical, chemical and mechanical properties of the
treated regions. The term “alloying” is customarily used in reference to metallurgical processes,
which consist in the modiﬁcation of metallic compounds, whereas “doping” is the name given to
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SURFACE DRIFT WAVES

the practice of modifying electrical and magnetic
properties of a solid by incorporation of impurities
in the host lattice; the lines of demarcation are not
rigidly drawn between the two. We use here the
term “surface doping” to include “surface alloying”. There are various methods of surface doping of a solid: (1) adsorption of impurity atoms
(ions) and molecules from gaseous and liquid media; (2) adsorption of atoms (molecules) from a
molecular beam in vacuo; (3) ion implantation;
(4) laser implantation; (5) electrochemical implantation; (6) diffusion of impurities, which reach the
surface or the phase interface through the bulk of
the material. Different methods of surface doping
are responsible for modiﬁcation of different properties of solids; on the whole, it is related to the
condition of the impurities at the surface and in
the near-surface region, namely: charge, coordination, energy state, degree of cooperation with
other impurities and defects, etc. Surface doping
plays an important role in semiconductor electronics because of microminiaturization of semiconductor devices, and application of thin layers and
ﬁlms in integrated circuits.
SURFACE DRIFT WAVES

Perturbations of an electromagnetic ﬁeld which
arise at the boundary between a current-carrying
semiconductor (plasma) and a medium of either
positive or negative relative high-frequency dielectric constant. They are borne along the surface
at the speed of the drift of the charged particles,
much slower than the speed of propagation of light
in this medium. Therefore, the perturbation of the
charge density takes place directly at the surface,
and the amplitude of the electric ﬁeld falls off exponentially on either side of the boundary. In the
case of surface drift waves, the frequency of oscillation is related to the wave vector by a dispersion
law, and the maximal component of the electric
ﬁeld is that directed along the motion of the particles. Since the motion of charges takes place under
the action of external sources of electric energy,
the rate of the drift may exceed the phase velocity
of intrinsic excitations of the medium. In this case,
the energy of surface drift waves is transformed
into natural oscillations. Surface drift waves are
widely used for the generation and ampliﬁcation
of electromagnetic and acoustic signals in solid
state electronics.

SURFACE DYNAMICS
Branch of crystal lattice dynamics which considers the inﬂuence of the solid surface on the vibrations of the atoms of the bulk crystal. This in-

ﬂuence is associated with the appearance of the
free boundary and the variation of the force constants of the vibrations of surface atoms, with
the appearance of surface waves. The force constants which determine the amplitudes of vibrations near the surface differ from those within
the volume. They change with increased concentrations of defects near the surface. For a free
surface with a distinctly expressed crystal structure the experiments of low-energy electron diffraction (LEED) and atomic beam scattering (e.g., helium atoms) are the main sources of information
about the surface dynamics. Information about
root-mean-square displacements of surface atoms,
and the energy spectrum of surface vibrations, is
extracted from these experiments. The root-meansquare displacements of surface atoms exhibit a
noticeable anisotropy, and usually exceed the displacements in the bulk crystal.
SURFACE ELECTRICAL CONDUCTIVITY

1. The difference between the magnitudes of
the total electrical conductivity of a sample recorded
under different conditions: (1) when the surface
electrostatic potential ϕs has a certain value, and
(2) when it equals zero. The magnitude of surface
conductivity is determined by the mobility of the
charge carriers in the space charge region, and by
the excess (or deﬁciency) of electron ( N) and
hole ( P ) charge carriers in the near-surface region:
∞
N=



n ϕ(z) − n0 dz,

0

∞
P =



p ϕ(z) − p0 dz,

0

where z is the coordinate, which is normal to the
surface of the sample, ϕ(z) is the potential in the
space charge region, n0 and p0 are spatial concentrations, respectively, of electron and hole carriers at ϕs = 0. Under this deﬁnition, the coefﬁcient
of electrical surface conductivity depends on both
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the mobility of the charge carriers and their densities, as in the usual bulk conductivity. The dimensionality of speciﬁc surface conductivity is identical to that of total electrical conductivity. In order to draw a distinction between these quantities,
the designation “siemens per square” is introduced
(siemens (S) is the unit of conductivity, equal to
−1 , the reciprocal of resistance). The existence
of N and P in the space charge region may
be related to the presence of electric charge in surface electron states; the charge, which is induced
in the surface charge region, is opposite in sign
to the charge of the space charge region. The excess near-surface charge may also arise from an
external electric ﬁeld at the semiconductor surface
(see Field effect). The inﬂuence of the ﬁeld effect changes the space conductivity, which is used
in engineering ( eld-effect transistor) and in investigations of surface properties of semiconductors (density and energy levels of surface electron
states, mobilities of carriers in space charge region, etc.). Relative to bulk conductivity, surface
conductivity increases when the surface charge region is enriched with majority carriers (accumulation layer) and minority carriers (inversion layer),
and it decreases when the surface charge region is
depleted of majority carriers (depletion layer).
2. Less often the term “surface conductivity”
refers to the extrinsic conductivity along the solid
surface, which is related to the existence of oxide layers (see Oxidation), and layers of adsorbed
molecules (see Adsorption) on it. Another distinct
kind of surface conductivity is surface band conductivity, which is due to motion of charge carriers
in the energy band of surface electron states.
SURFACE ELECTRON STATES

States of electrons with wave functions localized in the neighborhood of an interface; surface
electron states are speciﬁc for solid-state structures with phase boundaries that are sharp on the
scale of interatomic distances. These states are responsible for the formation of the electric charge,
which is concentrated within several planes of
atoms; hence these surface electron states are of
major importance for a whole class of surface phenomena.
The type of surface electron state is determined
by the structure of the crystal matrix in the nearsurface region. Intrinsic surface electron states

are formed if there exists translational symmetry
along the interface. The most extensively studied
intrinsic surface electron states are those at a free
atomically clean surface of the solid in a vacuum
(Tamm levels, Shockley levels). These states of the
electrons are found at the surfaces of semiconductors, transition metals, noble metals and common
(base) metals. Characteristic of surface states of
this type is the presence of several allowed energy bands, both ﬁlled with electrons and empty.
Intrinsic surface electron states include also resonance and sagging surface states in contact structures (see Metal–semiconductor junction, Heterojunction), where isoenergetic electron transitions
from these states to allowed energy bands of media in contact are possible (through quantum tunneling effects). The nature of the energy spectrum of electrons in multilayer structures with thin
crystalline layers (superlattices) also depends on
quantum tunneling effects. When the layers become several interatomic distances thick (quantum
wells), there is no more difference between surface
and volume electron states. The electronic properties of such systems are determined by states of
interfaces.
What all extrinsic surface electron states, which
are associated with the presence of surface defects, have in common is a discrete energy spectrum due to the localization of the electron wave
function in three dimensions. The degree of localization depends on the disposition of the defect
with respect to the surface: the degree of localization is a maximum for a foreign atom, which
is adsorbed on a free crystal surface, whereas a
shallow surface impurity state exhibits a minimum
degree of localization. Changes in the electronic
structure of the surface at adsorption may be quite
considerable (chemisorption). In this case, besides
a change in the adatom energy spectrum, there occur both quantitative and qualitative transformations of the spectrum of intrinsic (Tamm) surface
electron states, even for light coverages by the adsorbate. New (“induced”) surface electron states
may arise simultaneously with this process. The
energy spectrum of these new states is speciﬁc to
selected boundaries of crystal and adsorbate. This
effect manifests itself in, e.g., a sharp difference
between catalytic activities of different faces of the
same crystal. Effects of rearrangement in the surface electron spectrum manifest themselves also at

1334

SURFACE ENERGY

inner interfaces of contact structures. The following situation typically takes place: intrinsic surface
electron states are displaced from the energy region close to the Fermi level, and electronic charge,
which determines the height of potential barriers
of the structure, becomes localized at impurity surface states. For high concentrations of impurity
centers at the surface (above 1016 m−2 ) the overlap of wave functions of electrons, which occupy
impurity surface states, results in the generation of
two-dimensional surface bands. Magnetic surface
levels are a special case of surface electron states.
An external magnetic ﬁeld and an interface that is
sharp and smooth on an optical scale are needed
for their existence.
SURFACE ENERGY

The excess energy of a surface layer at a phase
interface, compared to the speciﬁc energy inside
the phase. The generation of this additional energy
is related to the difference in intermolecular interaction in the bulk of the phase and at its boundary. An increase of surface area is accomplished
through the transport of internal atoms to the surface layer. Work therefore must be performed to
cause the surface to expand against the uncompensated forces of intermolecular interaction in the
surface layer (cohesive forces). This work is equal
to the free surface energy. It is experimentally determined from the change of the area of the boundary surface
at the application of external forces

F = σ dS, where σ is the speciﬁc surface energy, which is equal to surface tension in the case
of liquid phases. Surface tension tends to reduce
the surface energy to a minimum for a given volume. Therefore, a liquid of high surface energy assumes a spherical shape. The magnitude of surface
energy depends on the temperature, as well as on
the nature of the contacting phases and impurity
inclusions.
In the case of solids, an important role is
played by the anisotropy of surface energy (see
Anisotropy of crystals). The magnitude of surface energy is strongly inﬂuenced by dislocations
and other structural defects. The decrease of surface energy due to defects, may considerably reduce the melting temperature, ultimate strength
and plasticity limit of solids.

The total surface energy is given by


 
∂σ
Esurf =
dS,
σ −T
∂T
where the second term on the right-hand side is
the bound energy, i.e. the latent heat of formation
of a unit surface area during the course of an irreversible thermodynamic process at temperature T ,
and ∂σ/∂T is the speciﬁc surface entropy. The
free surface energy decreases signiﬁcantly with increasing temperature under the action of surfaceactive agents (surfactants), whereas the total surface energy is nearly temperature-independent. In
the neighborhood of the point of a solid (liquid)–
gas phase transition (critical temperature) the distinction between neighboring phases decreases,
and at the critical temperature there is no difference between liquid and gas. Among liquids, the
highest values of surface energy are exhibited by
melts of metals: Hg 0.484 N/m (at 300 K), Pt
1.82 N/m (at 2300 K); for comparison, H2 O has
the surface energy 0.10 N/m (at 300 K). Surface
energy has a profound effect on processes of epitaxy, effects related to adsorption, catalysis, mechanical strength, electrical properties, and it is
used for the determination of speciﬁc features of
phase boundaries.
SURFACE ENERGY OF SUPERCONDUCTORS

Energy which is related to the state of the
boundary between the normal phase (N ) and the
superconducting phase (S). It is deﬁned by the
∞
(f − fn ) dx, where f is
equation σns = −∞
the free energy per unit volume, and fn is the
value of f at a large distance from the interface,
e.g., deep inside the N -phase. The surface energy has a positive sign (type I superconductor
√ ),
if the Ginzburg–Landau parameter κ < 1/ 2;
it has a negative
sign (type II superconductor),
√
if κ > 1/ 2. The essential distinction between
superconductors of the ﬁrst and second kind manifests itself in the presence of the magnetic ﬁeld.
Type I superconductors undergo a phase transition to the normal state, when the ﬁeld reaches its
critical value Bc (thermodynamic critical magnetic
e ld). The surface energy hinders the generation of
the ﬁrst nuclei of the N -phase, thereby providing
the opportunity of the metastable conservation of
the S-phase in ﬁelds which somewhat exceed Bc .
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In the case of type II semiconductors, even prior to
the attainment of the value of Bc by the ﬁeld, the
generation of “rods” of N -phase corresponding to
Abrikosov vortices turns out to be thermodynamically advantageous above the lower critical ﬁeld
Bcl < Bc : the increase of the bulk energy being
compensated for by the negative surface energy of
the vortex (see Superconductivity).
SURFACE EROSION

Gradual breakdown of the surface layers of
materials in a ﬂux of liquid or gas, under mechanical action, or under the action of electrical discharges. Surface erosion is a complex of physical
and physicochemical processes emerging as a result of the inﬂuence of the environment, oxidation,
strain hardening, temperature and residual stress,
brittle and fatigue failure, and so on. Mechanical
surface erosion is a result of high-velocity collisions of (solid or liquid) particles of a condensed
phase with material on the surface, accompanied
by tearing out tiny particles of this substance. Surface erosion is enhanced by the large kinetic energy of the particles, the high hardness and angularity of solid particles, the surface roughness of
the material, and the high temperature of its surface layer which reduces its strength. If the temperature of a metal during high-temperature surface erosion exceeds the melting point, then this
erosion is a part of the process of mass carryoff, that is ablation. A variety of surface erosion
is cavitation surface erosion that results from frequent hydraulic shocks arising from the cavitation (formation of gas bubbles) in the highly active liquid which is in contact with the surface, or
close to it. A cavitation surface erosion can lead
to comparatively uniform wear, pitting, formation
of voids of diverse size, and even to full degradation of the surface (see also Cavitation resistance).
Mechanical surface erosion also increases the surface roughness, which can induce the appearance
of stress concentrators (see Stress concentration),
and a related decrease of the construction material
strength. This is a particular hazard for alloys and
heterogeneous composite materials (see Heterogeneous structure) whose components possess different erosion resistances. Electrical surface erosion is the result of the action of electrical charges
on the surface. Due to the appearance of localized origins of fusion and evaporation on a metal,

as well as possible chemical and electrochemical
processes, electrical erosion leads to tearing out
the substance mass and “ulceration” of the surface.
Nevertheless, there are cases when it can serve as a
basis of some electrophysical methods of processing refractory metals and conductive compounds
with a very pure treated surface (see Pulse treatment of materials).
In almost all cases the phenomena of erosion
are harmful. In addition to changes of technological processes and design, the efﬁcient means for
counteracting surface erosion are diverse methods of surface hardening, applying protective coatings, etc. See also Drop-impact erosion.
SURFACE EXCITON
An exciton localized at the interface or at the
surface of a semi-inﬁnite crystal or plate. Mole-

cular crystals may contain Frenkel surface excitons (mobile molecular excited states) and semiconductors may contain Wannier–Mott surface excitons (mobile weakly bound electron–hole pairs).
The energy of a surface exciton in a crystal
bounded by a ﬂat surface depends on a discrete
quantum number n, which characterizes the internal motion, and on the two-dimensional quasimomentum p, which is parallel to the surface (if
translational symmetry exists along the surface).
The difference in energy between the surface and
volume excitons is determined by the properties
of the near-surface layer of the crystal (change of
properties of near-surface molecules in a molecular crystal, difference between electron–hole interactions in the bulk and near the surface). As
shown by S.I. Pekar (1957), a surface exciton may
exist in a molecular crystal, if the magnitude of
surface distortion is larger than a certain value determined by the exciton band width. The probability of exciting molecules exponentially decays
with distance from the crystal surface; the region
of excitation localization is of the order of several
lattice constants. Surface excitons manifest themselves in reﬂection and luminescence spectra of
single crystals, and have been found in anthracene,
naphthalene, tetracene. An exciton localized near
a surface and related to an electromagnetic wave
is called a surface excitonic polariton (see Surface
polaritons). The depth of penetration of excitation
into the crystal is of the order of the wavelength of
light.
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A force acting upon a solid surface. It is characterized by the force density f , the force which
acts upon a unit surface area. Examples: the pressure P , which is exerted on the body by the surrounding liquid or gaseous medium: f = −P n
(n is the outward normal to a surface); and a
thermoelastic force which also acts upon a unit
surface area (see Thermoelasticity).
SURFACE, FRESHLY PREPARED
See Juvenile surface.
SURFACE HARDENING

Set of procedures and techniques, which generate surface layers on work pieces of machines and
mechanisms; these layers increase wear resistance
(see Wear), fatigue resistance (see Fatigue), and
corrosion resistance of the articles. Surface hardening is used in cases when the modiﬁcation of
properties of the whole article is either economically prohibitive or technically impossible; sometimes modiﬁcation of the overall properties may
be undesirable because it could impair the bulk
properties, such as plasticity, impact strength, etc.
Depending on the nature of the inﬂuence, layers
of various thickness (from 0.1 μm to several millimeters) are exposed to hardening. This hardening involves modiﬁcation of the chemical composition, grain reﬁning, creation of appropriate texture and phase composition, generation of ﬁeld of
residual stresses (often compression ones), healing of submicrocracks, removal of microcracks,
etc. Traditional methods of surface hardening include nitriding, cementation, surface plastic deformation, electric treatment, application of coatings.
Today, these methods are supplemented by laser
hardening, plasma treatment, irradiation with ion
and electron beams, laser alloying, ion implantation, complicated techniques of thermal treatment,
generation of regular surface textures, etc. Traditional methods of surface hardening were selected
on an empirical basis and were aimed at the modiﬁcation of a certain single property; they consist, e.g., in increasing hardness in order to elevate the wear resistance, or in the generation of
a ﬁeld of compression stresses for retardation of
fatigue cracks. The quantitative improvement of
operating parameters, which could be attained us-

ing traditional methods, ranged from 20–30% to
2–3 times. At the present time, understanding the
physical mechanisms of the processes of strain and
failure facilitates the development of precise complex techniques, which will not only increase the
mean values of parameters by a factor of ten and
more, but also markedly reduce their scatter. The
latter circumstance is of particular importance for
ﬂexible industrial processes. Nowadays, the traditional ﬁnishing surface treatment (grinding and
polishing) is not thought of as perfect ﬁnishing.
Although it removes the most substantial stress
concentrators (see Stress concentration) from the
surface, the traditional ﬁnishing usually produces
a layer with tensile stresses and unfavorable texture. Hardening of the near-surface layers results
in changes in a number of effects, such as yield
surface element and yield cusp, Bauschinger effect, Portevin–Le Chatelier effect, etc., which indicates that they are related to surface phenomena
(see Surface sound hardening).
SURFACE IMPEDANCE

A quantity Zs which characterizes the highfrequency electromagnetic properties of a good
conductor (metal). It is deﬁned by the relation
E t = Zs [n × H t ], which connects the tangential
components of the intensities of electric (E t ) and
magnetic (H t ) ﬁelds at the boundary of a conductor (n is the unit vector of the normal to the boundary). This relation, Leontovich boundary condition
(M.A. Leontovich, 1940), is used in cases where
the wavelength, sizes of conductor, and radii of
curvature of its surface are substantial in comparison with the thickness of the skin-depth (see
Skin-effect). In this approximation, Zs involves
the dependence of the ﬁeld outside the conductor and the parameters of the electrodynamic system to which it is connected on the properties
of the material of the conductor. For an isotropic
body Zs = 4πωμβδ/c2 , where ω is the ﬁeld frequency (the ﬁeld varies as exp(−iωt)), μ is the
magnetic permeability, δ is the penetration depth,
β is a complex factor; e.g., in the case of the normal skin effect and low frequencies β is equal to
(1 − i)/2, at high frequencies β is equal to (−i),
in the limit of the anomalous skin-effect
then
√ (δ is√
replaced by δa ) β is equal to 2(1 − i 3)/(3 3).
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In anisotropic crystals, isotopic crystals in a constant magnetic ﬁeld, Zs is a tensor in two dimensions, which has off-diagonal components. For a
plane semiconducting layer the concept of surface
impedance may be easily generalized to the case
when the ﬁeld penetration depth is comparable
to the layer thickness; this allows Zs to be used
for the description of size dependences of highfrequency properties of metal plates, including
radio-frequency size effects, excitations of slowlydecaying waves, etc. (see Impedance).
SURFACE IMPEDANCE OF
A SUPERCONDUCTOR

Electrodynamical characteristic of a superconductor, deﬁned by the relation Z s = R s + iX s =
Et /Ht , where Et , Ht are the tangential components of the electric and magnetic ﬁeld vectors
of an electromagnetic wave in the surface layer
of the superconductor. The presence of a nonzero
impedance is related to the transit-time effect of
the superﬂuid condensate of Cooper pairs, which
is equivalent to a certain induced resistance. The
electric ﬁeld, which is needed for the periodic acceleration of the condensate, acts also in normal
excitations, which exist at a ﬁnite temperature.
This causes dissipation of energy, which is proportional to the surface resistance R s .
At high electromagnetic ﬁeld frequencies
ω
2Δ (Δ is the energy gap) the surface impedance of a superconductor is close in magnitude
to the surface impedance of a metal in its normal
state.
For ω < 2Δ the quantity R s decreases with
decreasing temperature: having the value RN in
the normal state, tending to zero at T → 0.
This fact provides grounds for applying superconductors as materials for high-quality extra-highfrequency devices. In actual practice, however,
there is always a certain ﬁnite residual resistance
at T → 0, which is due to defects at the superconductor surface (oxide layers, microcracks, nonsuperconducting inclusions, etc.).
The imaginary part of the surface impedance Xs , which characterizes the shift in resonance frequency of a superconducting cavity with
respect to an ideally conducting one, remains ﬁnite
also at T → 0.
In the general case the surface impedance,
which is calculated based on the microscopic

theory of superconductors, depends on relations
among ω, Δ, and T , and on the nature of the
relationship between the current and the vectorpotential in the superconductor.
SURFACE IMPURITY STATES

Local electronic levels of impurity centers at
the crystal surface. The main factors that determine the energy spectrum of the impurity surface
states are the lowering of the symmetry associated
with the ﬁnite dimensions of a crystal, variation
of the potential shape under the effect of electrical image forces of the impurity center potential,
the interaction with surface atoms, and also features of the surface band structure. The characteristic localization length of the wave function of the
impurity surface states outside the crystal is considerably smaller than the effective Bohr radius.
From this there follows a reduction of the contribution to a wave function of components with
zero orbital angular momentum. This effect is especially important for the ground state of small
donor impurity centers that are located directly
at the surface. Reduction of the symmetry in the
ﬁnite crystal leads to a shift of the energy level
of the impurity, and to the partial removal of degeneracy. The introduction of additional (surface)
branches into the kinetic energy operator results
in the appearance of new allowed energy levels in
the spectrum of the impurity surface states, and in
the transformation of the impurity states related
to volume branches. These transform into quasistationary states because the localized electrons
can then undergo constant-energy transitions into
the intrinsic surface electron state band.
From the point of view of possible applications, the more important energy levels of impurity
surface states lie in the principal band gap near the
Fermi level. The presence or absence of surface
levels in this energy range deﬁnes the electrical
properties of junction structures. They are responsible for forming the potential barrier in a metal–
semiconductor junction, deﬁne the carrier mobility
in the subsurface range of the superconductor, prescribe the generation–recombination properties of
the surface, etc.
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Spatial ﬂuctuations of the distribution of defects of various types in the near-surface region
or on the solid surface. Surface inhomogeneities
produce a nonuniform distribution of properties on
the surface, e.g., of electric charges, of band bending ϕs in semiconductors and insulators, etc.
The nonuniformity of electrophysical parameters arises during formation of a surface because of
defects in the subsurface regions of semiconductors and on the insulator–semiconductor interface.
These are generated by hardening, ion bombardment, heterogeneous adsorption, and mechanical
impacts.
Surface inhomogeneities affect the properties
of surface channels of M–I–S transistors, and this
inﬂuence is the most important in the weak inversion region (close to the threshold voltage) when
the concentration of shielded carriers in the channel is not high. The well-known phenomenon of an
abrupt decrease of effective mobility in the channel with a decrease of ϕ s is also due to surface
inhomogeneities.
Since a typical recharge time of surface states
τ strongly depends on ϕ s , surface inhomogeneities
lead to space ﬂuctuations of τ . This implies an
essential change in the frequency dependence of
the capacitance and transverse electrical conductivity of structures with surface inhomogeneities,
and this, in turn, can be used for diagnostics of the
surface.

the surface, A+ is the ratio of statistical weights
of the states of positively charged ions and neutral atoms at the temperature T . If adsorbed atoms
exhibit the electron af nity S, then they may be
evaporated from the surface in the form of negatively charged ions. In this case we have the expression α_ = n_/n0 = A_ exp[e(S − ϕ)/(k B T )].
It may be seen that surface ionization is a selective process, which depends on the relationship between V , S, and ϕ, and is rather effective for many
atom–emitter combinations.
Nowadays, the method of surface ionization allows one to obtain currents of positive ions from
elements with V  9 eV (there are about 60 such
elements), and currents of negative ions from elements (the number of such elements is about 20)
with S  1 eV. The method is effective for ionization of a number of molecules, including organic compounds, as well as various radicals, and
clusters which are produced from molecules at the
emitter surface. The values of α± , and of current densities in the ionization of particles of all
compositions from free surfaces, are obtained by
the application of ion-accelerating external electric ﬁelds. Surface ionization is used not only as
an effective method of generation of ions, but also
for investigations of the properties of surfaces, adsorbed layers and ionizing particles.
SURFACE, ISOENERGETIC
See Isoenergetic surface.

SURFACE IONIZATION

Thermal equilibrium desorption of atoms and
molecules from solid surfaces in the form of
ions. The most extensively studied case of thermal
ionization involves the production of positively
charged ions. The process readily occurs during
the vacuum heating of a metal, which contains adsorbed (see Adsorption) atoms of an alkali metal at
its surface. The ratio between the number of ions
n± and the number of neutral atoms n0 , which
have evaporated from a certain metal surface during the same period of time, is called the degree
of surface ionization α. In the case of positively
charged ions, α is of the form α+ = n+ /n0 =
A+ exp[e(ϕ − V )/(k B T )] (Langmuir–Saha formula). Here V is the ionization potential of evaporating electrons, eϕ is the electronic work function of a metal, T is the absolute temperature of

SURFACE, ISOFREQUENCY
See Isofrequency surface.
SURFACE LATTICES

Regular two-dimensional structures, which
consist of adsorbed atoms at a crystal surface.
Commensurate lattices and incommensurate lattices are observed in lm s, which are adsorbed
at a pure surface or its reconstruction (see Surface reconstruction). The ratio between the lattice constant and those of the crystal surface is
expressed in terms of rational numbers for commensurate lattices, and by irrational numbers for
incommensurate lattices (at least for one of the
incommensurate lattice constants). The main difference between commensurate and incommensurate lattices arises from the continuous depen-
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long-range order in an incommensurate lattice is
destroyed by acoustic phonons. An incommensurate lattice exhibits so-called quasi-remote order,
which is characterized by the decay of the correlation function of atomic displacement at long distances; this decay is not exponential as in the case
of liquids, but rather is of an x −a (power function)
type.
SURFACE LAYER

Surface lattices.

dence (ratio) between substrate lattice spacing and
adsorbed atom parameters, which depends upon
the extent to which the surface is coated with adsorbate. Fig. (a) shows a pure surface of the (112)
face of tungsten (small circles), and the remaining
Figs. (b, c, d) show different degrees of coverage
by larger potassium atoms (cross hatched) of the
top layer of tungsten atoms on the (112) face. The
potassium arrangement is incommensurate with
the tungsten crystal spacing along 1̄1̄1, which
continuously changes with the degree of coverage.
The spacing is commensurate along the 110 direction; and the crystal surface provides the coverage pattern for the adatoms. Incommensurate
lattices are formed, as a rule, under conditions
of a weak (compared with interactions between
adatoms) charge pattern. In the neighborhood
of a phase transition of a commensurate lattice to
an incommensurate one, the latter has a complicated superstructure, which consists of regions of
a commensurate lattice, separated by linear stacking faults: domain walls or static solitons. On leaving the phase transition point, solitons come closer
together and an incommensurate lattice becomes
practically uniform. At small wave vectors a commensurate lattice and an incommensurate one exhibit different excitation spectra: the spectrum of
the commensurate lattice has a gap, whereas that
of incommensurate lattice has a quasi-acoustic
branch. As a result, a commensurate lattice exhibits ordinary long-range order (see Long-range
and short-range order). At ﬁnite temperatures,

Thin layer in the neighborhood of an interface between two phases (bodies, media); some
properties of the material in the surface layer differ from bulk properties inside the material. This
is because of the action of surface forces, which
are speciﬁc to a particular phase boundary, such
as dispersion and electrostatic forces, as well as
structural forces, which are responsible for additional pressure in the submicrovolume of a liquid
phase adjacent to an interface in thermodynamic
equilibrium. Surface forces decay away from the
phase boundaries in the bulk phase (characteristic
spatial scale l ∼ 1–10 nm).
The thickness, structure and state of the surface
layer have an effect on operational and technological features of various structures, radio sets and
other devices.
SURFACE LAYER, DISRUPTED
See Disrupted surface layer.
SURFACE LEVELS

Possible values of the energies of electrons in
a crystal, which correspond to surface electron
states. Lifetimes of electrons at surface levels are,
as a rule, substantially less than those of volume
(bulk) electrons. This is due to the extended number of possible quantum transitions between various types of surface electron states, as well as between surface and bulk states.
SURFACE MAGNETISM

A group of phenomena, which accompany the
generation of ordered spins of surface and nearsurface atoms of a magnetic substance. As a rule,
surface magnetization, which exponentially decays away from the interface, is caused by a surface second-order phase transition at the temperature T S , which is somewhat higher than the Curie
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point TC of the material. As T approaches T C ,
the depth of penetration of surface magnetization
becomes inﬁnite, accompanied by speciﬁc behavior of thermodynamic quantities. This transition,
from a state with surface magnetization to one
with the entire sample magnetized, is called an
extraordinary phase transition. The existence of
surface magnetism and its characteristics are determined by the structure of the surface and its
prior treatment. The generation of surface magnetism is related to the sign of the parameter q in
the equation for the surface component of the free
energy of the material F s = (1/2)qμ0 Ms2 , where
M s is the value of the magnetization at the surface.
Surface magnetization arises for q < 0 provided
T S − T C ∝ q 2 . The ordering of surface atom spins
is a particular case of a second-order surface phase
transition.
SURFACE MASS TRANSPORT

Transport of material along a solid surface,
which is sustained either by a chemical potential gradient due to surface curvature (∇μs =
αω∇K, where α is surface tension, ω is atomic
volume, K is local curvature), or from the outside
(by temperature gradients, electric ﬁeld gradients,
etc.). Mechanisms of mass transport are the following: surface or near-surface diffusion, diffusion
in a gas, and evaporation–condensation. Surface
mass transport inﬂuences the kinetics of formation of natural surface roughness, leveling of artiﬁcial irregularities, degradation of needle cathodes, decomposition of microelectronics, thin-ﬁlm
elements, etc. (see Mass transport).
SURFACE MOBILITY

Mobility of charge carriers, which are in a potential energy well near the surface, averaged over
the width of the space charge region. Mobility is
deﬁned by the relation μs = σs /(e N), where σs
is the speciﬁc surface electrical conductivity, N
is the near-surface excess of charge carriers, and e
is the electron charge. The magnitude of the surface mobility is often lower than that of the bulk
because of the additional scattering of charge carriers by the surface (see Surface scattering). At
low temperatures and high values of the electric
ﬁeld at the surface, the magnitude of the surface
mobility is strongly inﬂuenced by the quantization

of the transverse motion of the carriers in the space
charge region.
SURFACE OF A SOLID
See Solid surface.
SURFACE OF STRESS
See Stress surface.
SURFACE PASSIVATION

Prevention of chemical, electrical, or other interaction of a surface with the environment. A thin
layer can be generated on the surface, which keeps
the material of the substrate from chemical or
other contact with the surrounding medium. Often this can be done through oxidation of the material, if the resulting ﬁlm is continuous and prevents the possibility of contact with the surrounding medium. Foreign coatings, which exhibit high
inertness to the surrounding medium (silicon nitride, aluminum dioxide, etc.), are applied if the
intrinsic oxide of the material is permeable. The
passivation of atomically clean surfaces of covalent compounds, which possess dangling bonds, is
achieved through adsorption of molecules of those
substances, which form chemical compounds with
the substrate. Surface passivation of semiconductor devices is performed in a number of cases by
applying a coat of organic lacquers, which are resistant to exposure to the atmosphere.
SURFACE PHASE

Crystallographic structure of an atomically
clean surface of a crystal. Since the atoms at the
surface are surrounded by a lesser number of closest neighbors than the atoms in the bulk, it can be
thermodynamically advantageous for the surface
atoms to assume a different type of arrangement,
the symmetry of which is often different from the
symmetry observed in the bulk of the crystal. As a
result of the phenomenon of the so-called crystal
surface reconstruction in ultrahigh vacuum, twodimensional surface superlattices are generated,
the unit cells of which exhibit constants, which
are different from those of corresponding planes
in the bulk of the crystal, and usually exceed the
“bulk unit cells” by several fold. Different faces of
one and the same crystal are often characterized
by different surface phases. In Si, e.g., the typical surface phase for the face (111) is a phase of
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the type 7 × 7, whereas the (100) face is typically
characterized by a surface phase of the type 2 × 1,
where the numbers indicate the ratio between the
lengths of basis vectors of the surface unit cell and
the corresponding lengths in the bulk. A change of
temperature may cause phase transitions between
various types of surface phases, as well as transitions from an ordered surface phase to a disordered one.
The main experimental methods for studying
surface phases are low-energy electron diffraction
and scanning tunneling microscopy.
SURFACE PHENOMENA in semiconductors

A group of electronic, optical and structural
effects, which take place due to the presence of
boundary surfaces (interfaces). Surface phenomena in semiconductors depend strongly on the state
of the surface, the method of surface treatment,
and the composition of adjacent gaseous media
(see Semiconductor surface). Generation of surface phenomena in semiconductors is related to
the existence of localized electron states at the surface, which are called surface electron states, and
the change of the spectrum under external inﬂuences.
Field effect, surface recombination and surface
mobility are among the fundamental surface phenomena in semiconductors. By virtue of the existence of surface electron states and a contact potential difference, a space charge region arises in
the neighborhood of semiconductor surfaces, accompanied by the bending of the valence band and
conduction band (see Fig.). The extent of the band
bending is called surface band bending. The extent
of this bending may be controlled by applying an
electric ﬁeld to the semiconductor. A ﬁeld effect
consists in a change of electrical conductivity of
the semiconductor when an electric ﬁeld is applied
through the dielectric interlayer. This effect underlies the operating principle of ﬁeld-effect unipolar transistors (see Field-effect transistor, Schottky
barrier).
An important characteristic of surface phenomena in semiconductors is the work function, i.e. the
minimum quantity of energy required to extract
an electron from the surface of the semiconductor. It is equal to the height of the potential barrier
that must be overcome by an electron in order to

Energy diagram of a near-surface band of a semiconductor. E0 is the energy of an electron in the vacuum,
EC , EV and EF are the energies at the bottom of the
conduction band, at the top of the valence band, and the
Fermi energy, respectively; eϕS is the surface band bending energy, Φ T is the thermal work function of the semiconductor, Φ P is the photoelectron work function of the
semiconductor. Et denotes the location of a discrete surface level.

escape into the vacuum. The thermoelectric work
function and the photoelectric work function are
singled out (see Fig.). The value of the work function depends on extent of surface band bending.
The annihilation of electron–hole pairs in the
process of relaxation of a nonequilibrium state is
called surface recombination. Effective recombination takes place at the trapping of electrons and
holes by surface electron states. Surface recombination exerts a considerable inﬂuence on the operation of semiconducting photoresistors and photoconverters.
Surface mobility is lower than volume mobility
because of additional mechanisms of surface scattering of electrons (see Surface scattering). The
reduction of mobility becomes signiﬁcant if the
characteristic size of the region of electron motion (thickness of superconducting ﬁlm or of nearsurface space charge region) becomes comparable
with electron mean free path.
The existence of surface electron states along
with surface excitons, phonons and other surface
quasi-particles leads to additional light absorption, which also takes place at free charge carriers,
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which are localized in narrow near-surface regions
of space charge.
Structural surface phenomena include effects
of rearrangement of crystal lattices at the surface
of a semiconductor, ordering of multi-layer adsorbed ﬁlms at the surface, and other related effects.
SURFACE PHOTOCAPACITANCE

The capacitance of a condenser, which is
formed by a transparent or semitransparent conducting electrode, and the near-surface space
charge region of a semiconductor under exposure
to light. The important parameter, which characterizes surface photocapacitance, is the light–dark
capacitance ratio, which is the ratio between the
value of the capacitance during illumination and
in the absence of illumination.
SURFACE PHOTOELECTROMOTIVE FORCE

Difference of surface electrostatic potentials of
a semiconducting sample under illumination and
in the dark. A surface photoelectromotive force
consists of two components: barrier photoelectromotive force and surface charge photoelectromotive force. The initiation of a barrier photoelectromotive force is caused by the reduction of the
potential barrier, which is due to an increase of
the concentration of mobile charge carriers at illumination. The surface charge photoelectromotive
force is generated by the trapping of surplus charge
carriers (electrons or holes) by surface electron
states. Initiation of the latter kind of photoelectromotive force does not require an initial band bending at the semiconductor surface.
The method of surface electromotive force is
widely used for determining physical characteristics of semiconductor samples. Thus, measuring
the spectral and photoresistance characteristics of
this force permits one to determine important parameters, such as the diffusion length of electron–
hole pairs and near-surface band bending (see Surface phenomena in semiconductors).
SURFACE PLASMON
Surface quasi-particle, which describes oscil-

lations of surface charges and related electromag-

netic ﬁelds at an interface. The amplitude of the
ﬁeld decreases sharply on either side of the surface where charges are localized. This deﬁnition
corresponds to a surface plasmon: the polariton.
The term “surface plasmon” is sometimes applied
only to a plasma excitation obtained within the
electrostatic limit (i.e. without regard for retardation). The surface plasmon frequency ωsp for the
metal–vacuum
√ interface is given by the equation
ωsp = ωp / 2, where ωp is the volume plasmon
frequency; surface plasmons are established by the
electron beam and are observed in experiments
on characteristic electron losses. A surface plasmon may be initiated by an external electromagnetic ﬁeld under special conditions (attenuated total internal re ection method) or at a rough surface.
Study of surface plasmon propagation provides information on surface properties.
SURFACE POLARITONS
Compound surface quasi-particles describing
surface electromagnetic waves in crystals which

interact with elementary excitations of various
types. One distinguishes a surface excitonic polariton, surface phononic polariton (often simply referred to as a surface polariton), surface
plasmon-polariton, depending on the particle with
which the electromagnetic wave interacts. The existence conditions and dispersion laws of surface
polaritons can be obtained by means of macroscopic electrodynamics. For a ﬂat phase interface
with dielectric constants ε0 and ε1 depending on
the frequency ω, the dispersion law of surface polaritons follows from the relation
 2
ω
ε ε
,
k2 = 0 1
ε0 + ε1 c
where k is the quasi-momentum of the surface
polariton parallel to the plane of interface, and c is
the speed of light. Surface phononic polaritons can
exist in the frequency range ωLO < ω < ωTO with
negative ε (ω) (here ωTO and ωLO are the frequencies of transverse and longitudinal phonons).
For large k , the frequency of surface polaritons
is determined by the condition ε (ω) = −ε0 . In
optical spectra, surface polaritons appear in the regions of phonon and exciton absorption bands. On
a perfect insulator–vacuum interface the light does
not directly excite surface polaritons, since the
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energy and momentum conservation laws do not
hold simultaneously for surface polaritons and the
external electromagnetic wave. For excitation and
investigation of surface polaritons, special methods are used, e.g., attenuated total internal ree ction or a diffraction grating deposited on the
surface. The investigation of surface polaritons
provides information on the properties of surface
excitations and is an important investigation tool
for solid surfaces and thin ﬁlms.
SURFACE QUASI-PARTICLES

Elementary excitations speciﬁed by the presence of boundary surfaces in a system of many
particles, e.g., surface quasi-particles in a semiinﬁnite crystal or surface quasi-particles on an
insulator–semiconductor interface. Every type of
quasi-particle in the solid bulk may have a surface analog under certain conditions. For example,
there exist surface phonons, excitons, magnons,
plasmons, etc. Surface quasi-particles are localized in the near-surface region, the wave function
of surface quasi-particles decays when receding
from the surface. From the localization condition
it follows that the surface quasi-particles can exist in energy regions forbidden in the spectrum
of bulk elementary excitations. Surface quasiparticles are characterized by the energy ε and
quasi-momentum p connected by the dispersion
law ε(p), and by the spin. In a crystal, bounded
by a plane with rational Miller indices, the quasimomentum is two-dimensional. Surface quasiparticles may create and annihilate under external perturbations; interact with each other and
with other types of quasi-particles. The existence
conditions, energy spectrum, lifetimes, and mean
free paths of the surface quasi-particles depend on
the properties of the particular surface. The investigation of phenomena involving surface quasiparticles provides information about characteristics of the surface (its structure, level of perfection). Speciﬁc properties of surface quasi-particles
are used in designing various devices, e.g., acoustoelectronic ones for surface waves, etc.
SURFACE RECOMBINATION

Annihilation of nonequilibrium electron–hole
pairs at a semiconductor surface or at the boundary (see Phase interface) between the semiconductor and certain condensed media, or a gaseous
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phase. This takes place mostly through the intermediary of surface electron states. It consists in
trapping an electron or a hole by a deﬁnite kind
of surface electron state, which is accompanied
by either radiative or nonradiative release of excess energy. It is often characterized by an effective surface recombination rate S. In the general
case the process of surface recombination is described both in terms of recombination activity of
surface electron states, and in terms of delivery of
nonequilibrium charge carriers to the surface. At
relatively low concentrations of surface electron
states and band bending at the surface, the value
of S is determined by the recombination activity
of the surface; it depends on their concentration,
and on cross-sections of trapping of electrons and
holes by surface electron states, as well as on the
surface band bending (see Surface phenomena in
semiconductors). If the potential barrier is high
or a considerable concentration of recombination
surface electron states is observed, then the value
of S is limited by the rate of diffusion of carriers
through the layer of the space charge region, and
therefore depends on the method of generation of
nonequilibrium current carriers (see Generation of
current carriers) in the neighborhood of the surface and in the bulk. The term “surface recombination” is also used in reference to neutralization
of charged chemical radicals or ions in a liquid or
gas, which are in contact with a solid.
SURFACE RECONSTRUCTION

A spontaneous change in the positioning of
atoms in the surface layer or several adjacent layers with respect to their locations in an inﬁnite
ideal crystal. Surface reconstruction is a characteristic feature of semiconductors with covalent
bonding. A surface hybridized state or band then
forms at the free surface with dangling bonds (see
Tamm levels), half-ﬁlled with electrons. This state
is unfavorable in energy so the surface undergoes
a transformation of the Jahn–Teller effect type
which is called surface reconstruction. In essence,
it consists in a speciﬁc displacement of surface
atoms (2–3 atomic layers) that form a superlattice
with a period which is a multiple of the bulk lattice period. During that transformation the initial
hybridized state of broken bonds splits into two
states, positioned outside the band gap, so that the
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surface energy is lowered as a result. Displace-

ment of the surface atoms leads to deformation of
hybridized orbitals directed into the crystal, and
to raising the energies of the corresponding levels.
As a result, there appear states ﬁlled with electrons
in the band gap in the vicinity of the top of the valence band, associated with bonds directed inside
the crystal. Similar unﬁlled states are split off from
the bottom of the conduction band. The existence
of these states has been demonstrated by data from
electron spectroscopy.
To describe surface reconstruction one introduces two elementary translation vectors of the
ideal (unreconstructed) surface, a and b. Experiments in low-energy electron diffraction demonstrate that real surfaces of C, Si, Ge may have
translation periods na and mb where n and m are
some numbers that are not necessarily integers. In
that case it is assumed that a surface reconstruction
of the (n × m) type exists.
Adsorption of atoms on the surface may significantly alter the nature of the surface reconstruction, since the adsorbed atoms enter into chemical bonds with hybridized orbitals of the broken
bonds. The bonding state of the surface atom is
then occupied by two electrons, which eliminates
the very cause of surface reconstruction. That effect is demonstrated by experiments in which a
monolayer of adsorbed atoms leads to the vanishing of the (2 × 1) superstructure on the reconstructed surface of C, Si, Ge.
In contrast to covalent solids, lowering of
the surface energy in metals and ionic crystals
is achieved through displacement of the surface
plane without any change in their translation vectors. Such a phenomenon is called surface relaxation, and it is not equivalent to the Jahn–Teller effect. The displacements of atoms in this case will
be small enough in that case, of the order of only
several percent.

the electronic density at the surface and with the
formation of a dipole layer, as well with the difference of the interatomic forces which affect the
atoms located at the surface and within the bulk
of a solid. Surface relaxation may be positive or
negative (surface lattice constants are smaller than
within the bulk). The relative value of the surface relaxation does not exceed 15%, it is usually within ±5%, and it decreases to zero over the
thickness of several atomic layers. It may differ
for different faces of the same monocrystal. Surface relaxation changes its magnitude and even its
sign in the presence of adsorbed coatings on the
surface. For example, one third of a monolayer
of oxygen adsorbed at the (110) surface of nickel
changes the surface relaxation from −4% to +1%,
i.e. from −0.01 to +0.0025 nm. Surface relaxation is measured by the methods of low-energy
electron diffraction and high-energy ion scattering, and the orientation effects in Auger ion spectroscopy may also be used.
SURFACE ROUGHNESS

Surface proﬁle deviations from an atomically
smooth contour (see Atomically clean surface).
The natural and artiﬁcial roughness of a surface
should be distinguished. Natural roughness appears on crystals which do not expose an equilibrium face, and results from anisotropy of the surface energy. As a consequence, the surface structural minimum and the surface energy minimum
do occur together. With increasing temperature the
growth of natural roughness is accelerated. Artiﬁcial roughness may be the result of factors distorting the surface (mechanical treatment, irradiation,
etc.). When the temperature increases, the artiﬁcial roughness of a surface is smoothed by various
mechanisms of mass transport. A surface atomic
roughness may develop against a background of
macroscopic roughness.
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SURFACE SCATTERING

Variation of the crystal lattice constant in the
direction normal to a solid surface for atoms in
the surface layer and those distributed over several
atomic layers below. This was initially observed
by C. Davisson and L. Germer (1927) during lowenergy electron diffraction experiments. Surface
relaxation is associated both with the change of

Change of the momentum and energy of a particle, which takes place at its collision with a solid
surface. The term “surface scattering” is mostly
used for describing the interaction of particles with
intrinsic elementary excitations of the solid at its
surface. Two reasons are responsible for this: ﬁrst,
quasi-particles of the crystal are more sensitive
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to the symmetry of its surface than the particles
that are incident upon its surface from a vacuum;
second, the scattering by surface defects determines the kinetic phenomena in thin lms and nearsurface layers, which are the working media in
most devices of solid-state quantum electronics.
Accordingly, two types of surface scattering study
are distinguished.
I. Collision with an ideal surface. If the surface
exhibits the natural translational symmetry of the
mid-plane of the crystal, then the particle, which
collides with it, conserves its component P  of
quasi-momentum parallel to the surface. For an arbitrary form of dispersion law ε(P ), the normal
component P ⊥ may assume different values after
the reﬂection of a particle from the surface, depending on the number of points at which the line
P  = const intersects the surface ε(P ) = const
throughout the entire reciprocal lattice. If the surface exhibits translational symmetry, which is different from the symmetry of the mid-plane of the
crystal, then its reciprocal lattice is characterized
by its own set of two-dimensional vectors k  . On
reﬂection from this surface, the change of the tangential component of the quasi-momentum to any
of the k  vectors is possible. An experimental
study of the law of reﬂection of electrons provides
information on ε(P ), and can lead to a direct determination of the set of vectors k  that describe
the surface atomic structure.
II. The importance for kinetics of the relaxation of energy and momentum at the expense of
surface scattering. In the case of quasi-particles
which obey an isotropic dispersion law, the scattering by an ideal surface does not result in relaxation of momentum and energy (P  is conserved
and P ⊥ changes its sign, which does not cause
a change of the current along the surface). This
kind of surface scattering is called specular surface scattering. Consideration of the scattering by
surface defects upsets the specular nature of the
scattering. In accordance with the type of potential of the defect, the following surface scattering
mechanisms are distinguished:
• Scattering by local surface irregularities, the
typical dimensions of which are smaller then
the mean free path. If the surface is treated as
an inﬁnitely high potential barrier for the mobile charge carriers, then these irregularities are

scattering centers, which exhibit a potential that
is inﬁnite for a limited spatial region. The kinetic coef cients are expressed in terms of the
scattering cross-section at a center, and the surface concentration of scattering centers. A surface of a random shape z = U (ρ) is considered as a unit defect of the potential, which
is given by the equation V (r) = V0 δ(z)U (ρ)
(where V0 is the work function, z is the direction of the normal to the surface, ρ is a vector
in the plane of the surface). All results are expressed in terms of the correlation function of
irregularities U (ρ)U (ρ  ), where . . . denotes
averaging over the ensemble of random functions U (ρ).
• Scattering by charged centers, which are randomly distributed over the surface or in the
neighboring layer. The conductivity of this layer
is insigniﬁcant (e.g., the insulating layer in
metal–insulator-semiconductor structures), but
the long-range Coulomb potential penetrates
into the current-carrying region. The charged
centers cause the generation of near-surface
band bending. Therefore, the problem of describing the scattering by these centers falls into
two parts: calculation of the potential of the center with regard for the nonuniform density of
charge, and calculation of the amplitude of scattering by this potential.
What all mechanisms of surface scattering
have in common is that the scattering of particles, which move at shallow angles to the surface,
is specular. An important point is that this result
holds true for an arbitrary dispersion law. The direct proof of specular reﬂection of glancing electrons has been provided by the discovery of magnetic surface levels.
Surface scattering results in a noticeable decrease of the effective mobility of carriers under
the condition that the typical dimension of the region of their near-surface motion (the thickness of
current-carrying region) is smaller than or of the
same order of magnitude as the mean free path.
Such conditions occur in thin ﬁlms and wires, in
narrow near-surface channels (see Field effect, Inversion layer), under conditions of the skin-effect.
The contribution of different mechanisms of surface scattering to the effective mobility of charge
carriers involves the dependences of the electrical
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conductivity and the Hall coefﬁcient on the values
of the layer thickness, temperature, and ﬁeld.
The scattering by the short-range surface centers may result in a spin ﬂip (see Electron spinip scattering). This effect of surface scattering is
of importance for materials which exhibit a large
spin–orbit interaction, and in studies of the surface
photovoltaic effect. Spin ﬂip in surface scattering
was discovered during the course of experiments
on electron paramagnetic resonance in thin ﬁlms
and metallic small particles.
The theoretical treatment of the surface scattering of conduction electrons is based on the establishment of boundary conditions for the distribution function in quasi-classical theories of transport phenomena, or on the method of the quantum
kinetic equation.
The phenomenon of the cooling of nonequilibrium carriers in surface scattering has been observed experimentally. It is assumed that this cooling is related to the irradiation of phonons in surface scattering, i.e. to scattering by the surface imperfections, which are caused by lattice vibrations,
or to the excitation of internal degrees of freedom
of the molecules, which are adsorbed on the surface; it is also possible, that the cause of this effect
is more direct: the cooling may be caused by electronic excitations to surface states.
SURFACE SCATTERING, ADIABATIC
See Adiabatic surface scattering.
SURFACE SMOOTHING, structure planarization

The process of leveling the underlying elements of relief of individual layers of laminated
circuits by ﬁlling these elements with a certain material until a totally smooth surface is obtained.
The necessity for carrying out such a smoothing
operation becomes clear at the changeover to the
production of submicron-scale integrated circuits
with large and medium scales of integration. The
leveling of concave surface elements may be performed by ﬁlling the surface regions with viscous
ﬂuids followed by hardening (after-bake), or by
optimizing the number of processes of vacuum
precipitation of coatings. Ion-plasma methods, in
which the processes of precipitation and sputtering are combined, show promise. These methods
permit controlling the relief of a growing lm by

Dependence of the precipitation rate (curve 1), sputtering rate (curve 2), and total rate of ﬁlm deposition
(curve 3) on the angle α between the normal to the surface and the direction of motion of incident particles.

varying the total angular dependence of the precipitation rate (see Fig.), i.e. the dependence of
the precipitation rate on the angle α between the
normal to the surface and the direction of the motion of the particle ﬂow. The angular dependence
of the precipitation rate can be accurately approximated by application of the cosine law (curve 1
in Fig.). The angular dependence of the sputtering
rate (curve 2 in Fig.) has a pronounced maximum
at angles 50–70◦ , and may change its character depending on conditions. The structure planarization
is provided by attaining a suitable combination of
the rates of precipitation and hardening, as well as
by alternating the coating precipitation and sputtering processes.
SURFACE SOUND HARDENING
Hardening of the surfaces of articles with a

deforming agent (strengthener) which vibrates at
an acoustic or ultrasonic frequency. There are
two kinds of surface sound hardening: (1) impact
hardening, caulking (intermittent contact between
the work piece and the block head; the tool vibrates along the normal to the surface); (2) vibrational burnishing (continuous permanent contact,
the work piece and the strengthener are tightened
together; the strengthener vibrates parallel to the
surface, drawing a certain microscopic relief on
it). Surface sound hardening falls into the category
of methods, which use surface plastic deformation
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(see Plastic deformation), and is used as a ﬁnishing treatment in order to increase fatigue strength,
durability and wear resistance of working parts of
machines and mechanisms. Relative to methods
which use low-frequency vibrations, the application of ultrasonic vibrations allows one to improve
the qualitative characteristics of the process: to reduce the surface roughness, and obtain a considerable increase of residual compression stresses in
the surface layer of articles. At impact hardening
(see Impact strength), the sound waves penetrate
into the metal, promoting favorable redistribution
of residual stresses, particularly in welded structures; the waves also reduce the stress concentration in the neighborhood of pores and microcracks
(see Crack), which results in an increase of corrosion fatigue resistance.
SURFACE SPECIFIC HEAT, surface heat
capacity

The main contribution to the speci c heat or
heat capacity of a solid is surface vibrations. This
contribution is proportional to the area of the solid
surface and therefore may be experimentally determined only in the case of very small particles
of a solid, when surface atoms account for an appreciable part of the total number of atoms of the
solid. Since the energy spectrum of surface vibrations is, as a rule, shifted in frequency toward
lower energies in comparison with spectrum of
bulk vibrations, the surface speciﬁc heat is positive and observable only at fairly low temperatures. The computations of surface speciﬁc heat
in the context of various models at low temperature lead to a quadratic form for the temperature
dependence of this speciﬁc heat, in contrast to the
cubic temperature dependence of a bulk solid. This
quadratic temperature dependence of surface speciﬁc heat is, on the whole, qualitatively conﬁrmed
by experiments, yet quantitative experimental data
exceed the theoretically predicted values by several fold. This discrepancy between theory and experiment is, presumably, related to the fact that
the theory fails to account for a number of factors,
such as surface roughness, stacking faults, contribution of the conduction electrons to the speciﬁc
heat of small metallic particles, etc.

SURFACE STATES
States of quasi-particles of a solid, which are

localized near its boundary with the vacuum, or
other medium, and in the neighborhood of internal phase boundaries or grain contact interfaces.
Surface states are characterized by particular values of energy and quasi-momentum (complex or
purely imaginary), which preclude the possibility
of the free propagation of quasi-particles in each
direction from the surface, and thus are forbidden for corresponding volume quasi-particles. The
most extensively studied surface states are surface
electron states, surface phonons, magnons, excitons, plasmons, polarons, etc. (see Surface quasiparticles). Detecting and identifying surface states,
determining their energetic, spatial, and dynamic
characteristics provide important information on
surface properties of both the electronic subsystem and the crystal matrix.
SURFACE STATES, MAGNETIC
See Magnetic surface states and Magnetic surface levels.
SURFACE STEPS
See Atomic steps.
SURFACE SUPERCONDUCTIVITY
The phenomenon of initiating superconductivity in the neighborhood of a metal surface, in a layer
which is about one coherence length in thickness

(ξ ∼ 10−5 cm); the initiation of superconductivity
at the surface takes place under conditions of disruption of the superconductivity in the bulk of the
sample by a strong magnetic ﬁeld. Surface superconductivity is realized either in type II superconductors in the interval of ﬁelds which are parallel
to the surface, and range from Bc2 to Bc3 , where
Bc2 is the upper critical eld and Bc3 = 1.69Bc2 is
the third critical eld, or in type I superconductors,
whose Ginzburg–Landau parameter κ ranges from
0.42 to 0.707, over the magnetic ﬁeld interval between Bc and 1.69Bl , where Bc is the thermodynamic critical magnetic eld, and Bl is the ﬁeld of
superconductor supercooling. Experimentally the
indicator of surface superconductivity is the vanishing of the resistance in strong ﬁelds, in which
the Meissner effect does not yet take place.
The initial picture of surface superconductivity, as predicted by Saint-James and de Gennes
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(1963), is related to nonsingular onset of an order parameter in the proximity of the surface in
the form of a laminar current layer j (z); the total
 ∞current parallel to the surface is equal to zero:
0 j dz = 0. At a later time, however, it was
shown (I.O. Kulik, 1968) that this state corresponds only to the case of a ﬁeld, which is exactly parallel to the surface, whereas under actual
conditions the ﬁeld always exhibits a ﬁnite deviation from parallelism (however small it may be),
and the uniform state is unstable and gives way to
a pattern of inclined vortices (see Vortex lattices
in superconductors). The surface superconducting
layer may carry a ﬁnite current only in the case
when the inclined vortices are held ﬁxed or pinned
(Vortex pinning) at defects and inhomogeneities of
the surface. This pattern of surface superconduction is conﬁrmed by the sharp dependence of the
current-carrying capacity of the surface layer (i.e.
its critical ﬁeld) on the nature of surface treatment.

and the main vectors of an unrestructured surface
a 0 , b0 :
 
  
a0
a
m11 m12
;
=
m21 m22
b0
b
e.g., these matrix elements for the preceding examples are m11 = m, m22 = n, m12 = m21 = 0.
The designation of adsorptive surface superlattice
must include the speciﬁcation of the adsorbate; if
the unit cell is rotated by an angle ϕ with respect to
the unit cell of the substrate surface then (m × n)
in the designation of the
is followed by
√ superlattice
√
Rϕ, e.g., Ge(111)–( 3 × 3)R30◦ Pb. According to another type of notation, the designation of
a surface superlattice begins with a speciﬁcation
of the adsorbate, which is followed by the description of the substrate, e.g., p(2 × 2)S/Ni (100) (see
Atomic order on a crystal surface).
SURFACES, VICINAL
See Vicinal surfaces.

SURFACE SUPERLATTICE

SURFACE TENSION

Type of ordered arrangement of surface atoms
(ions, molecules), which is different from their
arrangement in bulk planes of atoms parallel to
the surface planes of the crystal. For the purposes
of designation of a surface superlattice or superstructure, the following form of nomenclature is
accepted: [name of crystal, Miller indices of crystal face, (m × n)] (the numbers m and n indicate
how many times the lattice constants of the superlattice are greater than the corresponding constants in the bulk crystal), e.g., Si (111)–(2 × 1).
The ordered distribution of surface electron density (charge density waves, spin density waves,
not accompanied by corresponding displacement
of atomic nuclei) is designated in a similar manner. When the unit cell of a surface superlattice is
a primitive one (occupied sites are located at its
corners, and not inside it), then (m × n) can be
preﬁxed with the letter p, e.g., Si (100)–p(2 × 2).
If the surface unit cell under consideration is centered, then (m × n) can be preﬁxed with the letter c, e.g., LaB6 (110)–c(2 × 2).
The most general nomenclature of surface superlattices uses the following matrix which relates the main surface superstructure vectors a, b

The work necessary for the isothermal generation of a surface of unit area. An equivalent
deﬁnition may be given as “the speciﬁc free energy of the surface layer of a liquid (solid), which
is contiguous to its saturated vapor”. An analogous quantity characterizes the interfacial surface
tension at the boundary between two condensed
phases. The surface tension coefﬁcient γ is the
force which acts in the surface layer of a condensed phase along a tangent to the surface of the
phase along each unit of length of a line drawn
in the surface. The coefﬁcient γ has dimensionality J/m2 or N/m. For various liquids, the order
of γ ranges from 10−1 to 103 mJ/m2 . Examples
of values of γ for several materials are: helium (at
−270 ◦ C) 0.35, ethanol (20 ◦ C) 22, water (20 ◦ C)
73, mercury (20 ◦ C) 485, osmium (2700 ◦ C) 2500.
Surface tension decreases with an increase of the
temperature, and it vanishes at the critical temperature. Static methods of investigation are based
on the theory of capillarity (see Capillary phenomena). There exist methods in which the value of
the surface tension is determined from the maximum pressure of bubbles and drops, which are
separated from a capillary tube; certain techniques
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deduce γ from the height of capillary rise of a liquid, the weight of a separating drop, the separation
of the curvature circle. Values of the surface tension of solids are often found using the zero-creep
method, which is based on determining the magnitude of a load which, when applied (in combination with surface tension forces), does not change
the surface area of the object under investigation.
The value of surface tension at the boundary
between a conducting phase and an electrolyte has
a pronounced dependence on the potential jump
at this boundary (see Electrocapillary phenomena).
Surface tension may be considerably decreased
by the presence of surface-active impurities (see
Surface-active agents). In thin layers (∼10−7 m),
surface tension exhibits a nonmonotonic dependence on the layer thickness.
SURFACE TREATMENT
Exposure of the surface layer of a solid to var-

ious kinds of physicochemical treatment, which
results in modiﬁcation of its structure, composition, free energy; upgrading the surface layer
can improve the overall performance of a device. Mechanical, thermal and chemical kinds of
surface treatment are recognized; there exist also
combinations of these three types (chemical heat
treatment, mechanochemical heat treatment, etc.).
Mechanical surface treatment is based on modifying the content of structural defects in the surface layer; this may be achieved either by the
removal of impaired layers and the creation of
a certain surface topography (abrading, honing,
etc.), or by plastic deformation: surface cold working, which is achieved, e.g., through shot blasting. The process of surface strain hardening brings
about an increase of yield limit, hardness, fatigue
resistance of the material and decrease of plasticity, impact strength and resistance to strain of the
opposite sign. The depths of peening range from
several hundreds of micrometers (shot peening)
to tens of millimeters (impact caulking). Thermal surface treatment involves structural transformations, which take place in surface layers of
the material under special heating conditions. The
methods of thermal surface treatment include surface hardening, annealing out of defects, amorphization; these techniques are carried out through
the agency of rapid radio-frequency, gas ﬂame,

electron-beam and ion-beam surface heating, as
well as heating by intense ﬂuxes of laser and ordinary optical radiation. Surface hardening attains
high hardness of the surface layer with retention
of softness and viscosity of the core of a steel article. Properties of the surface layer depend not only
on the temperature, but also on the heating rate,
duration of holding at the hardening temperature,
the state of the structure before hardening. The operating characteristics are also strongly inﬂuenced
by the degree of uniformity of hardening across
the whole width of the layer, and by characteristics of the gradual transformation of a hardened
layer into an unhardened core. Chemical surface
treatment is based on modiﬁcation of the chemical
composition of the surface layer and its properties,
which are limited by adsorption and chemisorption processes. The chemical treatment consists in
the preparation of coatings, which are intended for
protection and for consequent saturation (diffusion
in solid state, alloying at melting) of the surface
layer. Chemical surface treatment is performed
using methods of chemical and electrolysis precipitation, detonation application of coatings, etc.
The complex of various properties of surface layers allows one to employ combined techniques of
surface treatment. Most widely used among them
are: chemical heat surface treatment, which consists in diffusion saturation of the surface layer
with adsorbed atoms (borating, carburizing, nitriding, carbonitriding, chromonitriding, etc.); the
process involves generation of the diffusion zone,
which consists of solid solutions and chemical
compounds. Another popular method is chemical heat machining, whereby the properties of the
generated surface layers are enhanced through the
application of additional surface strain hardening
(see Plasma treatment, Ion-plasma treatment).
SURFACE WAVES

Waves that travel along the boundary between
two media (see Phase interface) or a medium and
a vacuum, and decay rather rapidly with distance
from the boundary. Most extensively studied are
surface electromagnetic waves in solids, surface
acoustic waves in solids, and magnetostatic waves
in ferromagnets.
Surface electromagnetic waves in plasmas and
magnetostatic waves (see Spin waves) in ferromagnets owe their existence to the fact that the
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high-frequency dielectric constant ε of a plasma
and the high-frequency magnetic permeability μ
of a ferromagnet may assume negative values over
certain frequency ranges. As a rule, these waves
are low-velocity ones, i.e. their phase and group
velocities are smaller than the corresponding velocities of bulk waves. The amplitude of surface
waves falls off as ∝ e−γ |x| (decay starts at the
phase boundary x = 0), and the depth of localization of the wave (∝ 1/γ ) is frequency-dependent.
Surface acoustic waves in isotropic solids are
characterized by a vector of particle displacement
that lies in the sagittal plane (the plane containing the normal to the boundary and the wave vector). The velocity of surface acoustic waves is
less than that of space waves (waves in the bulk
of the phase). The depth of localization of surface acoustic waves is of the order of a wavelength. Surface acousto-electric waves, which decay slightly away from the interface, may travel in
piezoelectric crystals; the existence of these waves
is due to the piezoelectric effect (see Piezoelectricity).
SURFACTANT
See Surface-active agents.
SUSCEPTIBILITY

A parameter expressing the response of a system to an external applied ﬁeld. For example, the
electric polarization (usually called simply polarization, i.e. dipole moment per unit volume) P
is related to an applied electric ﬁeld E through
the dielectric susceptibility κ = P /(ε0 E), and the
magnetization (magnetic polarization) M is related to the applied magnetic ﬁeld H = B/μ0
through the magnetic susceptibility χ = M/H .
These dimensionless susceptibilities are called
static susceptibilities; they are ratios of a value induced by the ﬁeld to the ﬁeld value itself. At sufﬁciently low ﬁelds χ does not depend on the ﬁeld
(linear response). At high ﬁelds the response becomes non-linear and χ does depend on the ﬁeld.
In this case a differential susceptibility is introduced (e.g., χ dif = dM/dH ). In anisotropic media (e.g., in crystals) the susceptibility is a tensor,
the static susceptibility is a symmetric second rank
tensor κij , χij , etc., so the magnetization and polarization depend both on the direction of the applied ﬁeld, and on the directions of the symmetry axes of the crystal. If the ﬁeld varies in time

and is non-uniform in space the susceptibility determines the non-local (retarding) connection between the response and the applied ﬁeld, for times
t  < t , e.g.,


Pα (r, t) = dr  dt  καβ (r, r  ; t, t  )Eβ (r  , t  ).
In a spatially uniform medium with properties
which do not depend on time, the susceptibility
tensor depends only on the differences (r − r  )
and (t − t  ). Then the Fourier-component of the
susceptibility χαβ (k, ω) which depends on the
wave vector k (space dispersion of χ ) and on
the frequency ω (time or frequency dispersion
of χ ) is often used as the susceptibility itself;
the connection between the Fourier-components
H (k, ω) and M(k, ω) is local: Mα (k, ω) =
χαβ (k, ω)Hβ (k, ω). Analogous expressions can
be written for the dielectric case κij . Unlike the
static case, the dynamic susceptibility can have
a complex value, and may contain symmetrical and antisymetrical parts. If the susceptibility has an antisymetrical part (e.g., κik = κki ),
the medium is called an optically active or gyrotropic medium. In an isotropic medium the susceptibility is a scalar. The imaginary part χ 
of the complex susceptibility χ = χ  + iχ  determines the energy dissipation in the medium;
and the real part χ  is the susceptibility introduced above. Sometimes χ  is called the dispersion part and χ  the absorption part. These
real and imaginary parts are connected by the
Kramers–Kronig relations. Onsager relations (see
Onsager theory) also provide some restrictions
on the components of the susceptibility tensors,
in particular, in the most common general case
(when a constant value of magnetic ux density
B 0 is present within the medium) the following
relation holds: κik (k, ω, B 0 ) = κki (−k, ω, −B 0 ).
In crystals with a space-periodic structure
the microscopic susceptibility is the matrix
καβ (k + g, k + g  , ω) in the space of the reciprocal lattice vectors g and g  . This must be taken
into account when considering the interaction with
solids of electromagnetic waves (or charged particles) with characteristic wavelengths of the order
or less than the period of the crystal lattice. However, in the long-wave approximation (see Crystal optics) it is possible to use a macroscopic susceptibility which has been averaged over a region
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considerably exceeding the volume of an elementary lattice cell, καβ (k, ω) ≡ καβ (k + 0, k + 0, ω),
which has the same meaning as the susceptibility
of a uniform medium.
At a phase transition the susceptibility has singularities near the transition point. At a r st-order
phase transition the susceptibility exhibits a ﬁnite
jump. At a second-order phase transition the type
of singularity of the susceptibility depends on the
character of the relationship between the external ﬁeld Gi and the order parameter η describing this transition. If there is an invariant quantity
η·Gi in the thermodynamic potential of the system,
then the susceptibility is called the critical susceptibility, and it diverges at the transition point;
χ ∼ τ −ν , where ν > 0 is a critical index, and τ
is the distance to the transition point. If the relationship between η and Gi has another form, then
the susceptibility is called a non-critical susceptibility. In the presence of the invariant η2 Gi the
susceptibility is subjected to a ﬁnite jump in the
transition point, and if the invariant is ηGi Gj or
η2 Gi Gj then the susceptibility is continuous but
has a slope discontinuity (cusp).
SUZUKI ATMOSPHERE (H. Suzuki, 1952)

A raised concentration of one of the elements
of an alloy at stacking faults. This is caused by a
difference in the crystalline structure of the stacking faults and the bulk metal. The equilibrium solubility of the doping elements (see Alloying) is not
the same for different lattices, hence the concentration of doping elements on stacking faults differs from the average in the alloy. Consequently,
the interaction of doping elements with stacking faults is of a chemical nature. This was predicted by Suzuki to explain the hardening of alloys with a face-centered cubic lattice in which
an elevated stacking fault density is present. The
latter is the main obstacle opposing the development of a plastic deformation. The formation of a
Suzuki atmosphere is accompanied by an increase
of stacking fault energy, which stimulates the increase of their linear dimensions, thereby inducing a hardening effect. There are no direct data
on the existence of Suzuki atmospheres, but experiments indicate that the formation of the atmosphere is associated with the observation of an

increase of stacking fault length due to either doping or low-temperature annealing. Chemical interaction forces (∼10 N/mm2 ) are an order of
magnitude smaller than the elastic forces inducing
the formation of Cottrell atmospheres. However,
in contrast to the latter, the former vary weakly
with the temperature, and it is because of this that
the chemical interaction forces conserve the effect of hardening up to higher temperatures. The
Suzuki atmosphere determines to a considerable
extent the mechanical behavior of alloys with facecentered lattices.
SWELLING by irradiation

An increase in the size of a material when it
is irradiated by high doses of fast neutrons. It is
characterized by a relative volume growth S =
(V − V0 )/V0 , where V0 is the initial and V is
the ﬁnal volume of a solid after irradiation. The
value of S may reach 20%. Swelling is a consequence of the formation of vacancy pores or
pores ﬁlled with chemically foreign atoms during
the irradiation, with diameters that may reach several hundreds of nanometers, and concentrations
up to 1016 cm−3 . The phenomenon of swelling is
clearly expressed in metals into which atoms of inert gases are introduced (either resulting from nuclear reactions or ion implantation) since the latter
feature a large positive dissolution energy (see Solubility). The nature of the swelling of an irradiated
crystal (isotropic swelling or elongation in one direction) depends on the type of lattice. For example, cubic materials swell in an isotropic manner.
Swelling is also commonly observed in polymers.
SWIHART WAVES in tunnel junctions
(J.C. Swihart, 1961)

Electromagnetic oscillations propagating
through a tunnel junction between two superconductors. Such a junction may be considered a
stripline, in which the wave velocity (the Swihart velocity) has the value cS = c[d/(εΛ)]1/2 ,
where c is the speed of light in vacuo, d is the
thickness of an insulating gap between the superconductors, ε is the relative dielectric constant,
Λ = λ1 + λ2 + d is the overall penetration depth
of magnetic eld into the superconductor tunnel
structure. A typical value of the Swihart velocity
is cS ≈ 109 cm/s. Interacting with the wave density of the Josephson current j = jc sin(ωt − kx)
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(see Josephson effects) through the junction, the
Swihart waves induce the appearance of certain
stepwise features in the respective current–voltage
characteristic (Fiske steps). Here the frequency ω
and wave number k are determined by the voltage
at the junction, and by the constant magnetic ﬁeld
applied to it.

SWITCHING
See Magnetic switching, Polarization switching.
SWITCH, SUPERCONDUCTING
See Superconducting switch and Superconducting group switch.
SYMMETRIZED FUNCTIONS

SWIRL DEFECTS

A generic name for impurity, precipitation and
segregation microdefects of growth with a swirl
pattern that occur in single crystal ingots of silicon, independent of their speciﬁc origin. Following the commonly accepted classiﬁcation one
may identify A-, B-, C- and D-types of such defects. The presence of microdefects of a particular type in a material depends on the conditions
of monocrystal growth. For example, the following microdefects were found to form in silicon
produced by a crucible-free technique: evenly distributed large microdefects of A-type at a concentration of N ∼ 103 cm−3 (crystal growth rates
V  1 mm/min); A- and B-type microdefects
with striated distribution, NA ∼ 106 –107 cm−3 ,
NB ∼ 107 –1010 cm−3 (V = 1–4.5 mm/min); localized areas of types C- and D-type microdefects, N ∼ 1011 –1012 cm−3 (V > 5 mm/min).
As to crucible-grown single crystals of silicon, the
rate of extraction controls the type of microdefects
that they acquire and, due to a different axial temperature gradient, the density of these defects appears to be half as high. The largest A- and B-type
microdefects exhibit a characteristic spiral distribution across the crystal cross-section, hence the
name “swirl-defects”. Studies have shown A-type
defects to be dislocation ensembles (see Dislocation), while B-type defects consist of particles of
a different phase, so that their formation is not
accompanied by dislocations. C- and D-type microdefects are mainly interstitial in nature (see Interstitial atoms) controlled by the inﬂuence of the
residual impurities oxygen and carbon. These elements apparently form the basis for such microdefects. It is only exceptionally pure crystals grown
at high rates that feature vacancy microdefects of
D-type.
SWITCH, HEAT
See Heat switch.

Functions arranged to form the basis of an irreducible representation of a symmetry group. Usually it is convenient to symmetrize some initial
function set beforehand using methods of group
theory. With this intention in mind the application
of group-theoretical rules can provide the needed
linear combinations of initial functions. The use
of symmetrized functions considerably simpliﬁes
calculations: providing the opportunity to identify
possible non-zero matrix elements, to decompose
secular equations, etc. Sometimes molecular orbital (see Linear combinations of atomic orbitals)
symmetrized wave functions are called group orbitals. Symmetric coordinates used in the theory
of vibrations, the Jahn–Teller effect, phase transitions, etc. are special cases of symmetrized functions.
SYMMETRY, AXIAL
See Axial symmetry.
SYMMETRY AXIS, axis of symmetry

An axis, rotation about which through a certain angle ϕ brings a physical body into coincidence with itself. If ϕ = 2π/n, where n is an integer, then the axis of symmetry is of nth order,
and it is denoted by Cn . For example, a regular pyramid with a regular n-sided polygon as its
base possesses an nth order symmetry axis that
passes through the vertex, and is normal to the
basal plane. A cube has three types of symmetry
axes: three C4 axes which pass through the centers of opposite faces, four C3 axes which coincide with the diagonals, and six C2 axes that pass
through the midpoints of opposite edges.
SYMMETRY AXIS, ROTATIONAL
See Rotation symmetry axis.
SYMMETRY BREAKING
See Spontaneous symmetry breaking.

SYNERGISM

SYMMETRY CENTER
See Center of symmetry.
SYMMETRY CLASSES
The same as Crystal classes.
SYMMETRY GROUP

A group whose elements are symmetry operations (e.g., rotation, reﬂection, inverson) of a system (e.g., molecule, crystal lattice, Hamiltonian)
(see Group theory, Crystal symmetry).
See also Point groups of symmetry, Colored
symmetry group, Defect symmetry group, Limiting symmetry groups, Local symmetry group,
Magnetic symmetry group, Continuous symmetry
transformation group.
SYMMETRY, LOCAL
See Local symmetry, Local symmetry group.
SYMMETRY OF CRYSTALS
See Crystal symmetry.
SYMMETRY PLANE, re ection plane, mirror
plane

A ﬁnite symmetry element, designated by m
(mirror reﬂection), the symmetry operation involving the replacement of an object by its reﬂection in a plane (by its mirror image). Symmetry planes bisect all straight lines perpendicular
to them that connect symmetrical (symmetrically
identical) points of the mirror images.
SYNCHROTRON

A machine that accelerates charged particles in
circular orbits, often at relativistic speeds.
SYNCHROTRON RADIATION, synchrotron
emission

Electromagnetic radiation excited by deceleration of relativistic charged particles. The sources
of synchrotron emission are mainly electrons (or
other charged particles) in uniform circular motion established by electron accelerators and storage rings. Synchrotron emission was predicted by
A. Schott (1912) and then observed in a synchrotron electron accelerator, hence its name “synchrotron radiation”.
Applications of synchrotron radiation in solid
state physics are growing because of its following
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properties which make it preferable to electromagnetic radiation from other sources:
(1) high intensity in a wide spectral range (most
useful is the vacuum UV range where the
synchrotron emission intensity is comparable
with that of sources with discrete spectra, and
the X-ray range where the synchrotron intensity exceeds that of the most powerful X-ray
tubes by several orders of magnitude);
(2) a continuous spectrum;
(3) high and well established degree of polarization;
(4) high degree of directionality as a result of
which the synchrotron emission intensity decreases inversely proportional to distance;
(5) the possibility of forming ultrashort pulses of
duration down to 10−11 s;
(6) high vacuum in the source which is essential
for examining solid surfaces.
With the help of synchrotron radiation spectral
optical constants can be determined with high accuracy (reﬂection and absorption coefﬁcients, dielectric constants with their real and imaginary
parts), and also the spectrum of luminescence excitation and electron emission in the vacuum UV
and X-ray ranges. Using a technique based on the
angular dependence of photoelectron emission the
detailed band and electronic structure of surface
electron states (including impurity) of a number
of metals and semiconductors were determined.
With the help of the ne structure of X-ray absorption spectra, the geometric structure of crystalline and noncrystalline solids, polymers, and
biologically active macromolecules, as well as
the details of phase transitions and photoinduced
changes, have been studied. At this high level of
X-ray intensity, including the dependence on the
time (resolution up to 1 ns) and photon energy,
X-radiography, X-ray topography, and X-ray microscopy are developing. The X-ray lithography of
semiconductors using synchrotron radiation is of
great practical value.
SYNERGISM (term introduced by H. Haken in the
early 1970s)

The ﬁeld of science that studies general regularities in processes of self-organization in various
(physical, chemical, biological, etc.) nonequilibrium systems comprising, ordinarily, great num-
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bers of objects (atoms, molecules, more complex
subsystems), with their collective behavior giving rise to the formation of macroscopic spatial
or temporal structures or systems. From another
viewpoint, synergism (synergetics) concerns an
interaction of elements when their combined effect exceeds the sum of their individual effects.
Synergism effects are observed in open dissipative systems: space–time dissipative structures
develop as a result of instabilities due to external
energy sources exceeding threshold values. The
spontaneous origin of structures is considered in
the synergism rationale as a nonequilibrium order–
disorder phase transition. The analogy to equilibrium critical phenomena deﬁnes the terminology
of synergism: static space–time correlation, order
parameter, etc. The mathematical formulation of
synergism uses nonlinear systems of equations for
system order parameters. Many problems of solid
state physics associated with synergetic effects are
deﬁned in terms of particle creation and annihilation processes (electrons, phonons, etc.), and are
expressed in terms of probabilities of transitions
from one state to the other. The relevant stochastic deﬁnition determines not only the changes of
large-scale order parameters with time, but also
uctuations of these parameters.
Examples of synergetic effects in solid state
physics are:
(1) The formation of a coherent electromagnetic
wave in a laser (time correlation of acts of induced radiation). The effect depends critically
on the pumping power, order parameter, electric ﬁeld intensity.
(2) The formation of an electric ﬁeld structure in
a semiconductor due to the Gunn effect.
(3) The statistically effective clustering of defects
produced by radiation (see Radiation physics).
(4) The formation of structures on a solid surface
under exposure to laser radiation.
SYNGONY (fr. Gr. σ υν , together, and γ oνια ,
angle)

Crystallographic term synonymous with crystal family or crystal system, and commonly used
in the Russian literature. There are four families
in two dimensions (oblique, rectangular, square
and hexagonal), and six families in three dimensions (triclinic, monoclinic, orthorhombic, tetrag-

onal, hexagonal, and cubic). Trigonal, which is
classiﬁed here under hexagonal, is often considered as a separate seventh syngony. See Crystal
system.
SYNTHETIC MONOCRYSTALS
Artiﬁcially grown crystals of elements or

chemical compounds of needed sizes or quality.
Synthetic monocrystals of elements, various alloys, inorganic, organic and complex compounds
are distinguished by special features pertaining to
particular atomic, ionic or molecular structures.
Programmed doping can provide crystals with predetermined types, distributions and numbers of
defects (impurities (donors, acceptors), dislocations, etc.) to control a particular property (or
set of properties). Monocrystals are grown from
melts, solutions in melts (spontaneously and using a seed), aqueous and nonaqueous solutions at
standard pressure p and temperature T , using hydrosolvothermal methods at elevated p and T (up
to essentially supercritical values); from vaporgas phase using sublimation, chemical transport,
thermal or photoinduced (including resonance absorption) disproportionation of vapors of elementorganic compounds, and many other methods (see
Monocrystal growth).
Semiconducting synthetic crystals are basic
materials for practically all devices of modern microelectronics, including integrated optics.
These crystals are often used in the form of epitaxial ﬁlms with monocrystalline structure. The
ﬁlms are obtained through various epitaxy methods (liquid state, gaseous phase, molecular-beam,
etc., on various substrates) from the same material (autoepitaxy) or from different materials (heteroepitaxy).
Synthetic monocrystals of metals exhibit enhanced plasticity to ensure large drawing depth
and intricate shape of items produced from them.
Heterodesmic crystals (with two or more types
of bonding) and ionic crystals include quartz
(piezoelectric, optical, silicon glass). Available
monocrystals are semiconductor materials, active solid-state laser materials, electrooptic materials and nonlinear-optical crystals, pyroelectric
materials, acousto-optical materials (see Acoustooptics), optical materials (alkali halides), gems
(emerald, amethyst, ruby), doubly refracting materials (see Birefringence), superhard materials,
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magnetic materials, molecular crystals. Growing
synthetic monocrystals requires especially pure
raw materials (often of standardized grades) and
precise technological equipment that provides reliable operation during long continuous cycles (up
to 1.5 years for optical quartz). Here, observance
of strictly speciﬁed process parameters is mandatory, e.g., the pressure interval is from 10−8 Pa

for molecular-beam epitaxy to many GPa to synthesize superhard crystals; temperatures are up to
3000 K, held constant with all attainable precision.
SYSTEM OF UNITS
See Units of physical quantities.
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Tt
unﬁlled 3d n electronic shell (2  n  8) in a crystal ﬁeld of cubic symmetry (see Crystal e ld).
The energies of the terms 2s+1 Γ with multiplicity
2s + 1 classiﬁed in respect to irreducible representations Γ of symmetry point group Oh are calculated in the framework of a single-conﬁguration
approach which takes into account the interelectron Coulomb interaction and the interactions of
3d-electrons with the crystal ﬁeld whose value is
characterized by the 3d-state splitting parameter
10Dq. The energy of terms measured in units of
the Racah parameter B is plotted against the ratio Dq/B, keeping constant the ratio of Racah
parameters C/B of the interelectron interaction.
The energy is reckoned from the principal state;
the break point at the curves of Tanabe–Sugano
diagrams responds to a change of the latter, i.e.
the transition of the ion from the high-spin state
to low-spin state as the crystal ﬁeld strength increases. The Tanabe–Sugano diagrams are used
for data processing involving optical measurements aimed at determining the nature of broad
bands and narrow lines in the spectra of transition
metal ions in crystals.

TAMM LEVELS (I.Ye. Tamm, 1932)
Energy levels related to surface electron states

localized near the interface between media under
the condition of conserved translational symmetry along this interface. The quantum number that
denotes the Tamm levels is a component of the
electron quasi-momentum k which is parallel to
the interface. The necessary condition for the formation of Tamm levels is their simultaneous entering the energy bands of both adjacent media which
are forbidden for electrons with the same k . This
means, physically, that there emerges a wave with
certain values of the energy which propagates exclusively along the surface as a result of Bragg
reﬂections. The energy spectrum of the Tamm
levels is determined from the condition of an exponential decay of solutions of the Schrödinger equation for electrons with increasing distance from
the surface. The Tamm levels are concentrated in
the energy region near the absolute and relative
gaps of the two-dimensional surface band structure. In the latter case, if a Tamm level occurs in
the quasi-continuous spectral range then the wave
function contains an admixture of non-decaying
states which are called Tamm resonances; they can
exist even in the range of the continuous spectrum,
higher than the vacuum level. Surface reconstruction and surface relaxation can lead to the shifting,
splitting, and disappearance of the Tamm levels.
The observation of Tamm levels is possible in a
high vacuum with the aid of photoelectron spectroscopy in the X-ray and UV ranges, the elastic
reﬂection of electron, atom, and ion beams from
the surface, and so on.

TANGENTIAL STRESS INTENSITY

A value equal to the square root of the second
invariant of the stress deviator σik (see Elasticity
theory invariants):
1/2

T = l2 Dev(σ )
 1/2
1
=
(σ11 − σ22 )2 + (σ22 − σ33 )2
6
 2
2 + σ 2  1/2 .
+ (σ11 − σ33 )2 + 6 σ12
+ σ23
13

TANABE–SUGANO DIAGRAMS (Y. Tanabe,
S. Sugano, 1954)

It is proportional to the tangential stress t in the
plane equally inclined to the principal axes of
stress tensor (octahedral plane): t = (2/3)1/2 T .

Diagrams which determine the positions of the
energy levels of ions of the iron group with an
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TANTALUM

TANTALUM, Ta

A chemical element of Group V of the periodic
system with atomic number 73 and atomic mass
180.9479. Natural tantalum has one stable isotope
181 Ta and one radioactive isotope 180 Ta with halflife 1012 years; 15 radioactive isotopes have been
obtained artiﬁcially. Outer shell electronic conﬁguration is 4f 14 5d 3 6s 2 . Successive ionization
energies are 7.7, 16.2 and 30.5 eV. Atomic radius is 0.146 nm; radius of Ta5+ ion is 0.068 nm.
Oxidation states are −1, +1, +2, +3, +4. Electronegativity is ≈1.68.
Compact tantalum is a metal of steel-gray
color. It has a body-centered cubic lattice with parameter a = 0.33025 nm. Density is 16.65 g/cm3
at 293 K; Tmelting = 3269 K, Tboiling = 5573 K.
Heat of melting is 28.89 kJ/mole, heat of evaporation is 7.54 kJ/mole; speciﬁc heat is 0.1391
kJ·kg−1 ·K−1 (at 273 K), 0.14084 kJ·kg−1 ·K−1
(at 373 K); coefﬁcient of thermal conductivity is
54.428 W·m−1 ·K−1 (at 293 K); temperature coefﬁcient of linear expansion is 6.55·10−6 K−1 (at
273 to 373 K). Electrical resistivity is 0.124 μ·m
(at 291 K), 0.54 μ·m (at 1273 K), 0.87 μ·m
(at 2273 K). Hardness is 0.882 GPa at purity
99.95%; hardness after electron-beam or zone
melting is 0.686 to 0.882 GPa, at 1473 K hardness is 0.196 GPa. Ultimate strength of high purity
tantalum is 0.186 to 0.225 GPa; yield limit is
0.184 GPa, relative elongation is 36 to 38%; relative constriction of the cross-section is around
90%. Depending on the impurity content the ultimate strength reaches 1.235 GPa. With increasing temperature ultimate strength is reduced to
0.049 GPa (at 1823 K) and to 0.035 GPa (at
2253 K). Adiabatic elastic moduli of tantalum are
c11 = 266.04, c12 = 160.98, c44 = 82.47 (GPa)
at 298 K. Elastic modulus is 186.2 GPa; shear
modulus is 68.6 GPa. Transition from plastic state
to brittle state does not occur until the temperature 23 K. Recrystallization temperature is 1323
to 1773 K depending on purity and on degree of
deformation. Electronic work function is 4.1 eV.
Tantalum is paramagnetic with magnetic susceptibility 0.849·10−6 (at 298 K). Superconducting
transition temperature Tc is 4.38 K. Cross-section
for trapping thermal neutrons is 21.3 barn/atom.
Due to its exceptional corrosion resistance tantalum is used for manufacturing chemical apparatus (heat exchangers, heaters, pipelines, reactors,

etc.). Electrical capacitors of tantalum have very
small dimensions and considerable capacitance
values (see Tantalum alloys).
TANTALUM ALLOYS
Alloys based on tantalum (Ta). These alloys are

usually prepared for the purpose of obtaining an
increase in strength, in particular high-temperature
strength, and corrosion resistance. Solid-solution
hardening of Ta is achieved by alloying it with
tungsten, molybdenum and rhenium. Additions of
zirconium and hafnium together with carbon and
other interstitial elements bring about precipitation hardening (see Precipitation-hardened materials). Also it undergoes combined hardening by
several elements, as a result of which the ultimate
strength of 740 MPa is attained (approximately
3 times higher than for unalloyed Ta), and its plasticity is reached at 196 ◦ C. In order to increase
its corrosion resistance Ta is doped with titanium,
aluminum, chromium and beryllium. Tantalum alloys have a low thermal expansion coefﬁcient, low
elasticity of vapors, considerable acid resistance.
These alloys are obtained by the method of powder
metallurgy and melting in vacuo. Cold deformation substantially increases the alloy strength. Tantalum alloys in the form of ribbons, sheets, wire,
etc., are used in electronic engineering, for manufacturing chemical equipment, and also in rocket
engineering.
TEAR

See Fissures.
TECHNETIUM, Tc; obsolete name Masurium, Ma

A radioactive element of Group VII of periodic system with atomic number 43 and atomic
mass 97.9072. There are no stable isotopes; 21 isotopes are known with mass numbers ranging from
90 to 110, and with half-life periods from 0.8 s to
4.2·106 years. No “primary” technetium is found
in nature. Approximately 2.5·10−13 g of the isotope 99m Tc with half-life 2.12·105 years is contained in 1 g of uranium pitchblende ore. Outer
shell electronic conﬁguration is 4d 5 5s 2 . Successive ionization energies are 7.28, 15.26, 31.9 eV.
Atomic radius is 0.136 nm, Tc7+ ion radius is
0.056 nm, of Tc4+ ion radius is 0.064 nm. Oxidation state is +7, +3, +2, −1, less often +6,
+5, +4. Electronegativity is ≈1.54.
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Technetium is a silvery-gray metal with a
brown shade, slowly becoming dim in air. It has
a hexagonal close-packed crystal lattice, space
4 ), with parameters a =
group P 63 /mmc (D6h
0.2740 nm, c = 0.4398 nm at room temperature. In thin (less than 15.0 nm) ﬁlms technetium has a face-centered cubic lattice, space
group F m3̄m (Oh5 ), with parameter a = 0.368 nm.
Density is 11.371 g/cm3 at 298 K; Tmelting =
2445 K, Tboiling ≈ 5010 K. Heat of melting is
≈22 kJ/mole, heat of evaporation is 502 kJ/mole;
speciﬁc heat is 0.243 kJ·kg−1 ·K−1 ; Debye temperature is ≈435 K; thermal conductivity coefﬁcient is 50.2 W·m−1 ·K−1 . Adiabatic elastic
moduli of technetium monocrystal: c11 ≈ 437.36,
c12 ≈ 212.91, c13 ≈ 159.2, c33 ≈ 572.02, c44 ≈
115.83 (in GPa) at 298 K and zero external pressure. Bulk modulus of polycrystalline technetium
in temperature range 4.2 to 298 K varies within the
limits 303 to 278 GPa, Young’s modulus from 327
to 318 GPa, shear modulus from 124 to 122 GPa,
Poisson ratio from 0.320 to 0.309, velocities of
longitudinal and transverse elastic vibrations propagation respectively from 6410 to 6220 m/s and
from 3300 to 3270 m/s. Coefﬁcient of linear
low-temperature electronic speciﬁc heat is 4.84 to
6.28 mJ·mole−1 ·K−2 ; speciﬁc resistivity of technetium polycrystal in temperature range 295 to
373 K varies from 140 to 690 n·m. Work function of technetium polycrystal is 5.3 eV. Superconducting critical temperature is 7.8 K; critical
magnetic ﬁeld is 141 mT (0 K). Technetium is
paramagnetic with molar magnetic susceptibility
+268·10−6 CGS units (at 298 K). Technetium
possesses high corrosion resistance, therefore it
is prospective for corrosion protection of cooling
ducts of nuclear reactors. It is used as a component of catalysts, and also for β-radiography, for
strength determination of paper, tissues and other
products from light materials; for gas ionization
in gas discharge installations as a standard radiation source. 99m Tc isotope with t1/2 = 6.04 h is
effectively used in preparations for radio-isotope
medical diagnostics as a source of γ -radiation
with low, measurable dose; it is not toxic, but accumulates rapidly in the human organism, and after
radioactive transformation it is completely eliminated by physiological processes.

Representative sketch of telegraph noise current: (a) with
superimposed random noise, and (b) after removing the
latter.

TELEGRAPH NOISE, breakdown noise,
explosion noise
Speciﬁc uctuations of current observed in
some solid-state devices, such as diodes and transistors at semiconductor junctions, tunnel diodes,
and composition resistors. In a simple case tele-

graph noise is displayed as a bistable electronic
signal of a step form and constant amplitude, but
with randomly distributed time intervals between
the steps, i.e. it resembles a random telegraph signal (see Fig.) If telegraph noise is ampliﬁed and
reproduced through a loudspeaker, it reminds a
person of the snaps of bursting corn grains, hence
its name popcorn noise. Several known causes of
telegraph noise are: random turning on and off of
the surface current channel in a p–n junction, motion of dislocations through a p–n junction and,
possibly, the presence of a defect of the metal
sediment type in the region of the junction. Clariﬁcation of the nature of telegraph noise helps to
improve the technology of semiconductor device
manufacturing.
TELLURIUM (Lat. tellus, telluris, the earth), Te

A chemical element of Group VI of the periodic system with atomic number 52 and atomic
mass 127.60. Natural tellurium is a mixture of
eight stable isotopes with mass numbers 120, 122
to 126, 128, 130. Outer shell electronic conﬁguration is 4d 10 5s 2 5p4 . Successive ionization energies are 9.01, 18.8, 31.0, 38.0, 66.0, 83.0 eV.
Atomic radius is 0.144 nm; radius of Te2− ion
is 0.224 nm, of Te4+ ion 0.070 nm, of Te6+ ion
0.056 nm. Oxidation state is −2, +4, +6. Electronegativity is 2.05.
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Massive tellurium is a glistening silvery-gray
substance with metallic luster. It has a hexagonal crystal lattice with parameters a = 0.4457 nm,
c = 0.5929 nm. Density is 6.22 g/cm3 (at 293 K);
Tmelting = 722.6 K, Tboiling = 1263 K. The
“amorphous” modiﬁcation of tellurium (darkbrown powder), transforms irreversibly into the
crystalline state upon heating. Heat of melting is
134.4 kJ/kg, heat of evaporation is 449.4 kJ/kg;
speciﬁc heat is 0.2010 kJ·kg−1 ·K−1 (at 298 K);
coefﬁcient of thermal conductivity is 5.86
W·m−1 ·K−1 (at 293 K); temperature coefﬁcient
of linear expansion of polycrystalline tellurium
is ≈ 16.5·10−6 K−1 Adiabatic elastic moduli of
tellurium of trigonal space group P 31 21 (D34 )
with unit cell parameters a = 0.4495 nm, b =
0.374 nm, c = 0.5912 nm, d = 0.286 nm and
with angle α = 102.6◦ are c11 = 32.8; c12 = 8.6;
c44 = 31.4; c13 = 25.0; c33 = 72.2; c14 = 12.3
(in GPa). Mohs hardness is 2.0 to 2.5; average
microhardness is 0.568 GPa. Modulus of normal
elasticity is 41.16 GPa. Monocrystals of tellurium
oriented along (0001) undergo brittle failure at the
stress 0.137 GPa.
Tellurium is a semiconductor with the band
gap width 0.34 eV. Electrical conductivity of tellurium depends on its purity and on the degree
of crystal perfection; in the purest samples it
is ∼2 (·m)−1 with the mobility of electrons
0.1700, and of holes 0.1200 m2 ·V−1 ·s−1 . During
the course of melting tellurium transforms to the
metallic state. Tellurium is diamagnetic with speciﬁc magnetic susceptibility −0.3·10−6 cm3 /g.
Compounds of tellurium with metals are used in
the television tubes, in dosimeters, in radiation
counters, etc. In metallurgy tellurium serves as the
alloying addition to lead for improving its mechanical properties.
TEMPERATURE

A physical (thermodynamic) quantity which
characterizes the equilibrium state of a macroscopic thermodynamic system. The temperature
can be regarded as a measure of the energy contained in a body: the higher the temperature, the
greater its energy. It is the same and positive in
all parts of an isolated system in an equilibrium
state. If the system is not in equilibrium, then
heat transport takes place, in accordance with the

second law of thermodynamics, from regions at
higher temperature to regions at lower temperature (the temperature decreases in the former and
rises in the latter regions) until the system equilibrates at a ﬁnal intermediate uniform temperature.
In the general form, the temperature can be determined as the inverse value of the derivative
of the material entropy S with respect to its energy: 1/T = dS/dE (at constant volume). This
expression for T , called the absolute temperature or thermodynamic temperature, can take on
values from zero (absolute zero of temperature)
to inﬁnity. It is possible to construct an absolute
temperature scale if a certain empirical parameter
τ (T ) with an unambiguous relationship with T is
known. Within the accuracy of an arbitrary factor
that determines the scale, such a construction is
carried out with the help of the equation
(∂V /∂τ )p
d ln T
,
=−
dτ
(∂Q/∂p)τ
where the experimentally observable quantities on
the right-hand side are as follows: (∂V /∂τ )p is
the volume variation of the dependence of τ under
constant pressure p; (∂Q/∂p)τ is the amount of
heat transferred to the body when varying p while
keeping τ , and therefore T , constant.
Temperature is usually expressed in terms of
the convenient and historically accepted scales of
Celsius or Kelvin degrees, ◦ C or K. In the international absolute thermodynamic scale (Kelvin
scale) absolute zero is taken as zero, and the
temperature of the triple point of water is accepted to be exactly 273.16 K. To convert into
energy values, the temperature is multiplied by the
Boltzmann constant kB = 1.3807·10−16 erg/K =
1.3807·10−23 J/K. The commonly used Celsius
scale (centigrade scale) where the temperature is
designated as ◦ C, sets the ice melting point at
0 ◦ C, and 100 ◦ C corresponds to the boiling point
of water under normal pressure. In this scale, TC =
TK − 273.16, with equal increments: 1 ◦ C =
1 K. Old-fashioned scales are the Réaumur scale
with TR = 0.8TC , and the Fahrenheit scale TF =
32 + (9/5)TC .
In statistical physics the absolute temperature
determines the ﬁlling of energy levels εi through
the Boltzmann factor exp[−εi /(kB T )] (see Gibbs
distribution, Boltzmann distribution); the greater the
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energy, the less the ﬁlling. In classical physics
(valid for solids at high temperatures) the absolute
temperature is directly proportional to the mean
kinetic energy of the atoms of the solid. In fact,
the temperature is only deﬁned for systems in
a completely equilibrium state. Nevertheless, in
many cases the concept of temperature can be used
under incomplete equilibrium (quasi-equilibrium
states). So, if the time for establishing equilibrium
inside a subsystem is signiﬁcantly less than that
for equilibrating the temperature between the subsystems (even inside the same body) then one can
speak about the individual temperature of each of
these subsystems during ﬁnite durations of time
(times much less than that needed for establishing
equilibrium between the subsystems). It is in this
sense that the concepts of electron temperature,
phonon temperature, magnon temperature, spin
temperature, and impurity temperature are used.
For systems with discrete energy levels (e.g., for
impurity centers in a crystal), there is a probability that for a sufﬁciently long time the population
of levels with greater energy would exceed the
population of lower energy levels. Such quasistationary states are described with the help of the
concept of negative temperature. In the sense indicated above, a negative temperature is higher
than a positive temperature, since the lower its
absolute value, the greater the inverse population
(the positive and negative temperature scales meet
at T = ±∞). Systems with negative temperatures
(e.g., spin systems) are the basis for quantum
generators, oscillators and ampliﬁers (see Laser,
Maser, Quantum ampli er).
TEMPERATURE CONDITIONS OF PLASTIC
DEFORMATION
Plastic deformation and pressure treatment of

crystalline materials including regions of hot,
warm, and cold strain. The positions of these regions depend on the nature of interatomic bonds
and the type of structure; this is determined using
the characteristic temperature scale with parameter α = U/(kB Tmelting ) where U is the activation
energy of the dislocation motion, and Tmelting is
the melting temperature (see Fig.).
Hot deformation of a material is carried out
at a temperature above its recrystallization temperature TR (region I), thus bringing about the

Temperature dependence of various regions of deformation of crystalline materials: I, II and III are regions of
hot, warm and cold deformation, respectively; T ∗ is the
characteristic deformation temperature; TR is the recrystallization temperature.

formation of an equiaxial grain structure free of
dislocations and internal stresses. Recrystallization can occur both directly during the process
of shape variation (dynamic recrystallization) and
during material heating between reductions (static recrystallization). The boundary between the
regions of warm and cold deformation is the characteristic temperature
of deformation T ∗ . In this
√
∗
case T ≈ 0.22 α as shown by the data plotted in the ﬁgure. The value T ∗ can be deﬁned as
the temperature of the sharp growth of the yield
limit and the hardness for decreasing temperature.
A warm deformation occurs in the temperature
range T ∗ < T < TR (region II). In this region
there is a nonequiaxial elongation in the stretching force direction, and grain structure is formed;
inside the grains there is a cellular, dislocation
permeated, and fragmented structure (see Cellular
structure, Fragmentation) forms. The level of internal stresses rises as the degree of deformation
grows up to a certain value; then this stabilizes
or even reduces a little. A cold deformation takes
place at temperatures T < T ∗ (region III). As in
the case of the warm deformation, a nonequiax-
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ial grain structure is formed, however, inside the
grains a cellular structure does not form, although
a high density of randomly distributed dislocations
is observed. The internal stresses grow rapidly
and monotonically with increasing extent of deformation. In some materials deformation-stimulated
twinning of crystals as well as the formation of
faults takes place. Failure below temperature T ∗
exhibits a brittle or quasi-brittle nature; failure at
temperatures higher than T ∗ is tough (see Brittle failure, Quasi-brittle failure, Tough failure). The
greater the covalent character of the interatomic
bonds (see Covalent bond), the higher the temperature T ∗ ; in all cases TR > T ∗ . The primary
pressure treatment of metal ingots is performed
in region I. The ﬁnal treatment aimed to form an
optimal combination of mechanical properties is
implemented in region II.
TEMPERATURE CONDUCTIVITY FACTOR
See Diffusivity.
TEMPERATURE OF ELECTRONS
See Electron temperature.
TEMPERING

A type of heat treatment of alloys, carried
out after quenching, and consisting of heating
to a certain temperature with subsequent cooling. The term “tempering” is applicable mostly
to the heat treatment of steel. Tempering of nonferrous metals is usually called artiﬁcial aging
(see Alloy aging). Hardening by quenching causes
steel to become not only hard, but also brittle
(see Alloy brittleness), which is undesirable. Besides, high hardness hampers the ﬁnishing of parts.
The tempering procedure is applied to decrease
the brittleness and increase the plasticity of hardened steel. There is low (120–250 ◦ C), medium
(300–400 ◦ C) and high temperature (450–650 ◦ C)
tempering. The tempering regime is selected to
obtain the required ratio between the strength and
the plasticity of steel.
TEMPORAL DIELECTRIC DISPERSION,
frequency dielectric dispersion

A dependence of the components of the dielectric constant tensor εαβ on the frequency ω, caused
by the retardation of the linear response of the

Temporal dielectric dispersion.

medium (in particular, of a solid) to a time dependent electromagnetic ﬁeld. As a result of this delay
the polarization of the medium P (t), and consequently, the electric ﬁeld induction D(t) at a given
moment of time t , due to the causality principle, is
determined by the values of the external ﬁeld E(t)
at all earlier moments of time. In an isotropic dielectric crystal (gas, liquid) in the long-wave limit
k → 0 the typical temporal dispersion has the form
ε(ω) = 1 +



2f
ωp
jk

j =k

ωj2k − ω(ω + iγj k )

,

where ωp is the electronic plasma frequency, ωj k
are the frequencies of the dipole-permitted bandto-band (level-to-level) transitions, and fj k and
γj k are the corresponding oscillator strengths and
attenuation decrements, while the real ε (ω) and
imaginary ε (ω) parts of the dielectric constant
should satisfy the Kramers–Kronig relations. In
Fig. the frequency dependences of ε and ε are
shown in the vicinity of one of resonances at ω =
ω0 with the decrement Γ .
TENSION, SURFACE

See Surface tension.
TENSORESISTIVE EFFECT

See Piezoresistive effect.
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TENSOR OPERATOR, IRREDUCIBLE
See Irreducible tensor operators.
TERA. . . (fr. Gr. τ ερας , monster)

A preﬁx added to the name of a physical quantity to form a multiple value equal to 1012 of the
original units. The symbolic designation is T; e.g.,
1 TN (one teranewton) = 1012 N.
TERBIUM, Tb

A chemical element of Group III of the periodic system with atomic number 65 and atomic
mass 158.9254; it is one of the lanthanide elements. There are 19 isotopes known with mass
numbers from 146 to 164. Natural terbium has
one stable isotope 139 Tb. Outer shell electronic
conﬁguration is 4f 9 5d 0 6s 2 . Ionization energy is
6.74 eV. Atomic radius is ≈0.1776 nm; radius
of Tb3+ ions is ≈0.0927 nm, of Tb4+ ion –
0.081 nm. Oxidation states are +3, +4. Electronegativity is ≈1.22.
Terbium is a silvery-white metal which exists in two polymorphics modiﬁcations (α-Tb,
β-Tb). Below ≈1575 K α-Tb is stable with
a hexagonal close-packed crystal lattice, space
4 ) and lattice parameters
group P 63 /mmc (D6h
a = 0.3605 nm, c = 0.5697 nm at room temperature Above 1575 K up to Tmelting ≈ 1630 K β-Tb
with body-centered cubic lattice is stable, space
group I m3̄m (Oh9 ) and parameter a = 0.402 nm
(extrapolated value) after hardening. Density is
8.234 g/cm3 (at 298 K); Tboiling ≈ 3150 K. Bonding energy of terbium is −4.1 eV/atom at 0 K.
Heat of melting is ≈13 kJ/mole, heat of evaporation is 290 kJ/mole, heat of sublimation is
293 kJ/mole; speciﬁc heat is 0.179 kJ·kg−1 ·K−1
at room temperature. Debye temperature is
≈173 K; linear thermal expansion coefﬁcient of
polycrystal is ≈8.5·10−6 K−1 ; thermal conductivity coefﬁcient is 14 W·m−1 ·K−1 . Adiabatic
elastic moduli of α-Tb monocrystal: c11 = 67.88,
c12 = 24.32, c13 = 22.99, c33 = 72.25, c44 =
21.40 (in GPa) at 300 K; isothermal bulk modulus is 39.9 GPa; Young’s modulus is 57.5 GPa;
shear modulus is 22.85 GPa; Poisson ratio is
0.261; ultimate tensile strength is 0.167 GPa.
Brinell hardness is 0.686 GPa (terbium of 99.9%
purity). Effective thermal neutron cross-section
is 44 barn. Resistivity of terbium monocrystal

is 1020 n·m along the principal axis 6 and
1230 n·m in the perpendicular direction (at
298 K); temperature coefﬁcient of electric resistivity of polycrystalline terbium is 0.00091 K−1 .
Work function from polycrystal of terbium is
3.09 eV. Two temperature regions of magnetic
ordering are observed in terbium: in the temperature range TC to TN it is a helical antiferromagnet with helicoid axis along the principal
axis 6, in the range 0 K to TC it is a collinear
ferromagnet; in both magnetic structures the magnetic moments lie in the basal planes of α-Tb.
With the reduction of terbium purity to 99.8% TN
grows from 229 to 232 K. At the Curie point TC
(218 < TC < 222.5 K) there occurs a ﬁrst-order
phase transition to the ferromagnetic state, when
α-Tb crystal is subjected to small jumpwise distortions, reducing its symmetry to rhombic in the
low-temperature region. Magnetic susceptibility
of terbium is 115,000·10−6 CGS units; nuclear
magnetic moment of 159 Tb is 1.52 nuclear magnetons. Pure terbium is used for investigations of,
and its alloys and compounds are prospective for
the manufacture of magnetic materials and of luminophors.
TERM SPLITTING in crystal e ld

A partial or a total lifting of the degeneracy
of the energy levels of ions with unﬁlled electron
shells as a result of their presence in a crystal lattice. The qualitative nature of the energy
level structure of paramagnetic ions is based on
group theory considerations. The expansion of the
irreducible representations of the rotation group
corresponding to the 2S+1 L-terms or the (LSJ)
multiplets of a free ion into the irreducible representations of a point group of local symmetry for
the ion in the lattice deﬁnes the number and the
type of states into which the given term (multiplet)
splits in a crystal e ld. The splitting magnitudes of
the multiplets increase with the increase of the ionicity of the chemical bonds in the lattice, and their
order of magnitude reaches 104 cm−1 for transition ions with partly ﬁlled nd N atomic shells, and
103 cm−1 for lanthanide and actinide ions with
partly ﬁlled nf N shells. To compute the term splittings, one can employ techniques of perturbation
theory using various models of the crystal ﬁelds.
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TESTING, NONDESTRUCTIVE
See Nondestructive testing techniques.
TETRACRITICAL POINT, quadruple critical point
A point at the phase diagram where four
lines of second-order phase transitions coincide.

Quadruple critical points occur on diagrams of
“uniaxial mechanical stress versus temperature”
of some crystals which undergo structural phase
transitions, on compositional diagrams of some
magnets, and so on. See also Multicritical point.
TETRAGONAL SYSTEM
Crystallographic system determined by the

presence in crystals of rotational or inversion
tetrad symmetry axes; referred to the tetragonal
crystal class. The unit cell of crystals of the tetragonal system is a rectangular prism with parameters
a = b = c where the c/a can be either greater or
less than unity. This system includes two Bravais
lattices, seven point groups, and 68 space groups.
TEXTURE, crystallographic texture

The presence of a prevailing orientation of
crystallites in polycrystals or of molecules in amorphous solids such as polymers. Texture appears in

materials whose macrostructure elements demonstrate anisotropic physical properties under elastic stress, in electric and magnetic ﬁelds, with
changes in temperature, and for various combinations of these actions. The texture is one of the
most important factors determining the anisotropy
of material properties. The formation of texture is
accompanied by a reduction of the symmetry of
material physical properties.
A texture is differentiated by its origin and
type. There exists: (1) a growth texture formed
during crystallization, various kinds of deposition,
condensation, epitaxial growing (see Epitaxy), adsorption; (2) a recrystallization texture formed as
a result of annealing, phase transitions, recrystallization in the ﬁeld of actual forces, and so on; and
(3) a deformation texture that results from plastic yield of material under treatment by pressure.
In some cases, the texture is classiﬁed with respect to the type of prior treatment, e.g., rolling
texture, wiring texture, deposition texture, and so
on. The types of texture are the following: axial, spiral, limited, multicomponent, etc., which

differ in the character of the orientations of crystallites (molecules) with respect to the principal
directions of the material, such as the axis of
a wire, longitudinal and transverse directions in
rolled sheet, and so on. As a consequence of
crystallographic texture (or by analogy with it),
optical, magnetic, piezoelectric, etc. textures are
considered. Textures characterize man-made as
well as natural origin materials. Texture is studied by X-radiography (see Texture diffractometer),
electron diffraction analysis, and neutron diffractometry; magnetic and optical methods are also
employed. Texture is described either with the
help of experimentally measured pole ﬁgures, or
analytically using an orientation distribution function.
The orientation distribution function is designated in space by Eulerian angles. As a rule, this
function cannot be measured directly, but it can be
reconstructed from one or several experimentally
measured pole ﬁgures. It can be represented in the
form of an expansion in a series of generalized
spherical functions. The expansion coefﬁcient of
the orientation distribution function is determined
from the expansion coefﬁcients of the measured
pole ﬁgures. There exists a method of obtaining this distribution function with the help of its
approximation by statistically justiﬁed Gaussian
distributions obtained on the basis of the central
limit theorem for the rotation group. Some other
methods for calculating this distribution function
have limited application. A knowledge of this
function permits one to calculate properties (e.g.,
anisotropies) of materials, or to predict the behavior of textured material under various actions;
to compute pole ﬁgures; to study analytically the
physical processes leading to the formation of texture.
TEXTURE DIFFRACTOMETER

An apparatus for detecting an X-ray diffraction
pattern of a polycrystal in order to determine its
prevailing orientations in respect to macroscopic
coordinates such as the drawing axis, the plane
and direction of rolling, the direction of growth of
ﬁlm coatings or minerals. A texture diffractometer contains an X-ray source, X-ray goniometer,
computer-controlled texture-attachment, detector
equipped with instrument for measuring the intensity of diffracted radiation, computer-graphic
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device for data processing. A sample is ﬁxed at
the texture-attachment; its surface of interest is positioned in coincidence with the rotation axis of
the goniometer; then the sample and the detector are set at reﬂection angles corresponding to a
given crystallographic plane. In accordance with a
given program, the sample placed at the textureattachment rotates both in its own plane and about
an axis in this plane (angle α), thus bringing about
displacements of the X-ray beam spots or poles of
reﬂection planes over the projection sphere. The
measured intensity, which takes into account the
defocusing and the beam absorption, is directly
proportional to the spot or pole density. In the reﬂection experiment, the whole projection sphere
is not available due to the strong absorption of radiation at large sample inclinations. The resulting
missing information is obtained from transmission
experiments using a rotation of a thinner sample at
an angle α about the vertical axis lying in the sample plane. Microcomputer-assisted control of the
texture diffractometer allows one to have complete
information within a minimal duration of the experiment by choosing the optimal combinations of
angular increments and exposure in regions with
different pole density. The computer performs the
accumulation of primary information, its correction, the plotting of pole gures, the quantitative
analysis of the pole density distribution, and the
calculation of the anisotropy of physical properties.
TEXTURE, MAGNETIC
See Magnetic texture.

Texture in liquid crystals: polygonal texture in smectic A
(above) and nematic with spherical drops (below).

crystals; planar, homotropic, and confocal textures
TEXTURE OF LIQUID CRYSTALS

A conﬁguration of the ﬁeld of the order parameter; a visually observable pattern in a liquid
crystal. The texture is determined by the character of the structure of the liquid crystal at the
molecular level, by boundary conditions at the
sample surface (see Boundary effects), the sample
prehistory, and the type and the importance of external (mechanical, temperature, electromagnetic)
actions.
Classiﬁed among principal textures in thin
(5–10 μm) ﬂat samples in the absence of external actions are: planar, homotropic, and schlieren
textures in nematic liquid crystals; planar, “ﬁngerprints”, confocal textures in cholesteric liquid

in smectic liquid crystals. Ideal planar textures
and homotropic textures do not contain any macroscopic defects; in the former case, the molecules
are oriented parallel to the planar surfaces conﬁning the sample, in the latter case they are normal
to these surfaces. Confocal textures of liquid crystals are formed by a system of confocal domains
in the form of conical bodies each of which contains a pair of defect lines, i.e. an ellipse and
a hyperbola. Depending on the arrangement of
these lines one can differentiate a polygonal confocal texture (ellipses in plane of boundary, see
Fig.) and a fan confocal texture (ellipses normal to
boundary). The presence of disclinations and boojums is speciﬁc in schlieren textures; in smectics
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the schlieren textures contain only disclinations.
A liquid-crystal texture “ﬁngerprint” in cholesterics is formed if a spiral twisting axis is situated
along the sample surface. The textures which appear in external ﬁelds, are often of a dynamic type.
These are represented by one- or two-dimensional
modulation of the original (e.g., planar) texture,
and form as a result of the motion of liquid-crystal
material due to, e.g., a temperature gradient or
charge transfer. One of the main dynamic textures is the Kapustin–Williams domain texture (see
Structural domain) in the form of alternating dark
and light strips related to cylindrical units of circulating matter. The observation of a texture in
a microscope is a fundamental and reliable technique of identiﬁcation of numerous liquid-crystal
phases.
TEXTURE OF METALS
See Structural texture of metals.
THALLIUM, Tl

A chemical element of Group III of the periodic system with atomic number 81 and atomic
mass 204.383. Natural thallium has 2 stable isotopes 203 Tl (29.52%) and 205 Tl (70.48%). Outer
shell electronic conﬁguration is 4f 14 5d 10 6s 2 6p1 .
Successive ionization energies are 6.106, 20.42,
29.8 eV. Atomic radius is 0.171 nm; radius of Tl+
ion is 0.147 nm, Tl3+ is 0.095 nm. Oxidation state
is +1, +3. Electronegativity of Tl+ is 1.40 and of
Tl3+ is ≈1.45.
Bulk thallium is a silvery-bluish metal, in air
it is easily oxidized and quickly becomes dim.
It exists in three allotropic modiﬁcations (α-Tl,
β-Tl, γ -Tl). Under normal conditions α-Tl is stable; it has hexagonal close-packed lattice with
parameters a = 0.34564 nm, c = 0.55310 nm (at
4 ). Above
293 K), space group P 63 /mmc (D6h
508.4 K up to Tmelting = 576.75 K, β-Tl exists with body-centered cubic lattice, space group
I m3̄m (Oh9 ) with parameter a = 0.3882 nm at
535 K. Under high pressures (0.12 to 3.9 GPa)
γ -Tl is formed with face-centered cubic lattice,
space group F m3̄m (Oh5 ). Binding energy is
1.87 eV/atom (at 0 K). Density is 11.85 g/cm3
(at 293 K); Tboiling = 1730 K. Heat of melting is
4.31 kJ/mole, heat of evaporation is 166 kJ/mole,
heat of sublimation is 167.5 kJ/mole. Speciﬁc

heat is 0.136 kJ·kg−1 ·K−1 (at 290 to 370 K).
Debye temperature is 78.5 K, linear thermal expansion coefﬁcient of thallium monocrystal is
36.3·10−6 K−1 along the principal axis 6 and
26.1·10−6 K−1 perpendicular to this axis at room
temperature; thermal conductivity coefﬁcient is
39.4 W·m−1 ·K−1 at room temperature and normal pressure. Adiabatic elastic moduli of monocrystal: c11 = 40.83; c12 = 35.40; c13 = 28.96,
c33 = 52.91, c44 = 7.27 (in GPa) at 295 K.
Bulk modulus is 37.0 GPa, Young’s modulus is
18.65 GPa, shear modulus is 6.58 GPa, Poisson
ratio is 0.4160 (at 298 K), breaking strength is
0.0088 GPa. Brinell hardness is 3.0. Self-diffusion
coefﬁcient is 5.56·10−16 m2 /s along the principal
axis 6 and 7.81·10−16 m2 /s perpendicular to this
axis at 461 K. Ion-plasma frequency of thallium
is 8.25 TGz, low-temperature linear term of molar
electronic speciﬁc heat is 1.47 mJ·mole−1 ·K−2 .
Electrical resistivity of thallium is 0.164·10−6 ·m
(at 295 K), temperature coefﬁcient of electrical
resistivity is 0.00517 K−1 . Work function of polycrystal is 3.7 eV. Superconducting transition temperature Tc of thallium is 2.38 K, critical magnetic
ﬁeld is 17.8 mT, London magnetic ﬁeld penetration depth is 92 nm (at 0 K). Molar magnetic
susceptibility of thallium is 49·10−6 CGS units at
room temperature. Nuclear magnetic moment of
isotope 205 Tl is +1.612 nuclear magnetons. Compounds of thallium are used in the production of
materials for optical, luminescent and photoelectronic devices, and in high temperature superconductors. Thallium and its compounds are toxic.
THEORETICAL STRENGTH
Material strength calculated on the basis of analytical data on interatomic interaction potentials

assuming an ideal defect-free solid structure and
simultaneous tearing or shear over the whole surface of the interface. Estimates of the theoretical
tensile stress of various materials are in the range
(0.05–0.2)E, where E is Young’s modulus. The
theoretical shear strength is estimated to be in the
range from G/(2π) to G/(10π), where G is the
shear modulus. Taking into account the actual defect structure of solids, and also the inﬂuence of
the thermal motion on the failure process, reduces
the actual strength values signiﬁcantly compared
to the maximum values of theoretical strength calculated in defect-free solids at the temperature of
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absolute zero. The presence of discrepancies between the theoretical strength and the real strength
stimulated the pursuit of studies of the inﬂuence
of defects on strength properties of actual solids
(including the role of cracks for the theoretical
tensile strength, and the role of dislocations for
the shear theoretical strength), as well as the development of technologies for obtaining materials
whose strength approaches the theoretically calculated values. For some defect-free materials the
actual strength is close to the theoretical value.
THERMAL ACTIVATION ANALYSIS
See Activation energy.
THERMAL CONDUCTIVITY, heat conductivity
A process of heat transport from more heated

parts of a body to less heated parts which is not
accompanied by the macroscopic movement of
atoms of the medium. For a not very large temperature difference (relative variation of temperature T along a carrier mean free path l is small,
i.e. l(dT /dx)  T ), the Fourier law is valid:
q = −κ̂ grad T ,

(1)

where q is the heat ﬂux vector, i.e. the amount
of heat passed per unit time through a unit area
oriented normal to vector q, κ is the thermal conductivity coef cient which in crystals is, in general,
a symmetric second-rank tensor. The negative sign
in Eq. (1) points out that the heat ﬂux is directed
against the temperature gradient, i.e. from hotter
to cooler regions. The heat propagation in a body
is described by the thermal conduction equation
which in the absence of the heat sources takes the
form:
∂T
= ∇ · q,
(2)
ρcV
∂t
where ρ is the density of the material, and cV is
the speci c heat at constant volume. In typical
cases one can neglect the temperature dependence
of parameters κ, ρ, and cV , so Eqs. (1) and (2)
combine to form the following linear second-order
partial differential equation
∂T
= −κ∇ 2 T .
∂t
Even with this simpliﬁcation, ﬁnding the function
T (t, r) becomes quite a complicated task when it
ρcV

is necessary to take into account the dependence of
the parameters of the problem on the coordinates.
This nonlinear problem which takes into account
the temperature dependencies of the parameters is
soluble in closed form only in some special cases.
THERMAL CONDUCTIVITY COEFFICIENT, heat
conductivity factor

A parameter which depends on the temperature
and composition of the material medium which
supports the thermal conductivity process. It is a
coefﬁcient of proportionality between the heat ﬂux
and the temperature gradient; having the dimensionality W·m−1 ·K−1 . In anisotropic bodies, the
thermal conductivity coefﬁcient is a second-rank
tensor, which for the cubic crystals considered below reduces to a scalar value.
For gases, where the atoms possess only translational degrees of freedom, kinetic theory gives
the following expression for the thermal conductivity coefﬁcient κ:
1
(1)
κ = cV vλ,
3
where cV is the speci c heat of a unit volume at
constant volume, v is the average velocity of the
gas atoms (carriers of heat), and λ is the mean free
path of atoms between collisions. In some cases,
Eq. (1) can be used to estimate the thermal conductivity coefﬁcient in other materials.
The heat transport carriers in solids are collective excitations: crystal lattice vibrations (phonons,
κph ), conduction electrons (in metals and semiconductors, κe ), and also oscillations of magnetization
(magnons, κm ) in magnetic materials. To a high
degree of accuracy (disregarding interference effects) one can regard the total thermal conductivity
coefﬁcient κ as a sum of the three contributions
κph , κe , and κm :
κ = κph + κe + κm .

(2)

In metals the principal contribution arises from the
conduction electrons (κe ) while the other terms
are 1 to 2 orders of magnitude lower in value.
Therefore, the thermal resistivity W (inverse of
thermal conductivity coefﬁcient) can with sufﬁcient accuracy be represented by the Matthiessen
rule (1864):
We =

1
e ,
= Wde + Wph
κe

(3)
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e are related to the
where the terms Wde and Wph
conduction electron scattering off lattice defects
and phonons, respectively.
The value of Wde is related to the residual
metallic electric resistivity ρcond (that is, the
temperature-independent part of the total resistivity due to the scattering of electrons off lattice defects) by a simple expression called the
Wiedemann–Franz law:

1
ρcond ,
LT


π 2 kB 2
L=
,
3
e

Wde =

(4)

where L is the Lorenz number for the case of
degenerate electrons (L = 2.445 W·/deg2 ). In
those crystals where the Fermi surface has a spherical shape,
ρcond =

m 1
,
ne2 τ

where m and n are the conduction electron
effective mass and concentration, respectively,
τ −1 is the part of their inverse lifetime which is
determined by the scattering on defects. As can be
seen from Eq. (4), the value of Wde grows ∼1/T
as the temperature decreases, and at sufﬁciently
low temperatures this becomes the dominant contribution to the electron thermal resistance (in all
metals at this temperature the Wiedemann–Franz
law is quite valid for the total thermal conduce in Eq. (3) at T  Θ (here
tivity). The term Wph
Θ is the Debye temperature) grows with increase = BT 2 (e.g., for copper the
ing temperature: Wph
parameter is B = 2.55·10−7 m·W−1 ·K−1 ), and
then at T
Θ it approaches its asymptotic constant value W0e , which, in fact, determines the
thermal conduction of metals at high temperatures.
e which
There is an extrapolation formula for Wph
is similar to the Bloch–Grüneisen formula for the
electric resistance. For W0e the Wiedemann–Franz
law is also valid:
1
ρ(T ),
LT
ρ(T ) ∼ T .
W0e =

At intermediate temperatures T  Θ, when
e becomes of the same order of magnitude as
Wph

Wde , the Wiedemann–Franz law no longer holds.
In this temperature range the two terms in Eq. (3)
describing the interference of conduction electron
scattering off defects and phonons must sometimes be taken into account. The temperature dependence of total electron thermal conduction κe
has the form of a curve with a maximum.
In insulators the phonons are the carriers of
heat, and the thermal conductivity coefﬁcient is
determined only by the κph term in Eq. (2). Solving the kinetic equation which determines the
value of κph is quite a complicated task since it
is necessary to take into account various mechanisms of phonon–phonon scattering and phonon
scattering off defects. Therefore, many solutions
are known, but only in a qualitative form where
the principal kinds of temperature dependence of
κph are characterized.
At T
Θ the phonon speci c heat is constant,
and the phonon mean free path has the dependence
∼1/T . One can see from the Eq. (1) (where v is
of the order of the sound velocity) that, as a result,
κe ∼ 1/T . At temperatures below the Debye temperature (but not very low), the main contribution
to κph comes from the processes of phonon scattering which are naturally divided into two kinds:
the normal processes and the Umklapp processes.
In normal processes the quasi-momentum is conserved, therefore, they themselves cannot provide a non-zero thermal resistance. In Umklapp
processes the total quasi-momentum changes by
the value g where g is a vector of the reciprocal lattice. In this case the energies of two of the
three phonons participating in the phonon scattering process would probably be comparable with
the maximum photon energy. At T  Θ, the occupation numbers of such phonons are exponentially
small, so the corresponding value κph becomes exponentially large, and growing as the temperature
decreases: κph ∼ exp(βΘ/T ), where the parameter β ≈ 1/2. The presence of impurity atoms
leads to the situation wherein κph grows again
with decreasing temperature, but now according
to the inverse power law: κph = A/T , with A inversely proportional to the impurity concentration,
and much greater than at T
Θ. Other types of
defects such as dislocations, twins (see Twinning
of crystals), grain boundaries, and boundaries of
crystals provide appreciable contributions at quite
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low temperatures; as a result, κph goes to zero
at T → 0. If the scattering on dislocations is the
determining mechanism of the momentum relaxation then κph ∼ T 2 ; for scattering on boundaries
κph ∼ T 3 (this dependence occurs when the carrier mean free path for normal processes is smaller
than the dimensions of the crystal or the grains).
In semiconductors it is necessary to take into
account both phonon and electron contributions
to the thermal conductivity coefﬁcient. For the
electron conductivity part one must keep in mind
that the electron gas in semiconductors is nondegenerate, and the conduction can take place over
impurity bands. There are various experimental
methods for determining the thermal conductivity coefﬁcient. The main experimental difﬁculties
involve taking into account the heat radiation
through the surface, and establishing a uniform
temperature gradient along the sample.
THERMAL CONDUCTIVITY OF
SUPERCONDUCTORS
The overall thermal conductivity of supercon-

ductors is composed of components from the
electron subsystem (thermal conductivity coef cient κes ), and the lattice thermal (phonon) conduction (its factor is κps ). The principal relaxation
mechanism for κes is the scattering on defects
s ) and phonons (κ s ), while for
or impurities (κed
ep
s
s ), boundκp it is scattering off electrons (κpe
s
aries, and defects (κpd ). It is approximately true

that the components add as reciprocals: (κes )−1 ≈
s )−1 + (κ s )−1 , and (κ s )−1 ≈ (κ s )−1 +
(κep
p
pe
ed
s )−1 . The electron–electron and phonon–pho(κpd
non interactions make an insigniﬁcant contribution at low temperatures to the thermal conductivity. As the superconducting state is mainly
determined by the Cooper pairs of the electron
s
subsystem, the trends of behavior of κes and κpe
s is
differ from those in normal metals, while κpd
the same as in a normal metal.
In pure (type I) and low impurity content
type II superconductors the main contribution
s and κ s , respectively. The
comes from κed
ep
Bardeen–Cooper–Schrieffer theory predicts
s =
κed

2 pF2 τ0
F (T ),
3 2 me
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where τ0 is the normal metal electron relaxation
time; F (T ) → T at T → Tc and F (T ) → e−Δ/T
at T → 0. The most signiﬁcant electron–phonon
interaction is in high-purity samples at T  Tc

s also decreases with the decrease in temwhere κep
perature. The reduction of κes is caused by the
decrease of the number of normal excitations at
T → 0.
In sufﬁciently “dirty” superconductors in the
temperature range T  (0.3–0.5)Tc the principal
s = BT 2 Φ(T ). As the
contribution is given by κpe
temperature decreases, the function Φ(T ) grows
due to the increase of the phonon mean free
path when the number of electron excitations decreases. Further decreases of temperature lead to
phonon scattering off, mainly, defects and bounds ∝ T 3 . Thus, the
aries. As in the normal metal, κpd
s ≈ κs .
s
total κp passes through its maximum at κpd
pe
Experimentally both these cases are observable in
their pure forms as well as in various combinations.
In those cases when the weak coupling approximation does not hold, the dependences κs (T )
are slightly modiﬁed, so that in superconductors
with strong electron–phonon coupling, at T ∼ Tc ,
s drops more rapidly than predicted by the
κed
above formulae.
An interesting feature is also observed in the
behavior of the thermal conductivity of the intermediate state when κ s is noticeably reduced. At
T  Tc the reduction of κ s correlates with the
decrease of the phonon mean free path at the transition to the normal state. At higher temperatures,
a speciﬁc mechanism of the electron reﬂection
from the interface between normal and superconducting phases (Andreev re ection) is responsible
for this effect. The electrons which come from
the normal metal, at the interface, transform into
positively charged holes and return back with the
transferral of the extra charge to a condensate.
In superconductors, as in superﬂuid helium,
the transport of heat can occur by means of convection. In this case, the current of the normal
component In = 0, but the overall current I =
In + Is = 0. However, the ratio of convective to
the ordinary thermal conduction is quite small,
∼10−4 –10−5 .
In the cuprate superconductors (see High-temperature superconductors) there is observed a
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series of particular features in the temperature dependence of the thermal conductivity (a peak of κ s
at T  Tc , and a quadratic term at T  Tc ) which
have not yet been explained.
THERMAL DEFECTS
Crystal structure defects arising at the heating

of samples followed by their subsequent cooling
in a given system. The nature of defects in a material may differ, depending on the temperature, the
duration of the heating, the cooling regime, the atmosphere, the material of crucibles or ampoules
where heating takes place, the degree of perfection
of the original material, and its impurity composition.
At a given temperature, there is established in a
solid an equilibrium (for this temperature) concentration of Frenkel pairs, i.e. vacancies associated
with interstitial atoms:
 3r


ν
E
,
exp −
Nt = (Nat N  ) 
ν
2kB T
where Nat is the concentration of regular atoms,
N  is the concentration of interstices, ν and ν  are,
respectively, the frequencies of atomic lattice vibrations in the absence or presence of defects, r is
the coordination number, E is the energy of formation of a Frenkel pair, which in combination
with the energy of vacancy migration produces the
self-diffusion energy (from fractions of an electron volt to several eV). The indicated energies
can be determined experimentally in studies of
the equilibrium concentration of vacancies at several temperatures, as well as from the kinetics
of annealing nonequilibrium vacancies. In pure
metals and single-phase alloys, the stable thermal
defects are those which emerge at fast cooling
(quenching) from a higher temperature; also possible are the trapping of interstitial atoms by impurity
atoms; the formation of dislocations, and so on.
As a rule, the presence of defects favors hardness,
strength, and magnetic saturation, and reduces
plasticity and creep. There can occur a variation
of the lattice constant, the electric resistance, and
diffuse scattering.
In semiconductors the thermal defects affect
the concentration and the lifetime of current carriers, optical, photoelectric and other properties.

The following processes may take place: (a) precipitation of impurities from a solid solution or,
otherwise, a transition to the state of a solid solution; (b) diffusion of impurities from the crystal
surface, the heating atmosphere, the material of
crucibles and ampoules; (c) formation of clusters
of vacancies or/and interstitial atoms with impurity
atoms, inducing the loss or the acquisition of electric activity in the latter. Therefore, a ﬁnal result
of a thermal treatment depends on a large number
of parameters and energy constants. In silicon and
germanium with high oxygen contents, heating
at 450–600 ◦ C leads to the formation of oxygencontaining donors with two energy states in the
band gap. At low oxygen content, a transition of
acceptors (copper, nickel, iron) to an electrically
active state prevails. In n-type germanium, donors
of Group V lose their electrical activity through interaction with vacancies; this process can involve
the reversal of the type of conductivity (n–p conversion). In binary compounds the most predominant defects are associated with the disturbance
of the stoichiometric composition, and the appearance of vacancies in the sublattice of the more
volatile component. Related to this is the phenomenon of conductivity self-compensation. The
disturbance of stoichiometry and the appearance
of nonequilibrium vacancies and interstitial atoms
result from the thermal treatment of alkali-halide
crystals.
THERMAL DESORPTION

The removal of adsorbed material from an
absorbent surface at an increasing temperature.
The thermal desorption rate is described by the
Arrhenius law: dn/dt = νnx exp[−ED /(kB T )]
where n is the adsorbed particle concentration,
ED is the activation energy of desorption, ν is the
pre-exponential factor, x is an integer that reﬂects
the kinetic order of desorption (e.g., x = 2 if the
adsorbing atoms are desorbed as diatomic molecules). The composition of the desorption products
is determined by the ratio of the desorption rates of
different particles. Thus, the desorption of oxygen
from noble metals takes place in the form of O2
molecules; from tungsten, molybdenum, and rhenium it is in the form of atoms (in the case of small
coatings); and in the form of oxides from tantalum and niobium. Thermal desorption of positive
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or negative ions is called, respectively, positive or
negative surface ionization.
THERMAL DISCOLORATION

See Photochromic effect.
THERMAL DISPLACEMENTS OF ATOMS

Small displacements of atoms in a crystal related to their thermal motion about equilibrium
positions. These displacements do not disturb the
average periodicity of the crystal lattice (below
the melting temperature). Disregarding the anharmonic vibrations, the distribution of probability of
the atomic displacements in respect to the equilibrium position has a Gaussian proﬁle. The mean
square of displacement amplitudes u2  serves as a
measure of the magnitude of the thermal displacements of atoms. For a monatomic crystal this takes
the form:
u2  =


2MN





ω
ν(ω)
coth
dω,
ω
2kB T

where M is the atomic mass, N is the number
of atoms in crystal, T is the temperature (in energy units), and ν(ω) is the phonon density of
states. At high temperatures (T
Θ, where Θ is
the Debye temperature) the value of u2  is proportional to the temperature: u2  ∼ 2 T /(MΘ 2 ).
At low temperatures (T  Θ) the value u2  approaches a constant (the square of the amplitude
of zero-point vibrations): u2 0 ∼ 2 /(MΘ). Typical values u2 1/2 do not exceed 10–15% of the
lattice parameter even at the melting temperature. However, in quantum crystals this parameter can be signiﬁcantly larger. In crystals with
symmetry (see Crystal symmetry) lower than cubic, there is anisotropy in the spacial distribution
of thermal displacements of atoms, and this is
particularly strong in quasi-one-dimensional crystals and quasi-two-dimensional crystals. Experimental values of u2  can be found from, e.g.,
measurements of the Debye–Waller factor using
the scattering of X-rays, neutrons, electrons, and
γ -quanta by the crystal lattice.

THERMAL ELECTRON FIELD EMISSION,
thermally-assisted e ld emission

Emission of electrons by electrically conducting materials at high temperatures in a very strong
external electric ﬁeld (of strength E ∼ 109 to
1010 V/m). The mechanism of thermal electron
ﬁeld emission includes the tunneling (see Tunnel
effect) of electrons through the near-surface potential barrier composed of the main (below Fermi
level) and thermally excited electron states, as well
as the electrons escaping over the barrier. Upon
decreasing the temperature, the thermal ﬁeld electron emission transforms into a eld electron emission. At decreasing E, the thermal ﬁeld electron
emission transforms into a thermionic emission
produced by the ﬁeld due to the Schottky effect
(see Schottky barrier).
THERMAL-ENVIRONMENT RESISTANCE

The ability of a material to resist high-temperature oxidation (gas corrosion). The following
parameters of thermal-environment resistance are
used: speciﬁc changing of metal mass, thickness
of oxidized ﬁlm, depth of corrosion-induced damage. Thermal-environment resistance of a material
is determined by the properties of the emergent
oxide ﬁlm: its continuity, density, and plasticity,
diffusion rate of metal and oxygen ions within the
ﬁlm, correspondence between the metal and oxide
lattices. The main alloying elements (see Alloying)
that are used are chromium, aluminum, and silicon. The thermal-environment resistance sharply
increases when strong oxide layers of Cr2 O3 ,
Al2 O3 , and double oxides with the spinel structure AB2 O4 , are formed at the surface of the
material. The method of improving the thermalenvironment resistance by applying a protective
coating is wide spread. To protect heat tolerant
nickel and cobalt alloys, operating at high temperatures and under high loads, against gas corrosion,
use is made of aluminide coatings and more complex coatings based on it.
THERMAL-ENVIRONMENT RESISTANT
ALLOYS, scale-resistant alloys
Alloys based on nickel–chromium or iron–
chromium, known for their thermal-environment
resistance and characterized by their considerable
resistance to gas corrosion at high temperature
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(800–1100 ◦ C) in the air and other gas media. The
gas corrosion resistance depends on the chemical
composition of the alloy, temperature, gas medium
composition, period of operation, values of mechanical stresses and cyclic recurrence of loading.
The combustion of raw oil or especially heavy
fuel (black oil, etc.), which contains increased
amounts of sulfur, vanadium, alkaline or alkalineearth metal salts, etc., produces a gas medium
that sharply deteriorates the corrosion resistance
of alloys, and reduces the service life of products
made of them. The corrosion displays itself to a
lesser extent in puriﬁed fuel (e.g., kerosene, petroleum). Alloys with high contents of chromium
or those subjected to special alloying, as well as
the products with diffusion coatings created in the
process of chromium calorizing or aluminum siliconizing, are known for higher gas corrosion resistance. Thermal environmental resistance of alloys
is due to their high chromium content (18–25%)
and additions of aluminum, while that of iron–
chromium–nickel alloys also results from the increased content of silicon (up to 2–3%). In order to
achieve the optimum combination of thermal environmental resistance, high-temperature strength,
plasticity and weldability some other elements, in
addition to chromium, are introduced into these
alloys, namely, molybdenum, tungsten, niobium, titanium, boron, cesium, and others.
Thermal-environment resistant alloys can be
classed as homogeneous and heterogeneous (see
Heterogeneous structure). Homogeneous alloys
are characterized by somewhat reduced mechanical properties and lower high-temperature strength,
but possess good plasticity in the cold state,
and high weldability. Their considerable stability
against oxidation and gas corrosion at high temperature is due to the formation of an adhesive
refractory oxide lm (Cr2 O3 , Al2 O3 , NiCr2 O4 ,
etc.) which precludes the diffusion of oxygen into
the metal, and of alloying elements from metal
into the slag. Both high-temperature strength and
thermal environmental resistance of alloys can be
sharply degraded by additions of molybdenum
and boron, and also the presence of sulfur in
combination with nickel or cobalt, which causes
the formation of fusible eutectics with melting
temperature about 650 ◦ C. Heterogeneous alloys,
strengthened with titanium, aluminum and niobium, often along with the addition of refractory

metals, exhibit high-temperature strength and thermal environmental resistance. They are, however,
less weldable, tending to form hot fractures during the course of welding and heat treatment.
These alloys must be welded under special conditions, using special modes of heat treatment.
Thermal-environment resistant alloys are preferably manufactured by the methods of vacuum
metallurgy and hot pressure treatment. They are
used to manufacture combustion chambers, ﬂue
tubes, nozzle vanes of gas turbines, afterburners,
elements of welded constructions, etc. (see also
High-temperature alloys).
THERMAL-ENVIRONMENT RESISTANT
MATERIALS

Materials known for their enhanced thermalenvironment resistance in addition to high-temperature strength, thermal-environment resistance
and speciﬁed thermal physical properties. According to their chemical and physical composition, and also some structural and technological features, the following classes of thermalenvironment resistant materials are distinguished:
ceramic materials (see Ceramics) based on refractory oxides and their compounds, or oxygen-free
refractory compounds (carbides, borides, nitrides,
silicides); metallic and ceramic-metallic materials;
carbon-graphite materials; glass-ceramic and crystalline glass materials; composite materials. They
also include refractory glass, heat-proof concrete,
and cement. The operating parameters of these
materials are constantly being improved because
of their need in nuclear reactors, gas-turbine engines, etc. In addition, new areas of application
have emerged: plasma chemistry, thermonuclear
power engineering, etc.
THERMAL ETCHING GROOVE

Groove that forms at a high temperature along
the line of intersection of a polycrystal surface
with a grain boundary, or with a twinning structure
boundary. The angle β of the sample surface relative to the tangent to the groove proﬁle at its apex
is determined by the formula β = arcsin(α B /2α),
where α and α B are the surface tension of a crystal and grain boundary, respectively. For α B /α =
10−1 , then β ≈ 5·10−2 , and thus the sides of a
thermal etching groove are gently sloping. Concerning the presence of an equilibrium angle at
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the apex of a groove, a region of a surface of
positive curvature is formed near it, where the
chemical potential of atoms is higher than its value
on a ﬂat surface. This determines the ﬂuxes of
atoms from the groove apex and the kinetics of
the groove propagation. The width h and depth d
of a groove change with time according to a law
that depends on the mechanism of mass transport.
If the surface diffusion mechanism predominates,
then hs = 4.6(Bt)1/4 , d s = 0.973m(Bt)1/4 , m =
tan β, B = D s αω2 n/(k B T ), where D s is the surface self-diffusion coefﬁcient, ω is the atomic
volume, and n is the surface density of atoms.
If volume diffusion dominates then h0 ∼ d0 ∝
(D0 t)1/3 , where D0 is the volume self-diffusion
coefﬁcient. The thermal etching groove ﬁxes the
position of boundaries and retards the collective
recrystallization of near-surface grains. Data on the
kinetics of the thermal etching groove propagation
yield information on the self-diffusion coefﬁcient
and the value of α B .
THERMAL EXPANSION

A change of body dimensions with a variation in temperature under constant external stress
(pressure P ). As a characteristic of the thermal
expansion, there is a temperature linear expansion
coefﬁcient which is deﬁned in an isotropic medium
by the equation


1 ∂L
α=
,
L ∂T P =const
where L is the body size. The thermal expansion in
crystals is characterized by the second-rank symmetric tensor


∂εij
, i, j = x, y, z,
αij =
∂T σij =const
where εij is the strain tensor of the crystal, and σij
is the stress applied to the crystal. The temperature
volume expansion coefﬁcient is equal to


1 ∂V
β=
,
V ∂T P
where V is the body volume. In crystals β =
αii .

The thermodynamic relation which links tensor αij with the crystal Helmholtz free energy F
has the form:


∂
∂
1 
αij =
Sij mn
F ,
V mn
∂εmn ∂T
where Sij mn are the components of the crystal
isothermal compressibility tensor (tensor of the
fourth rank) which is the inverse of the tensor of
elastic constants. In cubic crystals we have


∂ ∂
F ,
β = −k
∂V ∂T
where


∂V
= 3(S1111 + 2S1122 )
∂P T
is the isothermal compressibility of a crystal. The
thermal expansion of solids is caused by anharmonic vibrations. All the thermal expansion coefﬁcients decrease to zero as T → 0, which follows
from the Nernst theorem. This theorem states that
as absolute zero is approached the rate of change
of entropy converges to zero, and the entropy itself
approaches a minimum value. At high temperatures the thermal expansion coefﬁcient reaches a
constant value that is 10−4 –10−6 K−1 . As a rule,
the linear expansion coefﬁcient is positive. In most
cases the dependence of the volume expansion coefﬁcient β on the temperature is described quite
well by the Grüneisen rule: β = γ kCV /V where
CV is the lattice speci c heat at constant volume,
and γ is the Grüneisen constant.
In analytical derivations of the Grüneisen rule
it is usually assumed that all the frequencies ν
of the crystal vibrations depend on the deformation through a single parameter. In this case, the
Grüneisen constant is
∂ ln ν
V ∂ν
=−
.
γ =−
ν ∂V
∂ ln V
When the law of corresponding states holds, the
Grüneisen constant is described by the formula
γ = [1/(kΘ)]∂Θ/∂P , where Θ is the Debye temperature. For most simple solids the parameter
γ is close to two.
At low temperatures the lattice speciﬁc heat
CV of crystals follows the Debye relation, being ∝ T 3 , while in glasses (and also in crystals
in the presence of reorienting impurity centers)
k=−

1
V
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we have CV ∝ T . It follows from the Grüneisen
rule that the same dependence on temperature also
takes place for the coefﬁcient β. In glasses the parameter γ is 1 to 2 orders of magnitude greater
than in crystals. If it is possible to isolate a few
subsystems in a crystal (e.g., the crystal lattice
and the impurity centers) with their individual
frequency-versus-deformation dependences, and
the Grüneisen rule can be rewritten as a sum over
these subsystems. In this case, the form of the
temperature dependence of the total Grüneisen
constant may be quite complicated, and even include a sign change. Of great practical interest
are so-called invar magnetic alloys which have
abnormally small or negative thermal expansion
arising from corrections to the ordinary thermal
expansion to take into account the magnetostriction reduction of the volume at heating. In the
vicinity of a second-order phase transition point
the expansion coefﬁcient diverges as (T − Tc )−α
where Tc is the transition temperature, and the
critical index α has the same value as the critical
index for the speciﬁc heat under constant pressure
(α ∼ 0.1). The experimental values of thermal expansion for crystals are determined by methods of
dilatometric analysis.
THERMAL EXPANSION, ANOMALOUS
See Anomalous thermal expansion.
THERMAL FATIGUE
Fatigue resulting from cyclic alteration of ther-

mal stresses which appear in a solid at a temperature change T = T2 − T1 if free expansion
and free compression are restricted. The values
of thermal stress and mechanical strain are, in
this case, dependent on the constriction coefﬁcient
R = − ε/(α T ) where ε is the amplitude of
preliminary mechanical strain, α T is the amplitude of thermal strain, α is the linear temperature
expansion coefﬁcient. The amplitude of apparent strain is determined by the equation εap =
ε + α T = (1 − R)α T . Depending on the
coefﬁcient R, the temperature change range T ,
and the maximum temperature, there emerges in
the solid either an elastic strain, an elastic-plastic
strain, or an elastic-plastic creep. One may differentiate, respectively, the fatigue in the elastic range
(multicyclic fatigue), in the elastic-plastic range

(few-cyclic fatigue), or in the range of the elasticplastic creep (superposition of creep and fatigue).
Tests are carried out under independent loading
and heating (thermomechanical fatigue) and under
load by restricting the heat deformation (thermal
fatigue). The main characteristics of fatigue are
its dependence on the number of cycles prior to
crack formation Nf versus amplitudes of full strain
εd , plastic deformation εpd , elastic strain εed , irreversible strain εird , strain under hard loading, and
stress amplitude of cycle σd at soft loading (Cyclic
heat treatment).
THERMAL INDICATORS

Substances which change their physical or
physicochemical characteristics under the action
of heat, and are utilized for detecting and monitoring changes in temperature (see Thermography).
The two most widely used types of thermal indicators are luminophors and liquid crystals. The
luminophor thermal indicators change their luminescence under the action of heat. Liquid crystal
thermal indicators are cholesteric substances (see
Cholesteric liquid crystal) oriented in a certain
manner which reversibly change color under the
action of heat.
THERMAL ION EMISSION
See Thermoionic emission.
THERMAL LOSS
See Heat loss.
THERMALLY ACTIVATED PROCESSES
See Activation energy.
THERMALLY STIMULATED ELECTRICAL
CONDUCTIVITY
A nonequilibrium electrical conductivity arising
at the heating of a sample containing deep levels

previously occupied by charge carriers (sometimes called thermally stimulated current). As a
rule, in studies of thermally stimulated conductivity the illumination of the sample at low temperature is used for nonequilibrium ﬁlling of the
levels. The sample is heated at a low rate in the
darkness. The charge carriers trapped at the levels
release and exhibit peaks in the temperature dependence; from the peak positions one can determine the energies of the levels, their concentration
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and trapping cross-sections of charge carriers. For
determination of these values a thermally stimulated luminescence is also used. In some cases the
studies of the thermally stimulated conductivity
include measurements of the Hall effect (see Galvanomagnetic effects). In a sample with a speciﬁc
resistivity less than 105 ·cm, the measurement of
thermally stimulated conductivity is complicated
by the high level of dark current. This difﬁculty
is overcome by measuring the current, the barrier
capacitance of p–n junctions, and the Schottky
barriers shifted in the barrier direction (see Capacitance spectroscopy). When studying insulators
the analysis of thermally stimulated depolarization is used.
THERMALLY STIMULATED LUMINESCENCE
The activation of the persistence of phosphorescence by heating. This is speciﬁc for lu-

minophors. As a rule, this is seen as a light
ﬂash during the heating of the preliminary excited
substance at a sufﬁcient rate. The thermally stimulated luminescence is caused by that fact that
the persistence in crystalline phosphors represents
a recombination luminescence: the persistence is
due to the accumulation of electrons and holes
in traps during the excitation. After the excitation
ends these gradually leave the traps under the action of heat and recombine. The heating activates
this process and induces the sharp rise of the persistence, which then decays rapidly as the reserve
of accumulated carriers depletes.
THERMAL METHODS OF STUDIES in solid state
physics

They are used for studying the temperature (energy) parameters of a thermodynamic system.
Means and methods for measuring the temperature are developed in the branch of physics called
thermometry. The techniques of temperature measurements are conventionally divided into contact methods (thermometry itself) and noncontact
methods (radiation thermometry or pyrometry).
The main components of apparatus designed for
temperature measurements are the sensitive element where a thermometric property is implemented (alteration of electromotive force, electric
resistance, pressure, volume, radiation intensity,
etc.), and the measuring unit connected to the element by means of a communication line.
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One of the principal tasks of thermal studies is
the determination the distribution of temperature
in space and time. Important factors are the thermal conductivity, enthalpy, and speciﬁc heat. By
means of calorimetric analysis (see Calorimetry),
the thermal characteristics of phase transitions,
the annihilation and redistribution of defects in
crystals, sorption, dissolution, etc., are investigated. The most informative devices for solid-state
studies are differential scanning calorimeters, and
apparatus for differential thermal analysis.
With the help of the experimental determination of the speciﬁc heat, enthalpy, thermal expansion coefﬁcient, and isothermal compressibility
for particular conditions, the parameters of the
state of a solid can be calculated. Thermal methods
of study are powerful instruments for investigating the integrated characteristics of processes in
solids, thereby providing more complete information on the nature of the physical processes.
Thermal methods of study are widely used in combination with other methods.
THERMAL MICROSCOPY

A method of studying solids with the help
of heat waves, based on the interaction of thermal waves with structural elements and defects
in solids. The thermal waves are excited in the
solid by a modulated source without a direct contact: by a focused electron beam or laser radiation.
The measured parameters are those of the thermal wave propagation process (attenuation, phase
shift, reﬂection, interference, diffraction, etc.) as
well as the physical parameters whose variations
are caused by the interaction of thermal waves
with the solid (acoustical waves in solids, sound
waves in the medium in contact with the heating
surface, temperature-sensitive acoustical properties of solids, IR radiation from a heated surface,
and so on). To visualize the thermal inhomogeneities various detection techniques, including
uorescence of temperature-sensitive ﬁlms, are
used.
A thermal microscope contains a source of
radiation, a scanning system, and a radiation receiver in the form of an IR ellipsoidal concave
mirror, with the sample situated at its principal
focus, and with a detector placed at another focus. The subject under investigation is irradiated
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by, e.g., an electron beam which is scanned over
the surface to obtain a raster trace. The radiation
scattered by the surface is collected, focused by
a reﬂector, and directed through a ﬁlter upon a
semiconductor radiation detector. The resolution
of thermal microscopy depends on the heat transport constants of a given solid, the diameter of
the incident beam, and the modulation frequency.
Thermal microscopy is used for research purposes,
and in the defectoscopy of solids.
THERMAL NEUTRON DIFFRACTION

Phenomenon of the scattering of neutrons with
energies E ∼ 100 eV in condensed media (crystals, liquids, biological structures), when the neutron de Broglie wave length (λ ∼ 10−8 cm) is
comparable with the average separation between
the atoms or molecules (see Neutron diffractometry, Neutrons in solid state physics).

the fourth power of the temperature: P = σ T 4 ,
where σ is the Stefan–Boltzmann constant, and
there is a shift of the maximum radiation value
toward shorter wavelengths in accordance with
Wien’s law: λ1 max T1 = λ2 max T2 . The thermal
radiation is generated by the material under the
conditions of an overall equilibrium for all nonradiative processes, e.g., for the energy interchange
between electronic and vibrational motions in
solids. The thermal radiation is in thermodynamic
equilibrium with the material and with the ambient equilibrium radiation; the energy distribution
spectrum is determined by the Planck formula. For
one or more bodies in equilibrium with each other
and with a radiation ﬁeld inside an enclosure the
Kirchhoff radiation law is valid, whereby these
bodies have equal rates of emission and absorption. A good emitter is a good absorber.
THERMAL RESISTANCE, heat resistance

THERMAL OXIDATION

Formation of an oxide layer at a solid substrate through exposure of the sample at elevated
temperatures to an oxidizing atmosphere (see
Oxidation). This is most widely used in silicon planar technology for the manufacture of masking,
isolation, and passivation coatings (see Surface
smoothing). As an oxidative medium either dry
or wet oxygen can be used. The process of thermal oxidation takes place at the interface oxide–
substrate where molecules of oxygen or water are
brought to the site of the reaction (as a rule, by
diffusion through the oxide layer). The rate of
thermal oxidation grows with an increase of the
temperature and the pressure of the oxidizer. In
some cases catalyzing additives and illumination
of the surface inﬂuence the oxidation rate. The
thermal oxidation of silicon produces an interface
with close to ideal electric physical parameters, including an insigniﬁcant quantity of surface states,
and it exhibits a high free current carrier mobility.
THERMAL RADIATION, heat radiation

Electromagnetic radiation emitted by matter
due to its internal energy at a certain temperature.
The heat radiation exhibits a continuous spectrum
whose maximum depends on the temperature of
the emittor. With increasing temperature the total
rate of emitted heat radiation energy P grows as

The ability of brittle materials to withstand failure during abrupt variations of temperature. The
thermal resistance of materials (e.g., ﬁreprooﬁng,
structural, and metal-ceramic materials, as well as
those designed for fabricating structural elements
to perform at elevated temperatures) depends on
the kind of material, its structure, thermal conductivity, linear expansion coefﬁcient, and other
structural characteristics. The thermal resistance
of a material depends signiﬁcantly on its temperature gradient rate during a cyclic heat treatment,
as well as on the kind of refrigerant. A criterion of
thermal resistance is the number of cycles of temperature change (heat cycling) experienced prior
to the appearance of a crack or overall decomposition of the sample during the heat cycling, or
it is the magnitude of the temperature gradient
which induces the appearance of crack. The index of thermal resistance is usually applied when
comparing various kinds of materials according to
their fracture toughness at sharp heat jumps.
THERMAL SPIKE in radiation physics of solids
A localized region in a solid with a raised (compared to a mean value) temperature of atoms (ions)
which results from the onset of a collision cascade of atoms followed by the redistribution of the

kinetic energy of atoms involved in mutual collisions, and collisions with surrounding atoms. In
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metals with a high electron thermal conductivity,

the formation of heat (thermal) spikes is possible due to the fact that the characteristic time for
the heat transfer between ions and electrons is
4me /mi ∼ 10−4 times less than that between ions
(me and mi are the masses of electrons and ions,
respectively). A typical peak temperature of heat
spikes in metals above that of the surroundings is
about 103 K.
THERMAL TRANSPORT
See Heat transport.
THERMIONIC CATHODE

A ﬁlament in a vacuum tube or gas-ﬁlled counterpart. The main characteristics of a thermionic
cathode are the value of the emission current at a
given temperature, the work function eϕ, the durability, the speciﬁc power of the ﬁlament, the power
losses from heating the elements of the structure,
and the radiation Q. The durability of a thermionic
cathode depends on the reserve of active material
that is expended under the action of the electron or
ion bombardment, as a result of etching by residual gases, and so on. The efﬁciency of a thermionic
cathode is deﬁned as the ratio eϕ/Q of the work
function to the ﬁlament power.
In respect to the type of ﬁlament, thermionic
cathodes are divided into directly heated cathodes
and equipotential cathodes. The most widespread
among directly heated thermionic cathodes are
those based on refractory metals (W, Ta). These
have the minimal ratio eϕ/Q and operate at temperatures above 2000 K. A particular place among
thermionic equipotential cathodes is occupied by
effective thermionic cathodes such as the oxidecoated cathode. This is a semiconductor cathode,
but it has a particular porous structure what stimulates extra electron transport through the pores in
the cathode. The oxide-coated cathode is not a homogeneous system: there is a high-ohmic intermediate layer at the metal–semiconductor interface.
The presence of inhomogeneities in oxide-coated
cathodes leads to the transport of excess barium
ions and empty oxygen sites (vacancies) during
its working process. The presence of defectsvacancies in these cathodes, on the one hand,
restricts the degree of its doping with barium, and
on the other hand, provides an opportunity to carry
out the doping, not by annealing in a barium at-

mosphere, but by using evaporation under high
vacuum when it is mainly oxygen that the cathode
evolves.
THERMIONIC EMISSION, thermoelectronic
emission
The emission of electrons by heated solids (or

liquids). For most emitters (i.e. bodies which emit
electrons), the thermionic electron emission is observed at temperatures much higher than room
temperature.
The simplest thermionic emission experiment
can be performed with the help of a vacuum diode.
At a given temperature, which is controlled by the
current of the lamp ﬁlament, one can plot the dependence of the current passing through the diode
on the anode voltage, that is the current–voltage
characteristic. There are two well-pronounced regions of the current–voltage characteristics of
diodes with metal cathodes. First, this is a region
where the current passing through the diode is proportional to V 3/2 (Langmuir law, I. Langmuir,
1913); where V is the anode voltage. In this region
the current is limited by the space charge. As the
anode voltage grows the current becomes independent of it, reaching a saturation value when there is
no longer any space charge in the cathode cavity.
The current density in this case is determined by
the cathode parameters and its temperature, in accordance with the Richardson–Dushman equation
(O.W. Richardson, S. Dushman, 1923):


eϕ
,
j = (1 − r̄)AT 2 exp −
kB T
2 m/ h3 = 120 A·cm−2 ·K−2 is
where A = 4πekB
the Richardson–Dushman constant; r is the quantum-mechanical reﬂection coefﬁcient for electrons
passing from the emitter into the vacuum; eϕ is
the work function. The work function is the principal parameter which determines the thermionic
emission. This is weakly dependent on the temperature, but depends substantially on the condition
of the emitter surface and the external electric
ﬁeld. For metal cathodes this dependence is due
to the Schottky external effect whereby the the
process of specular reﬂection reduces the work
function by a factor dependent on the external
electric ﬁeld E near the cathode, and the dielectric constants ε and ε0 of the emitter crystal lattice
and vacuum, respectively.
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The dependence of thermionic emission on
the electric ﬁeld of semiconductor cathodes is
more complex. In addition to the Schottky external effect, in comparatively weak ﬁelds there is
observed a rise of the emission current due to the
enrichment of the subsurface region of the cathode
by excess electrons. As a result, the cathodes of
this type do not exhibit a clearly pronounced saturation region. With a further increase of the anode
voltage, the electric ﬁeld penetrates the semiconductor cathode and warms up the electron gas
there. Hence the probability of electron emission
from the semiconductor is no longer determined
by the equilibrium Fermi–Dirac distribution function (see Fermi–Dirac statistics), but rather by a
nonequilibrium one derived from the kinetic equation. Due to a strong dependence of the latter on
the electric ﬁeld strength, the thermionic emission grows rapidly with an increase of the anode
voltage. Such a current rise may lead to a second
region of space charge limited current which appears beyond the range of quasi-saturation.
THERMOACOUSTIC MICROSCOPY

A technique of representing as an image the
near-surface thermomechanical characteristics of
a solid, such as changes in crystallographic structure, phase composition, heat and strain parameters, mechanical damage, and so on. A focused
laser or electron beam is scanned over the surface
of the object under investigation, and modulated
with a frequency of the order of hundreds kilohertz. The absorbed radiation induces local timeand-space periodic elastic stresses which, in turn,
generate acoustic waves. These waves are detected
by a piezoelectric acoustic wave transducer coupled to the sample. A signal at the transducer’s
input is used for forming a scanned and magniﬁed image of the object with contrast furnished by
the spatial variation of its heat and elastic properties. When studying semiconductors, the image
contrast is also inﬂuenced by their electronic properties.
The amplitude of the video signal for a given
density of absorbed energy is proportional to the
value Bα(κρcω)−1/2 where B is the bulk elastic
modulus, α is the thermal expansion coefﬁcient,
κ, ρ, and c are, respectively, the thermal conductivity coef cie nt, the speciﬁc density, the speci c

Thermoacoustic microscopy.

heat of the solid material, and ω is the modulation

frequency. The spatial resolution is determined by
the diameter of the region where the elastic waves
originate due to the periodic heating (i.e. the energy dissipation volume of the irradiating beam),
and by the contribution of the thermal diffusion
that spreads to a microvolume of thermoelastic expansion beyond the limits of the energy absorption
region of size d ∼
= [2κ/(ωρc)]1/2 (≈ 1 to 10 μm).
Raster electron thermal acoustic microscopy
provides unique information about the near-surface microstructure of a solid, which in many
cases is unattainable by any other visualization
method (see Visualization of acoustic elds). For
example, in the electron microphotograph (see
Fig., left) one can see the indenter-produced mechanical damage at the surface of a silicon plate.
The same region imaged via thermal acoustic
scanning (see Fig., right) in a raster electron
microscope (see Scanning electron microscope)
provides much more detailed information on subsurface microscopic inhomogeneities, including
zones of elastic and plastic deformation, shear
lines, and related dislocations and stacking faults.
THERMOCAPILLARY EFFECT

An effect caused by the motion of nonuniformly heated liquid due to the presence of a
gradient of surface tension σ . Both ∇σ and the
motion of the liquid stimulated by it are in the
direction of decreasing temperature. The pressure
distribution in the liquid layer of thickness z under the action of ∇T in direction x is given by the
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expression
dP
3 dσ dT
=
.
dx
2z dT dx
In the case of uniformly spreading liquid drops
along a strip with ∇T from the cold end to the hot
one, the boundary of the drop stops its motion. In
the opposite direction, the spreading is accelerated
in comparison with isothermal spreading. Individual drops of non-spreading liquids on a substrate
with a ∇T are displaced as a whole under action
of the thermocapillary effect toward the direction
of the temperature decrease. During glass fusion
the thermocapillary effect leads to failure of those
crucible walls to which a heated glass moves. During a welding process the thermocapillary effect
causes the formation of craters with the smelting
of the basic metal. Surface convection of the liquid
can, in addition to the thermocapillary effect, be
caused by the presence of a material concentration
gradient. Movements of liquid under the actions of
temperature or concentration gradients are called
Marangoni effects.
THERMOCOUPLE
A temperature transducer consisting of two

electrical conducting elements of different types
joined together. The working principle of a thermocouple involves the Seebeck effect (see Thermoelectric phenomena). Advantages of a thermocouple include the simplicity of construction,
its small speci c heat, and the rapidity with
which it reaches equilibrium. Among its disadvantages are a strong dependence of thermoelectric power on the composition, homogeneity, and annealing conditions of its component
materials. The thermocouple sensitivity reaches
80 μV/K. The most commonly used thermocouples are the following: Chromel/Au–0.02 at.%
Fe and Chromel/Au–0.07 at.% Fe for the range
1–280 K (the substitution of a superconductor for
the Chromel lead results in lowering the measurement limit to 0.05 K); copper–constantan (200–
900 K); Chromel–Copel (220–1000 K); Chromel–
Alumel (220–1500 K); platinum/rhodium–
platinum (250–1900 K); tungsten–rhenium
(300–2800 K); and tungsten–molybdenum (300–
3100 K).

THERMODIELECTRIC EFFECT, Costa-Ribeiro
effect

A charge separation which appears at the transition from one state of matter to another. As
a result of the thermodielectric effect, different
phases acquire electric charges of different signs.
It is observable at melting, solidiﬁcation, and sublimation of insulators (dielectrics), at the dissolving
or diffusion into the solvent of one of the components. The thermodielectric effect was discovered
by J. Costa-Ribeiro (1944) when studying electrets. In application to water solutions the effect
was investigated by Workman and Reynolds and
has been called the Workman–Reynolds effect. The
thermodielectric current does not depend on the
material thickness but depends only on the speed
of the phase interface drift. In anisotropic crystals the current depends on the direction of growth
of the solid phase, which is usually positively
charged. The total amount of charge precipitated
within the time of the boundary drift in a twophase insulating system is proportional to the
variation of the mass of one of phases: Q = k m
where m = m2 − m1 , and k is the speciﬁc
constant of the insulator material which is called
the thermodielectric coefﬁcient. The magnitude
of the thermodielectric effect is determined by
the voltage, the difference in densities of weakly
bounded electrons, and the rate of charge penetration through the phase interface. The effect is
utilized for the manufacture of electrets.
THERMODIFFUSION, Soret effect

A phenomenon of particle diffusion in the presence of a temperature gradient ∇T . In an homogeneous phase consisting of two components,
a component separation takes place in the presence of the temperature gradient. To describe the
thermodiffusion ﬂux, a term proportional to the
temperature gradient is added to the ﬁrst Fick law:


Q∗
j = −D ∇n +
n∇T
,
kB T 2
where j is the diffusion ﬂux density, D is the
diffusion coef cient, n is the number of diffusing

particles per unit volume, and Q∗ is the heat of
transport.
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THERMODYNAMIC CRITICAL MAGNETIC
FIELD

THERMODYNAMIC POTENTIALS

A magnitude of the external magnetic ﬁeld
strength B = Bc at which a breakdown of the
superconducting state occurs, either in the entire
volume of a type I superconductor or in parts of it
(see Intermediate state). The thermodynamic critical ﬁeld is determined by the difference between
the free energies of the normal metal and the superconductor (see Thermodynamics of superconducting transition), and it depends on the energy
gap Δ in the spectrum of quasi-particles at a given
temperature T : Bc (T ) ∼ Δ2 (T ). In the vicinity
of the critical temperature Tc of the superconducting transition Bc (T ) → 0 as T → Tc from below.
The value of the critical ﬁeld B
√c (T ) is given
by the relation Bc (T ) = Φ0 /[2 2πξ(T )λ(T )]
where ξ(T ) is the coherence length, λ(T ) is the
penetration depth of the magnetic eld in the superconductor, and Φ0 is the ux quantum.

thermodynamic system in its equilibrium state,

THERMODYNAMIC EQUILIBRIUM

A state which a thermodynamic system spontaneously reaches, within a comparatively long time
interval (compared to system relaxation times),
characterized by an isothermal condition of either
isolation from its environment, or contact with another sufﬁciently large system in a thermodynamic
equilibrium state (thermal reservoir). At thermodynamic equilibrium all irreversible processes involving energy dissipation cease: i.e. thermal conductivity, diffusion, chemical reactions, and so on.
Sufﬁcient conditions of thermodynamic equilibrium (conditions of stability) can be obtained from
the second law of thermodynamics. In a general
case, a system is in thermodynamic equilibrium
when the thermodynamic potential of the system,
involving independent variables associated with
external conditions, is a minimum, and the entropy
is maximal.
THERMODYNAMIC PARAMETERS

The same as State variables.
THERMODYNAMIC PHASE

See Phase.

Values which characterize the properties of a
and allow one to completely describe its behavior.
The thermodynamic potentials are proportional to
the system volume and do not depend on the way
in which the system arrived at a given state (the
integral around a closed loop is zero). For a closed
system in the simplest case the thermodynamic
potentials depend on two variables which might
be either the temperature (T ) and pressure (P ),
the temperature and volume (V ), the entropy (S)
and pressure, or the entropy and volume. For the
variables S and V the thermodynamic potential
is the internal energy (E), which is identical to
the average energy of the system. The differential of the internal energy for arbitrary irreversible
processes, or reversible processes which result in
the system remaining in an equilibrium state, is
given by
dE = T dS − P dV ,

(1)

where the differential of the work dW = P dV .
In variables S and P , the thermodynamic potential is the enthalpy H (sometimes called the heat
function or heat content): H = E + P V , and its
differential dH is
dH = T dS + V dP .

(2)

In terms of variables T and V , the Helmholtz free
energy F = E − T S serves as the thermodynamic
potential,
dF = −S dT − P dV ,

(3)

and for variables T and P the potential is Gibbs
free energy G = H − T S = F + P V ,

dG = −S dT + V dP .

(4)

If the system is self-developing then by the second law of thermodynamics its entropy cannot
decrease, and eventually it reaches the state corresponding to an entropy maximum, i.e. a minimum
of the thermodynamic potential which depends on
the variables corresponding to the external conditions (e.g., at given T and P with other parameters
being free, the system will go to the state with a
minimum Gibbs free energy G).
In statistical physics, the free energy is expressed through the temperature and the energy of
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the system in a given state En with the help of the
expression:



En
,
(5)
exp −
F = −kB T ln
kB T
n
which follows from the canonical ensemble distribution function (see Gibbs distribution).
For anisotropic solids (see Anisotropy of crystals) in which a shear strain exists, the value
P V should be replaced (for a small strain) by
V0 ij σij uj i where V0 is the volume of the undeformed body (i.e. at uj i = 0); i, j = x, y, z are
the Cartesian coordinates; σij and uj i are the
stress tensor and strain tensor which, in general,
might be functions of coordinates. In this case the
differentials P dV and V dP in Eqs. (1)–(4) would
be replaced by, respectively, V0 ij σij duj i and
V0 ij uj i dσij .
In addition to the indicated values, there may
exist other parameters λk which determine the
states of the system (e.g., the electric, magnetic,
gravitational ﬁelds, surface tension, etc.). In this
case, in differential Eqs. (1)–(4) for the thermodynamic potentials, the terms k dλk (here λk are
certain functions of the state of the system) which
are the same for all thermodynamic potentials,
must be added. When the system under consideration can exchange matter with other systems
(e.g., a thermostat) the dependence of the thermodynamic potential on the number of particles
must be taken into account. Hence, in Eqs. (1)–
(4) the terms m μm dNm must be added (here
dNm is the change of the number of particles of
the mth kind, μm is their chemical potential). It
can be shown that the Gibbs energy is expressed
through the factors μm and Nm in the form of the
homogeneous function: Φ = m μm Nm . At the
equilibrium of several phases (see Phase equilibrium), the chemical potentials of the same material
in different phases are the same.
When considering systems with a variable
number of particles it is convenient to introduce
one more thermodynamic potential often referred
to as the grand potential: Ω = E − T S − Φ =
F − m μm Nm . This is associated with the fact
that using the grand canonical ensemble one can
write for variable particle systems systems an expression which relates Ω with the temperature, the
chemical potentials, and the energies of particles
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in different states. Such an expression for Ω is
identical in form to Eq. (5) which corresponds to
systems with a constant number of particles. This
allows one to carry out the analytical description
of systems with variable numbers of particles.
THERMODYNAMIC POTENTIALS OF A BODY
UNDER STRAIN

Functions which characterize the thermodynamic state of a body in the presence of elastic
strain. The most important thermodynamic potential of a deformable body is the internal energy (E) which is determined by the expression
dE = T dS − σik duik . The latter is a mathematical expression of the ﬁrst law of thermodynamics
where T is the body temperature, S is the entropy,
σik is the elastic stress tensor, uik is the strain
tensor (all the thermodynamic potentials are referred to a unit volume). Other potentials can be
obtained from the internal energy with the help of
Legendre transformations. For example, for Gibbs
free energy G this transformation takes the form
G = E − T S − σik uik ; hence, dG = −S dT +
uik dσik . The variables entering the expression for
the exact differential of any thermodynamic potential are called its natural variables. For example,
components uik are the natural variables of the
internal energy, and σik are those of the Gibbs
potential. Formally, the calculation of various thermodynamic values is reduced to the computation
of partial derivatives of the thermodynamic potential with respect to natural variables. In particular,
σik = −(∂E/∂uik )S , uik = (∂G/∂σik )T . For exact calculations it is important to know the explicit
expressions for thermodynamic potentials through
the components of tensors uik and σik . In most
cases these are written in the form of a series
which begins from the terms which are quadratic
with respect to uik and σik , i.e. items like E2 =
λiklm uik ulm and G2 = μiklm σik σlm . The form
of tensors λ, μ, and the tensor factors of the
subsequent terms of the series are determined by
requiring the invariance of the thermodynamic potential with respect to the symmetry group of an
undeformed body. Therefore, those changes of the
structure and physical state of a deformable body
which cause an alteration of the crystal symmetry
inﬂuence the form of the invariant series for the
thermodynamic potentials. This underlies the role
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of the latter in revealing various features important
in physical problems.
THERMODYNAMICS OF SUPERCONDUCTING
TRANSITION

Relations which correspond the changes of
thermodynamic potentials, and their derivatives
with critical parameters, of a superconductor at the

superconducting transition temperature Tc . For example, the difference in free energies between a
normal metal and a type I superconductor is given
by
FN − FS = V

Bc2
,
2μ0

where Bc is the thermodynamic critical magnetic
e ld, V is the superconductor volume. The entropy
difference is
SS − SN = V

Bc ∂Bc
.
μ0 ∂T

At T < Tc , Bc > 0 and ∂Bc /∂T < 0, and consequently, SS < SN , i.e. the superconducting phase
is more ordered. The latent heat of the transition Q = T (SS − SN ) is equal to zero at T = Tc ,
B = 0, and it is positive at T < Tc when B > 0
( rst-order phase transition). The jump of the speci c heat at the transition is described well by the
Rutgers formula (1936):


V T ∂Bc 2
.
CS − CN =
μ0 ∂T T =Tc
By taking into account the volume change at the
transition and the dependence of Bc on the pressure P allows one to obtain the volume thermal expansion coefﬁcient α = (1/V )(∂V /∂T ) and bulk
modulus of elasticity κ = −V (∂P /∂V ):
αN − αS =

1 ∂Bc ∂Bc
,
μ0 ∂T ∂P

κ2
κN − κS =
μ0




∂Bc 2
.
∂P

In type II superconductors, the superconducting
phase transition is a second-order phase transition
at the point B = Bc2 (T ) for T < Tc (see Upper
critical e ld).

THERMODYNAMIC SYSTEM

A macroscopic body or a complex of macroscopic bodies which, in general, can exchange
energy and matter with each other, or with surrounding bodies (environment). It consists of a
great number of individual component particles
(atoms, molecules). The state of a thermodynamic
system can be completely described by thermodynamic potentials, i.e. by characteristic functions of
volume V , pressure P , temperature T , entropy S,
number of particles in the system N , and other
macroscopic parameters xi .
A thermodynamic system is in equilibrium (see
Thermodynamic equilibrium) if the parameters of
the system do not change with time, and there
are no steady-state ﬂuxes (of heat, matter, etc.).
For thermodynamic systems in equilibrium one
can introduce the concept of temperature as a
state parameter which has the same value for all
macroscopic regions or parts of the system. A thermodynamic system can be either homogeneous
(single-phase) or heterogeneous (multiphase, see
Phase). For a single-phase thermodynamic system, the number of independent thermodynamic
degrees of freedom (variance) in the simplest case
is equal to two (either T , P or T , V ; S, V ; S, P ).
Other parameters can be expressed through these
independent ones with the help of equations of
state. For multiphase systems with c components,
the number of different phases ϕ that can be in
equilibrium (see Phase equilibrium) as well as the
number of thermodynamic degrees of freedom f
are related by the Gibbs’ phase rule f = c − ϕ + 2.
Since all the phases are in equilibrium, the temperature, the pressure, and the chemical potentials
of all components are the same. Thermodynamics
takes into consideration: isolated thermodynamic
systems which exchange neither energy nor matter with other systems; closed systems which can
exchange energy but not matter with other systems; open systems which exchange both matter,
and energy with other systems; as well as adiabatic systems in which there is no heat transport
involving other systems.
THERMOELASTIC EFFECT

The appearance of elastic stresses and strains
in an elastic material as a result of heating.
A mathematical description of thermoelastic phenomena is achieved by introducing into the elas-

THERMOELECTRIC DOMAIN

ticity theory equations some terms related to the
heating of a material, and into the thermal conductivity equations some terms related to the strain.
Depending on the type of problem under consideration, thermoelastic effects are classiﬁed as static
or dynamic, and as linear or nonlinear.
THERMOELASTICITY

1. A property of a material to acquire elastic strains due to stresses induced by a change of
temperature. Heat thermoelastic stresses arise either from a nonuniform temperature distribution,
or as a result of the dependence of the thermal
expansion on the coordinates and (in noncubic
crystals) in the presence of texture. However, not
every temperature distribution over the bulk induces the appearance of thermoelastic stresses.
In simply connected homogeneous continua free
of external loads, for which the laws of elasticity and thermal expansion are linear, and in the
absence of internal heat sources, an arbitrary stationary temperature distribution does not induce
thermoelastic stresses. If such stresses result in the
lack of elasticity then one speaks about the appearance of thermoelastic strains. It is necessary to
take thermoelastic stresses into account when resolving some engineering and physical problems.
These are responsible for failure caused by a heat
impact, for thermal fatigue, they induce warping
of a material, and they accelerate thermal cyclic
creep (see Cyclic heat treatment).
2. A property of a series of crystals to undergo thermoelastic martensitic transformations.
A particular feature of these reactions is the gradual growth of martensite crystals that takes place
at cooling; the deeper the cooling, the more the
growth. Heating produces a permanent decrease of
the size of formed martensite crystals, leading to
their eventual disappearance. Here a temperature
factor is similar to a force factor in respect to its
action. Thermoelastic martensitic transformations
are the basis for the appearance of such properties
as shape memory effect and superelasticity.
THERMOELASTIC MARTENSITE

A martensite formed in alloys where there is
thermoelastic phase equilibrium.
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THERMOELASTIC PHASE EQUILIBRIUM,
Kurdyumov effect (G.V. Kurdyumov,
L.V. Khandros, 1949)

A phenomenon of gradual growth (decay) of
crystals of martensite at a change of temperature and/or state of stress. Thermoelastic phase
equilibrium is explained in terms of the presence
of equilibrium between the driving force of the
transformation of chemical origin, and the counteraction of the elastic energy which is proportional to the martensite crystal size. The increase
of the Helmholtz free energy difference ( F )
(see Thermodynamic potentials) of the martensite phase and the host phase at a decrease in
temperature leads to the growth of martensitic
crystals. This growth ceases when the change of
elastic energy E becomes equal to F . At heating, as a result of decreasing F , equilibrium is
achieved for smaller martensite crystals. A similar inﬂuence on the drift of phase interfaces arises
from external stresses: martensitic crystals grow
as the stress rises, and decrease and vanish as the
stress diminishes. A necessary condition of thermoelastic phase equilibrium is the conservation
of the interlinking or the coherence of the lattices of martensite and host at the phase interface,
which takes place in the case of a small transformation motive force, small shear component
of shape strain, insigniﬁcant bulk effects on the
transformation, and high strength characteristics
(see Strength) of the host and the martensite. The
phenomenon of a thermoelastic phase equilibrium
occurs in those alloys where the martensitic transformations satisfy the conditions indicated above
(e.g., in Au–Cd, Cu–Al–Ni, Cu–Al–Mn, Ni–Ti,
Cu–Zn–Al, and so on).
THERMOELECTRIC DOMAIN in metals

A nonuniform distribution of temperature and
electric ﬁeld which arises spontaneously along a
thin homogeneous sample whose current–voltage
characteristic has the shape of a letter N. The
falling portion at the current–voltage characteristic occurs with Joule heating of the sample up
to temperatures at which the electric resistance
is determined, mainly by inelastic electron scattering (as a rule, by electron–phonon scattering)
and hence it grows with an increase in the electric
ﬁeld. The relation between the sample temperature
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T = T (E) and the applied electric ﬁeld strength E
is determined by the condition of heat balance
f (T , j ) = −j 2 σ −1 (T ) + d −1 q(T ) = 0,
j = σ (T )E,
where j is the electric current density, q(T ) is
the heat ﬂux through a unit area of the sample of thickness d, σ (T ) is the electrical conductivity of the metal as a function of temperature, f is the heat yield per unit sample area.
Hence, there is a falling portion at the current–
voltage characteristic in the temperature range
where ∂(σ (T )q(T ))/∂T |T =T (E) < 0. If the sample length exceeds the critical length
1/2

κσ d
,
Lcr = 2π −
∂(σ q)/∂T
T =T (E)
where κ is the metal thermal conductivity, then for
a given voltage applied to the sample, the uniform distributions of T and E are unstable, and
there appear thermoelectric domains which move
spontaneously through the sample with the speed
∼10−1 –10−2 cm/s. In contrast to the domain instability in semiconductors (see Gunn effect), the
thermoelectric domains in metals exist under conditions of local electrical neutrality.
In the limit L
Lcr , the appearance of thermoelectric domains leads to the stabilization of
current in a sample. With the exponential (with respect to parameter L/Lcr ) accuracy, the current j
in the sample coincides with the critical current jcr
which is determined from the condition of “area
equality”:
T2


2 σ −1 (T ) dT = 0,
κ(T ) d −1 q(T ) − jcr

T1

where T1 and T2 > T1 are zeros of the function
f (T , jcr ) which correspond to growing branches
of the current–voltage characteristic. Here the
thermoelectric domain has a trapezoidal shape: the
sample is divided into two portions, i.e. a lowtemperature part with T = T1 (values T1 are
close to 4.2 K) and a “hot” part with T = T2 ∼
Θ
T1 (Θ is the Debye temperature) with narrow (∼Lcr ) intermediate regions between them.
Wide range variations of potential difference V
applied to the sample change only the length of

the “hot” portion of the thermoelectric domain
leaving the magnitude of current constant in the
sample. Spontaneous nucleation and decay of the
thermoelectric domains in the sample occur at
different values V and j which leads to hysteresis of the current–voltage characteristic. In that
case when L is comparable to Lcr , the current
stabilization does not take place but the current–
voltage characteristic of the sample can consist
of several independent branches and have selfintersecting points. As a rule, in an experiment
Lcr ∼ 2–3 cm, thermoelectric domains appear at
E ∼ 1 V/m, j ∼ 109 A/m2 , their minimal temperature is 7–10 K, their maximal temperature is
of the order of the Debye temperature, and the
speed of their directed motion is ∼10−2 cm/s.
THERMOELECTRIC INSTABILITY OF
PHOTOCURRENT

A phenomenon involving the impossibility of
establishing a stationary photocurrent (see Photoconductivity) in an electric circuit with a permanent voltage source V , at a constant ambient
temperature T , and an illumination intensity I in a
certain range of these parameters. Within the range
of instability periodic photocurrent oscillations are
generated, and near the boundaries of the range of
instability, quasi-periodic or random oscillations
occur. The mechanism of thermoelectric instability of photocurrent is related to the presence in a
semiconductor of two types of centers, i.e. centers
with trapping levels M and recombination centers R. The trapping levels are free of electrons
in the dark. Transitions 1 (see Fig. 1) of electrons
to the conduction band under the action of light
lead to ﬁlling the trapping levels (transitions 2, 3),
as well as to the recombination of electrons and
holes at levels R (transitions 4, 5). Owing to the
yield of Joule heat, at values U , T , and I in the
instability range, a small increase of any of them
induces a sharp increase in the probability of transition 3 which is proportional to exp[−ε/(kB T )]
(here ε is the depth of the trapping level). These
cause an increase of the electron concentration in
the conduction band, the generation of extra Joule
heat, and so on, i.e. to an avalanche depletion of
trapping levels and a current spike. Subsequently
the crystal cools, the trapping levels again become
occupied by photoelectrons, and the cycle of selfoscillations repeats.
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Fig. 2. Arrangement for measuring thermoelectric phenomena.

Fig. 1. Sketch of the transitions in the case of thermoelectric instability of photocurrent (solid points and open
circles denote electrons and holes, respectively; arrows
indicate electron transitions, wide arrow indicates exponentially growing thermal excitation in the region of
instability).

Photoconductivity oscillations caused by the
thermoelectric instability of photocurrent are observed in the crystals CdS, CdSe, CdIn2 S4 , GaAs,
BaTiO3 , and many others. The oscillation amplitude varies under different conditions of illumination from 10−8 Å to decimal parts of an Å, and the
period varies from 10−4 s to many hours. There
are various auto-wave regimes of photocurrent,
whereby a crystal is illuminated by light of intensity a little less than that needed to fall into the
instability regime at a given T and U (so-called
waiting regime). A subsequent local change of one
of the controlling parameters leads to the development of an instability in the exciting portion of the
crystal, and the propagation of this instability over
the sample.
THERMOELECTRIC PHENOMENA

The appearance of an electromotive force and
an electric current as a result of the nonuniform
heating of a conductor, as well as the absorption
and emission of excess heat (compared to Joule
heat) when an electric current ﬂows through a
heterogeneous and anisotropic material. Thermoelectric phenomena include the Seebeck effect, the
Peltier effect, and also the Thomson effect responsible for the operation of a thermocouple made of
two different types of conducting materials I and II
(see Fig. 2). If the temperatures at the connections
(junctions of the thermocouple) T1 and T2 are the

same no potential difference arises, i.e. Vk1 = Vk2 .
If the temperatures differ, T1 = T2 , then the Seebeck effect thermomotive force (Th.T. Seebeck,
1821) arises, inducing the contact potential difference, Vk1 = Vk2 , between the ends of thermocouple, and its associated electric ﬁeld. The
following causes can induce U = Vk1 − Vk2 : inequality caused by the temperature dependence
Vk (T ), the pressure variation of current carriers
along the thermocouple at nonuniform heating,
and the electric ﬁeld produced by the diffusion of
current carriers associated with the involvement of
current carriers in the phonon ﬂux from the hot
end to the cold end of the thermocouple. At small
T2 − T1 : U = αI,II (T2 − T1 ) where αI,II is the speciﬁc thermoelectric motive force (thermoelectric
coefﬁcient, Seebeck coefﬁcient). If material II is a
nondegenerate semiconductor than αI,II is much
greater than that of a pure metal thermocouple.
This is explained by a stronger dependence of Vk
and pressure on T in a nondegenerate gas than occurs in the case of degeneracy.
When passing a current I , Peltier heat QP
(J. Peltier, 1834) is released at one of the junctions; and absorbed at the other. The value QP is
given by QP = PI,II I t , where PI,II is the Peltier
coefﬁcient, t is the time. The Peltier effect is explained by different average energies of current
carriers in conductors I and II. As a result, when
the carriers move from the conductor with greater
energy to the conductor with less energy, they give
their energy to the latter. If T2 = T1 then the current heats or cools conductor II, depending on the
current direction. This effect is called the Thomson effect (W. Thomson, 1856) and is explained
by the change of the average energy of the current
carriers along conductor II due to its nonuniform
heating and charge transport between the portions
with different energies. The Thomson heat QT
is determined as QT = τ (T2 − T1 )t , where τ is
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the Thomson coefﬁcient. In some cases the Thomson and Peltier effect are called electrothermic
effects. Like the thermoelectric motive force, they
are greater in magnitude for a lack of degeneracy,
compared to the case of degeneracy.
There appear bulk gradient effects related to
the motion of current carriers in the internal heterogeneous ﬁeld of a bulk nonuniform conductor.
In anisotropic media, the Seebeck, Peltier, and
Thomson transverse thermoelectric effects occur.
The emission or absorption of heat in the bulk
crystal at a change of current direction with respect to the crystallographic axes is called the
Bridgeman effect (P.W. Bridgeman, 1929). The
appearance of an electromotive force at T1 = T2
in semiconductors containing impurities or internal strains plus bipolar conductivity (see Electrical
conductivity) and two oppositely directed temperature jumps with different temperature gradients
∇T is called the Benedicks effect (C. Benedicks,
1918). This electromotive force is equal to the ∇T
dependent thermoelectric motive force difference
at jumps of T .
Thermoelectric phenomena arise during hole
or electron heating in a ﬁeld. In particular, they are
known as thermoelectric motive force, Peltier effect, and Benedicks effect for hot electrons. In the
case of electron warming-up in a non-symmetric
ﬁeld in a homogeneous isotropic semiconductor
(like lattice warming-up at the Benedicks effect),
the bigradient electromotive force of hot current
carriers arises.
THERMOELECTRONIC EMISSION
See Thermionic emission.
THERMOGRAPHY

A technique of visualization of thermal ﬁelds
of diverse materials. The thermal radiation of a
body is detected using an appropriate receiver
and transformed into an electrical signal. In terms
of the method of detection there are two principal types of thermographic devices: a contact
apparatus and a non-contact one. For non-contact
detection, special electronic devices called IR imagers are used. In contact thermography, special
substances which change their color under the action of thermal ﬁelds (thermal indicators) serve
for detection. The main areas of application of

thermography are the nondestructive testing techniques of articles in technology, and medical diagnostics.
THERMOGRAVIMETRIC ANALYSIS

A physicochemical method which supplies
heat to a material and determines the dependence of its change in mass on the temperature
or the duration of the heating. A thermogravimetric analysis allows one to determine, from the
magnitude and the rate of change of mass of a material, the degree and the rate of development of
various physicochemical processes, such as oxidation, desorption, evaporation, and decomposition.
In practice, a thermogravimetric analysis is performed in special automatic apparatus with detects
simultaneously the mass change, the rate of this
change, and the temperature at a given sample.
Thermogravimetry is often combined with other
methods, e.g., thermal analysis, and analysis of the
composition of gas given off at heating.
THERMOIONIC EMISSION, thermal ion emission

The emission of positive or negative ions by
heated bodies. Referred to as thermoionic emission are: the ionization of atoms of a solid during
its evaporation; ion emission of impurity atoms
(situated in lattice interstices, at grain boundaries,
in dislocation channels, and which migrate to the
surface by means of diffusion); the emission of
ions of foreign substances located on the surface.
Concerning the mechanism, thermoionic emission
is a type of surface ionization (thermal equilibrium
ionization) with the exception of those cases when
the ionized matter is the product of dissociation
of a compound with signiﬁcant internal energy
added to the surface. Such products are formed in
reactions with an energy yield which becomes involved in the ionization process. The thermoionic
emission current density is determined using the
formulae for surface ionization while taking into
account the conditions of the transport of particles
to the surface, or their formation there as a result
of reactions.
It is on the basis of thermoionic emission that
efﬁcient and economical ion sources with long
working lifetimes are manufactured; their current
density can reach the order of magnitude of hundreds of mA/cm2 .
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THERMOMAGNETIC GENERATOR

A device for the direct transformation of heat
energy into electrical energy based on the phenomenon of electromagnetic induction. The working principle of a thermomagnetic generator depends on the time variation of the magnetization M of the working material, i.e. a material
with a strong dependence M(T ), by means of
periodic heating and cooling (thermal cycling)
in a permanent magnetic ﬁeld. The idea of a
thermomagnetic generator had been suggested by
T.A. Edison (1887), but its practical implementation only became feasible in the mid-twentieth
century when materials with the requisite properties became available.
The average value of the electromotive force
induced in an electric bobbin with N coils per
half-cycle is ε = kSN M(B)/T , where S is the
cross-section of working material, k is a coefﬁcient of proportionality, M(B) is the variation
of M of the working material body in the magnetic
ﬁeld B in the range of thermal cycling δT , and
T is the period of a half-cycle. Diverse magnetic
substances are used as working materials. When
applying the ferromagnets, the thermal cycling is
carried out in the vicinity of the Curie point TC ;
δT is of the order of tens of kelvins; B is close
to BS of engineering saturation (see Saturation
magnetization curve). It is also possible to employ
monocrystal ferromagnets in which the phenomenon of spin reorientation (SR) takes place, e.g.,
NdCO5 , with TSR1 = 245 K, TSR2 = 285 K. In
this case δT = TSR1 − TSR2 , and B is of the
order of the demagnetization eld. Prospective
magnets are those which at low temperatures undergo ﬁrst-order magnetic phase transitions such
as a antiferromagnet–ferromagnet transition. In
this case, a value M(B) is a maximum, and δT
is close to the value of the hysteresis of the phase
transition, B ∼ BS . The limiting value of the thermomagnetic generator efﬁciency is proportional to
that of a Carnot cycle, which reaches 10% (e.g.,
for Ho, TAF↔F = 20 K, δT ∼ 3 K) at the particular output power density ∼1 W/cm3 .
THERMOMAGNETIC INFORMATION
RECORDING

The recording of individual points, images, or
a hologram (see Holography) on magnetic lm situated in a magnetic ﬁeld which is less than the

coercive force, and is antiparallel to the magnetization. The recording of information is performed

by means of rapid heating of local portions of
the ﬁlm up to the temperature at which their
magnetic reversal occurs abruptly. For the thermomagnetic recording of information one employs
ﬁlms with a rectangular hysteresis loop or with
a microband domain structure. When performing
this information recording a localized region of
the ﬁlm is heated up to the needed temperature
with the help of a laser, an electron beam, or a
light ﬂash within a time interval less than 1 μs,
and the magnetization is reversed. The reading is
performed using the Kerr effect, the Faraday effect, or magnetic suspension (see Magnetic powder
patterns). The density of the recorded information
can reach 108 bit/mm2 , its erasure is performed
by a magnetic ﬁeld whose strength is higher than
the strength of the ﬁeld applied when recording. As a magnetic carrier it is used sputtered on
substrate ﬁlms of amorphous magnetic materials
such as Tb–Fe, Gd–Fe, Tb–Fe–Co, Gd–Tb–Fe,
Tb–Dy–Fe, or permalloy ﬁlms (see Soft magnetic
materials) with a microband domain structure.
Employed in modern magnetooptical carriers are
ﬁlms based on superlattices of Co/Pt in which the
number of layers is ∼20, and the layer thickness is
of the order of a nm. For magnetooptical carriers
with multilayer Co/Pt ﬁlms in which the principle of information recording is based on scanning
optical microscopy of the nearest ﬁeld (for overcoming the diffraction limit), the achieved density
of recording information is about 700 Mbit/mm2 .
THERMOMAGNETIC MATERIALS
Ferromagnetic alloys with a strong dependence

of saturation magnetization Ms on the temperature T in a given magnetic ﬁeld. This property manifests itself in the vicinity of the Curie
point TC . In many of these alloys values of TC fall
on the range between 0 and 200 ◦ C. As a rule, thermomagnetic materials are divided in two groups:
thermomagnetic (compensation) alloys, such as
Ni–Cu, Ni–Fe–Cr (compensator), Ni–Fe, and multilayer thermomagnetic materials. Thermomagnetic materials are applied, mainly, as magnetic
shunts, or additional magnetic resistors. The introduction of such elements into magnetic circuits
allows one to compensate for the changes of the

1388

THERMOMAGNETIC PHENOMENA

magnetic ﬂux in the circuits induced by the temperature changes of the electric resistance in the
coils of a magnet, the air gap of a magnet, and so
on. Thermomagnetic materials are used in relays
whose response function depends on T . See also
Magnetic materials.
THERMOMAGNETIC PHENOMENA

Phenomena which arise in a conductor with
a temperature gradient as it is positioned in an
external magnetic ﬁeld. For the appearance of
thermomagnetic phenomena, the magnetic ﬁeld
should have a component orthogonal to the temperature gradient. The ﬂuxes of “hot” and “cold”
current carriers moving from hot and cold ends
of a sample towards each other are deﬂected by
the magnetic ﬁeld to opposite side walls of the
sample. As a result one of the walls will be
heated, and another wall cooled. The appearance
of a thusly induced temperature gradient directed
normally to the primary (applied from outside)
gradient is the manifestation of the Righi–Leduc
effect (A. Righi, S. Leduc, 1887). However, if the
mobility depends on the energy of the current carriers then these oppositely directed ﬂuxes would
not be compensated. As a result, charge will accumulate at the side walls, thereby inducing an
electric ﬁeld orthogonal to the applied gradient;
this ﬁeld is called the Nernst–Ettingshausen transverse ﬁeld (W. Nernst, A. Ettingshausen, 1886). In
anisotropic conductors the ﬁeld appears with an
energy-independent mobility.
The Righi–Leduc effect and the Nernst–
Ettingshausen transverse effect are called transverse thermomagnetic effects. These are odd in
respect to the magnetic ﬁeld direction, and their
values are determined by the temperature change
T = −SB(T1 − T2 ) and the value of the transverse electric ﬁeld V2 = −QB(T1 − T2 ) where
B is the magnetic ﬁeld; T is the absolute temperature (indices 1, 2 refer to heated and cooled regions
of sample, respectively); the factor Q is called the
Nernst constant; S is the Righi–Leduc coefﬁcient.
In addition to transverse effects, there also exist longitudinal thermomagnetic effects. These are
even in respect to the magnetic ﬁeld direction.
If the mobility of an isotropic conductor is dependent on the energy of the current carriers, or
the conductor is anisotropic, then the ﬂuxes of

charged particles which ﬂow in a direction normal to ∇T are turned by the magnetic ﬁeld toward
the direction along ∇T , and the magnitude of the
thermal electromotive force changes. Thus, in a
magnetic ﬁeld an addition to the coefﬁcient of
thermal electromotive force α arises (which is
even with respect to the magnetic ﬁeld direction).
This effect is called the Nernst–Ettingshausen longitudinal effect. Moreover, the electron thermal
conductivity and, in turn, the heat ﬂux along the
original gradient both change; this is the so-called
Maggi–Righi–Leduc effect (G. Maggi, A. Righi,
S.A. Leduc, 1887). In small-size conductors the
presence of the magnetic ﬁeld can also change
the primary temperature proﬁle by inducing the
dependence on coordinates of the applied temperature gradient in a homogeneous conductor.
In this case thermoelectric currents, odd with respect to the magnetic ﬁeld direction, emerge in
the conductor. These currents are responsible for
the appearance of odd (in respect to B) additions to the thermal electromotive force (Nernst–
Ettingshausen longitudinal even effect), and an
alteration of the primary heat ﬂux (Maggi–Righi–
Leduc even effect).
There are isothermal and adiabatic thermomagnetic phenomena. If the sample side walls are
thermally isolated then there are no heat ﬂuxes
normal to the temperature gradient. In these cases
the effects are classiﬁed as adiabatic ones. However, if there is a perfect heat transport to the
environment, the transverse effects are missing,
and the isothermal effects take place with values
which differ from the those in adiabatic effects.
In the subsurface layers the temperatures of
phonons and current carriers can fail to be coincident. In this case, the heat isolation of side walls
does not result, in general, in the lack of heat ﬂuxes
in every subsystem (phonons and current carriers),
and the character of thermomagnetic phenomena
changes.
THERMOMAGNETIC TREATMENT
Heat treatment of metals and alloys in a
magnetic eld. A thermomagnetic treatment of
steel increases its impact strength and mechani-

cal strength properties. During the treatment the
mechanical strain in the direction of the magnetic
ﬁeld improves in addition to the steel strength.
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In practice, the inﬂuence of the thermomagnetic
treatment on magnetic characteristics of metals
is used to improve the properties of thin lms ,
ferrites, alloys for permanent magnets. The action of an external ﬁeld is observed if one of
the phase components of the alloy is ferromagnetic. The magnetic ﬁeld activates phase transitions which lead to the formation of the phase
with higher magnetization, and expands the region
of its presence. If the martensitic transformation
in steel takes place in a magnetic ﬁeld, then as
a result of a noticeable increase in the diffusion
of carbon atoms the martensite already formed
during cooling undergoes a tempering and a partial decomposition with the carbon yield from a
solid solution. Self-tempering of martensite in a
magnetic ﬁeld reduces the brittleness of freshhardened steel. These technologically important
changes of the structural state of steel and its
properties are achieved in magnetic ﬁelds with
strengths up to 0.1 T.
THERMOMECHANICAL EFFECT
See Mechanocaloric effect.
THERMOMECHANICAL TREATMENT
A heat treatment of metals and alloys com-

bined with a deforming process aimed to improve
their properties. During a thermomechanical treatment the material structure reforms under the
conditions of increased density and optimum distribution of crystal structure defects which nucleate at deforming and phase transitions. Deforming
can be performed prior to the thermomechanical
treatment, during the treatment, or after it, as well
as both prior and subsequently. There are many
technological schemes of thermomechanical treatment, including those involving multiple treatments. For a low-temperature thermomechanical
treatment the material is deformed at a temperature a little below the recrystallization temperature,
and for a high-temperature one the plastic deformation is carried out at a temperature above
the recrystallization temperature. Conditions of
plastic deforming and subsequent hardening are
selected that produce stable structural states with
an increased density of defects, and the presence
of polygonization. This leads to the increase of the
material strength in combination with sufﬁciently

high plasticity, fatigue resistance, and impact resistance.
THERMOMETRY (fr. Gr. θερμη , heat and
μετρεω, am measuring)

A branch of applied physics devoted to the
measurement of temperature. Thermometry is
closely related to metrology, it involves providing
reliability and precision to temperature measurements: establishing temperature scales and standards, developing techniques for calibration and
testing apparatus for variable temperature studies. The measurement of temperature entails a
well-deﬁned dependence on it of a particular property of a solid selected as a thermometer, and the
selection of a temperature scale. The absolute temperature scale or Kelvin temperature scale selects
absolute zero as 0 K, and chooses its unit increment of temperature as (1/273.16)th part of the
thermodynamic temperature of the triple point of
water. A primary thermometer is used for measuring the thermodynamic temperature (its equation
of state can be written in closed form without
unknown constants), and examples are gaseous,
acoustical, noise, and total radiation types. With
the aid of primary thermometers, extremely precise measurements can be made of standard ﬁxed
temperature points, and using these as benchmarks, the scales of practical thermometers can be
graduated at these temperatures.
The international community has recommended the following thermometers as acceptable
standards: a platinum resistance thermometer for
the range from 13.81 K to 630.74 ◦ C; a thermocouple with platinum–platinum/rhodium electrodes (10% rhodium) for the range from 630.74 ◦ C
to 1034.43 ◦ C; and an optical pyrometer (see
Pyrometry) for temperatures above 1064.43 ◦ C.
In the range 0.5–30 K a thermodynamic interpolation (gaseous or magnetic) procedure is accurate;
at T < 5 K this is based on the vapor pressure of 4 He and 3 He. In the range 0.5 to 273 K
the highly stable iron–rhodium (0.5 at.% Fe)
resistance thermometer is applicable. The
thermocouples Chromel/Au–0.02 at.% Fe and
Chromel/Au–0.07 at.% Fe can be employed in the
range 1–280 K. The methods of acoustic noise,
magnetic thermometry, nuclear orientation, measurement of static nuclear susceptibility, and so on,
are applicable at extremely low temperatures.
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Semiconductor thermometry. Techniques for
measuring temperature with the help of semiconductor devices, transducers whose main feature
is a pronounced temperature dependence of one
or more of its parameters. From the metrology
viewpoint semiconductor temperature transducers, because of their speciﬁcity, are secondary
thermometers, i.e. they require an initial calibration with subsequent veriﬁcation by comparison
with standard (primary) thermometers.
A high thermal sensitivity and thermoelectric
power at the p–n junction which are speciﬁc for
semiconductor materials (Ge, Si, GaAs, CdSb, and
so on) stimulated implementation of two types
of thermometers: temperature sensitive resistors
and thermal diodes (transistors); the former being more common. A broad range of applications
necessitates a series of partially contradicting requirements to which the semiconductor resistance
thermometers must respond: accuracy and stability of readings, reliability and simplicity of
operation, minimal dimensions, low inertia, independence of magnetic ﬁelds and some other
physical inﬂuences, wide range, low cost, etc.
Present day semiconductor technology is able to
produce semiconductor resistance thermometers
that satisfy the growing requirements of science
and engineering.
An important aspect of semiconductor thermometry is cryothermometry. Semiconductor resistance thermometers are the most convenient for
practical measurements of low (<100 K) and extremely low (<1 K) temperatures. Precise doping
by, e.g., Ge performed by the nuclear transmutation method provides the possibility of fabricating
semiconductor resistance thermometers for operation down to 0.01 K.
Magnetic thermometry. A method of determining the temperature in the vicinity of absolute zero
based on the temperature dependence of the magnetic susceptibility χ of paramagnets. Those paramagnets whose susceptibility depends on the temperature through the simple Curie law χ = C/T
are suitable for magnetic thermometry. One can
determine the so-called magnetic temperature T ∗
from a measurement of χ in a weak ﬁeld, of
the static nuclear susceptibility, and so on. These
procedures are applicable at extremely low temperatures using the known value of the paramagnet

Curie constant C. In that temperature range where
the Curie law is valid, T ∗ coincides with the thermodynamic temperature T . At lower temperatures
deviations from the Curie law cause the magnetic
temperature T ∗ to differ noticeably from the actual (thermodynamic) temperature T . In practice,
the magnetic temperature is adjusted to the thermodynamic one using tables and curves composed
on the basis of careful studies of the temperature
dependence χ(T ).
THERMOPLASTIC MATERIALS

Natural or artiﬁcial high molecular weight materials (resins) which soften at heating and harden
at cooling, and which conserve these abilities after
multiple heating and cooling cycles (see Polymeric
materials). Thermoplastic materials are characterized by a vitri ca tion temperature Tg and a yield
temperature Tf > Tg . For T < Tg solidiﬁcation
takes place. A softening, i.e. a transition to the
viscous-ﬂuid state occurs at T > Tf . Within the
range Tg < T < Tf high-elasticity state responses
are speciﬁc for ﬂexible polymer molecules of the
material (see Flexibility of polymeric chain). The
tendency for thermoplastic materials to be deformed irreversibly under the application of heat
and pressure, and to conserve their form at T <
Tg , is utilized for manufacturing diverse products,
and for information recording by thermoplastic
media. These thermoplastic media are thin layers whose particular feature is the capability of
easy deformation up to a viscous-ﬂuid state under the action of the ﬁeld of the forces that form
the latent image. The latent image is produced
by the modulation of the electrostatic ﬁeld forces
(surface charge), by the optical ﬁeld of the image, or by the output signal, e.g., electrons. Depending on this, thermoplastic media are divided
into photothermoplastic and simply thermoplastic
types. A developed image in the form of surface
relief is ﬁxed by rapid cooling of the thermoplastic medium below the vitriﬁcation temperature;
the image is read with the help of special optical systems such as schlieren-systems (see Optical
defectoscopy), which transform the phase contrast
into an amplitude one, or with the help of illumination by a reference beam if a phase hologram
is recorded (see Holography). Heating the thermoplastic medium to a higher temperature provides
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the relaxation of the forces forming the latent image, and a smoothing of the relief (deletion of
record) under surface tension forces, thus permitting the repeated use of the thermoplastic medium
for recording and reading images.
During the development process, there appear
random surface strains (“frost-made pattern”) at
a uniformly charged layer of the thermoplastic
medium, which constitute a noise source or a random raster; modulating this also allows one to
record information. Thermoplastic media are considered the best reversible photosensitive media
for recording thin phase holograms. These possess an extensive range of positive qualities such
as the absence of grain structure, high sensitivity (5–100 μJ/cm2 ) comparable to the sensitivity
of haloid-silver photoemulsions, a rapid and dry
development process, capability for cycling, high
resolution reaching 103 lines/mm in thin layers,
and a high rate of recording and erasing of information.
Thermoplastic media were applied by G.Ch.
Lichtenberg (1777) for observation of the action of
electric charge on the surface of a softened layer of
rosin (Lichtenberg ﬁgures). F. Fisher (1940) used
thin layers of viscous-ﬂuid oils deformed by static
electric charge in a television system “Eidophor”,
which was then modiﬁed for using thermoplastic
media.
THIN FILM GROWING

Production of thin layers (see Films) of crystalline or amorphous material on substrates. Some
purposes of ﬁlm growing are to create passivating,
insulating or conducting coatings. This is done to
form heterojunctions, to create multilayer structures for solid-state electronic and optical devices,
to vary the mechanical properties of surface layers and perhaps increase their hardness and wear
resistance, or to create a decorative coating (see
Surface decoration). Films can be grown by various methods: deposition of material from vapor,
liquid (melt or solution) and solid phases; deposition from molecular and ionic beams; by thermal
or ionic scattering; with the help of chemical reactions at the substrate surface (oxidation, anodization, nitriding, formation of silicides, etc.), and by
the electrolytic method. Depending on the method
of growing and on their application, the thickness can be varied from one monolayer (Langmuir

monomolecular ﬁlms) up to fractions of a millimeter (electrolytic coatings).
Historically, the formation of decorative and
protective metal layers (nickel, gold, silver plating) from aqueous solution or electrolytes was
the ﬁrst thin ﬁlm preparation method which found
wide use. At present monocrystal ﬁlms are widely
grown on oriented (epitaxy) and non-oriented
(rheotaxy) substrates. The convenience of doping
ﬁlms during the course of epitaxial growth facilitates the preparation of the epitaxial structures so
widely used in semiconductor electronics.
THIN FILMS

Layers of material whose thickness is small in
comparison with other dimensions. One could regard thin ﬁlms as layers whose thickness is less
than any characteristic length (screening length,
diffusion length, mean free path, Maxwell relaxation length), or comparable to it. In this case size
effects (scale effects) will manifest themselves in
thin ﬁlms, i.e. the dependence of their physical
properties, as well as the tunnel effect, on the
thickness. In this sense thin ﬁlms are close in their
properties to thread-like crystals. The size effects
in the optics of thin ﬁlms (see Thin layer optics),
e.g., light interference, have been known since the
time of Newton.
The size effect in the electrical conductivity of
thin metal ﬁlms was ﬁrst observed by I. Stone
(1898) and explained by J. Thomson (1901). Later
the size effects in thermal conductivity, thermoelectromotive force (see Thermoelectric phenomena), and galvanomagnetic effects were discovered and investigated. Unlike the classical effects
which are observable in samples whose thickness is comparable to the electron mean free path,
quantum size effects are observable when the
thickness is comparable to the electron de Broglie
wave length λ. In this case, the role of quantizing
the electron quasi-momentum becomes essential,
and as a rule, this changes radically the thermodynamic and kinetic characteristics of the ﬁlm. In
many cases thin ﬁlms are discontinuous (insular
lm s). A limiting thin ﬁlm case is monomolecular ﬁlms (see Langmuir–Blodgett lms) which had
been studied in the experiments of A. Pockels
(1891), and interpreted by T. Rayleigh (1899).
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THIN-FILM SOLAR CELLS

Solid state devices used for the direct transformation of solar energy into electric current,
solar cells. These consist of a few layers of materials with different properties. An active (working) region of a thin-ﬁlm solar energy cell is a
semiconductor ﬁlm which incorporates an electric
ﬁeld (semiconductor junction, heterojunction, and
so on). The direct transformation of solar energy
into electrical energy takes place due to the separation of light-generated electron–hole pairs by
the internal electric ﬁeld, which results in the appearance of an electromotive force and an electric
current. In thin-ﬁlm solar energy cells semiconductor ﬁlms with direct optical transitions are used
(compounds AIII BV and AII BVI , amorphous hydrogenated silicon); they have a large light absorption coefﬁcient. A typical thickness of the active
region of such devices is from one to a few micrometers. The highest efﬁciency of thin-ﬁlm solar
energy cells (close to 30% in the order of magnitude under concentrated illumination) has now
been achieved in devices based on the heterojunction GaAs–Alx Ga1−x As.
THIN FILM SUPERCONDUCTIVITY
A group of superconductivity phenomena im-

portant both in theory and in practice. Indeed,
almost all the nonstationary, nonequilibrium and
nonlinear phenomena found in superconductivity,
including those applicable to superconductor electronics, are found in thin ﬁlm structures. Thin ﬁlm
superconductivity already starts in ﬁlms d ≈ 1 nm
thick. However, the critical temperature Tc in extra thin layers is strongly perturbed by uctuations.
The longitudinal critical magnetic ﬁelds in ﬁlms
sharply increase for smaller d, and transverse ones
result in the formation of quantized Abrikosov vortices in the ﬁlm (for d < λ it happens in ﬁlms
of every superconductor). These vortices interact with currents ﬂowing through the ﬁlm in a
complex nonlinear manner. As for highly ohmic
ﬁlms, bound states of the vortex–antivortex type
form in them, causing the topological Kosterlitz–
Thouless transition. Effects of electron localization upon the ﬁlm superconductivity also appear.
In the presence of vortices, critical currents are
controlled by the phenomenon of vortex pinning,
while in their absence the same role is played
by the kinetic depairing of the superconducting

Bose condensate (the latter occurs at current densities ∼107 A/cm2 ). Studying such ﬁlms is also
complicated by several factors: vortices can start
to form in the Earth’s magnetic ﬁeld; the current distribution across the ﬁlm cross-section is
nonuniform; certain thermal effects take place, etc.
Using thin ﬁlms one may study in detail mechanisms for generating the resistive state while
the overall superconducting state persists. Such
mechanisms include the formation and melting
of vortex lattices, the nonequilibrium dynamics
of vortices, the formation of centers and lines of
phase slip that can maintain their resistive state
up to currents signiﬁcantly exceeding the critical
value, as well as effects involving the generation of electromagnetic oscillations, and nonlinear
interactions with microwave ﬁelds. The critical
temperature Tc and other parameters of superconducting ﬁlms are sensitive to the conditions
of condensation. At substrate temperatures close
to that of liquid helium metastable amorphous
condensates easily form, as well as new superconducting modiﬁcations of metals. Powder ﬁlms are
obtained via condensation in oxidizing media at
low pressures. Co-evaporation of metals with insulators, semiconductors, or common metals yields
granular ﬁlms. These may be of different types,
with granules linked together by weak tunnel junctions or bridge contacts. The physical properties
of thin ﬁlms depend on various phenomena: percolation (see Percolation theory), metal–insulator
transitions, Josephson effects, Coulomb effects,
and strong ﬂuctuation effects. Thin ﬁlm superconductivity opens the way to studying the effect of
thermodynamic ﬂuctuations of the order parameter, both far from the phase transition point and
in the vicinity of Tc and Bc . The same applies to
changes in the effective dimensionality of ﬂuctuations under the effects of temperature and applied
magnetic ﬁeld.
THIN LAYER OPTICS

A branch of optics in which the optical properties of thin ﬁlms of solids are studied. True thin
layers are those with optical indices that depend
on the thickness. From experimental observations,
the limiting thickness where this dependence can
yet be detected in metals does not exceed a few
tens of nanometers, i.e. covers the thickness range
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where metal ﬁlms are still somewhat transparent.
The limiting thickness for insulators and semiconductors is 100–150 nm. The presence of interference is insufﬁcient evidence for classifying ﬁlms
as truly “thin”, when their refractive index and absorption index do not differ from those in the bulk
material, and are independent of thickness.
Based on the macroscopic Maxwell equations,
early phenomenological theories produced relations implying that the values of so-called effective
refractive indices neff , calculated from re e ctance
and transmittance experimental data, grow rapidly
as the effective layer thickness d eff decreases,
while the absorption index κ eff in the region of
very small thickness (d < 100 Å) has a maximum. Such a trend of neff leaves one perplexed,
since as the thickness decreases, so does, typically, the density of the matter in the layer;
therefore, one would expect a decrease of optical
density and, accordingly, neff . Thus, phenomenological theories are unsuitable for the description of optical phenomena in thin layers. Other
attempts have been made to provide a quantitative description of these phenomena. Mie theory (G. Mie, 1908) dealt with light scattering
by colloidal particles; and Maxwell–Garnett theory (J. Maxwell, J.G. Garnett, 1904) described
the granular structure of thin ﬁlms (see Granular
lm s) in the form of a three-dimensional colloid.
Then, David–Schopper theory (E. David, 1939;
H. Schopper, 1951) took into account the grain
orientation in a thin lm ; and Rosenberg theory
(G.V. Rosenberg) proceeded from the concept of a
thin layer as a two-dimensional colloid. However,
these approaches also failed to provide a satisfactory agreement between theory and experiment.
Many believe that a proper microscopic theory of
the optics of thin layers should take into account
the various factors that determine these properties,
namely: the role of the substrate surface, the way
it ﬁts on to the thin layer material, the shape and
size of grains, their interaction, the free surface of
grains, and so on. Surface states in an optical thin
layer very likely play an important role in determining its optical properties.
THIRD CRITICAL FIELD, critical eld of surface
superconductivity
A magnetic ﬁeld which destroys superconductivity in the vicinity of a plane surface of a

1393

superconductor. For the applied ﬁeld parallel to
the superconductor interface in a vacuum, the
third√critical ﬁeld is given by Bc3 = 1.69Bc2 =
1.69 2κBc , where κ is the Ginzburg–Landau parameter, and Bc is the thermodynamic critical magnetic e ld. At the upper critical eld Bc2 the bulk
superconductor goes normal, and in ﬁelds between
Bc2 and Bc3 the superconductivity persists in the
form of a surface superconducting layer of thickness equal to the coherence length which can carry
a ﬁnite critical current. The region inside this layer
is now in the normal state. Coating the superconducting surface with a normal metal reduces Bc3
to a value very close to Bc2 (see Surface superconductivity). For type I superconductors, the surface
superconductivity is observed when Bc3 > Bc ,
that is in the range 0.418 < κ < 0.707. For values
κ < 0.418, the ﬁeld Bc3 is less than Bc , and represents an overcooling ﬁeld of the superconductor.
THOMSON EFFECT
See Thermoelectric phenomena.
THORIUM, Th

A radioactive element of Group III of periodic system with atomic number 90 and atomic
mass 232.0381; it belongs to the actinides. Natural
thorium consists almost entirely of the 232 Th isotope with half-life 1.39·1010 years. Twenty four
thorium isotopes are known with mass numbers
213 to 236. Outer shell electronic conﬁguration is
6d 2 7s 2 . Oxidation state is +4, less often +2, +3.
Atomic radius is 0.179, radius of Th4+ ion is
0.102 nm. Electronegativity is ≈1.27.
Bulk thorium is a light-gray metal. It exists
in two polymorphous modiﬁcations (α-Th, β-Th).
The low-temperature α-Th has a cubic closepacked lattice with period a = 0.50851(7) nm
(at 298 K). At 1633 K it transforms to β-Th
with a body-centered cubic lattice and period a =
0.411 nm (at 1723 K). Density is 11.72 g/cm3
(298 K); Tmelting = 2023 K. Speciﬁc heat is
27.382 kJ·kg−1 ·K−1 (300 K); coefﬁcient of thermal conductivity is 37.6812 W·m−1 ·K−1 (at
383 K); average linear thermal expansion coefﬁcient is 11.55·10−6 K−1 (at 303 to 473 K).
Resistivity is 0.13 μ·m (at 293 K). Below 1.38 K
thorium becomes a superconductor. Work function
is 3.51 eV; magnetic susceptibility is 0.54·10−6
emu/g (at 293 K). Total effective cross-section
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of adsorption and scattering of high-energy (3 to
10 MeV) neutrons is 7.2 barn, of thermal neutrons
(0.025 eV) it is 20 barn. At room temperature normal elastic modulus is 68.81 GPa; shear modulus
is 27.44 GPa; Poisson ratio is 0.27. The purest
thorium iodide is of low strength, and is plastic
at room temperature. In its strained and annealed
state at 923 K its tensile strength is 0.119 GPa;
relative elongation is 36%; relative constriction
is 62%; Vickers hardness is 45 HV. Adiabatic
elastic moduli of α-Th: c11 = 75.3, c12 = 48.9,
c44 = 47.9 (in GPa) at 300 K. Less pure thorium,
caked from electrolytic powder, strained and then
annealed, has tensile strength 0.153 GPa, yield
limit 0.078 GPa; relative elongation 35%; Vickers hardness 53.0 HV. Carbon dissolved in thorium
increases its strength, and C contents of 0.05%
makes it brittle below 273 K. Due to low solubility,
additions of oxygen and nitrogen barely affect the
mechanical properties. Thorium iodide becomes
brittle. Thorium in powder form is pyrophoric in
air and in oxygen. Thorium is used for alloying
of Mg alloys. The dioxide ThO2 is used as a ﬁreprooﬁng material.
THREAD-LIKE CRYSTALS, lamentary crystals,
whiskers
Microscopic monocrystals with their length

in one direction far exceeding their width in
other directions (typical length 1–2 mm, diameter
∼1–2 μm). Ordinarily ﬁlamentary crystals grow
along certain crystallographic directions (e.g.,
along the normal to a close-packed face) and possess isometric cross-sections (hexagonal, square,
etc.). Thin ﬁlms and plates are also found
(0.1–10 μm thick, 0.1–1 mm wide) (see also
Quasi-one-dimensional crystals). Thread-like
crystals grow from either gas or vapor via the socalled vapor–liquid–crystal mechanism (see Crystallization from the gas (vapor) phase). When these
crystals grow from a solution or a solid phase,
screw dislocations play an important role: either
the apex or the base of the growing crystal has a
growing step that reproduces itself as more matter
reaches the thread-like crystal surface.
An important class of ﬁlamentary crystals discovered in 1991 is carbon nanotubes which are
rolled up graphite sheets forming tubes, sometimes closed at the ends by fullerene (C60 ) type

half-spheres. The properties of nanotubes depend
on tha axis about which the graphite sheet is
wrapped, and two important conﬁgurations of carbon hexagons are called “armchair” and “zig-zag”
types. Nanotubes can be multiwalled (concentric
cylinders) with outer diameters between 2 and
25 nm, and single walled with a diameter between
1 and 2 nm. The electrical conductivity can range
from metallic to semiconducting, and the mechanical strength is very high.
Filamentary crystals in general possess a number of unique properties: they have practically
no defects and their strength can be close to
the theoretical limit, hence it may exceed the
strength of common crystals by a factor of 102 –
103 . The latter feature allows studying the effects
of strong elastic strains on various physical properties of crystals, such as electrical resistance.
The broad thickness range and high chemical
purity of thread-like crystals makes them useful
for studying size effects. A number of instruments have been designed (miniature thermometers, strain-gauge transducers, Hall sensors, radiation instruments) in which ﬁlamentary crystals
act as sensors. These crystals are used in electronics as highly efﬁcient ﬁeld-emission cathodes (see
Field-emission cathode), and also to produce extra
strong composite materials.
THRESHOLD ENERGY OF DEFECT
FORMATION

Amount of energy transferred to an atom of
a crystal to initiate starting the formation of a
Frenkel defect. The experimental dependence of
the cross-section for defect formation σ on the energy E of a foreign particle of type S (high-energy
electron, proton, neutron, etc.) has a region of fast
growth σ (E), which approximately provides the
threshold energy of defect formation Ed . The energy T transferred to the atom during an elastic
collision by the foreign particle is considerably
different from E, e.g., for nonrelativistic particles:
T  Tmax = 4mμE/(m + μ)2 , where m, μ are
the masses of the foreign particle and atom of the
crystal. The values T = Ed for different materials
lie within the limits from several electron volts to
∼100 eV: the corresponding threshold energy of
the electrons is hundreds of keV. The cross-section
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of defect formation by the foreign particles
Tmax

σS (E) =

dT W (T )

dσS (E, T )
,
dT

0

where dσS (E, T ) is the differential cross-section
of transfer to the crystal atom of the energy within
the range from T to T + dT from the particle S
with energy E, and W (T ) is the probability of formation of a defect upon the transfer of energy T to
the atom. The dependence W (T ) determined from
the experimental curves σS (E) is considerably
different from the rough stepwise approximation,
W (T ) = 1 at T > Ed ; W (T ) = 0 at T < Ed .
THRESHOLD POTENTIAL SPECTROSCOPY

Method of investigating the composition and
electronic structure of solids, based on studying
the characteristic features of either secondary radiation from near-surface layer atom electronic
excitation, or the reﬂected beam of primary ions
which bombard the solid and undergo a change
in energy. The excitation of atoms of the solid
takes place at certain threshold values of the potential, the minimum value of which may be obtained
from the equation eV = E be − eϕ c , where E be
is the binding energy of an electron at the ground
level with respect to the Fermi level, and ϕ c is the
work function of the cathode. The process of excitation involves the generation of a hole at the inner
level, and the generation of two electrons (primary,
and excited) above the Fermi level. Relaxation of
this state may be accompanied by recombination
of the hole with emission of an X-ray photon, or by
the generation of an Auger electron with a probability close to 100% if the energy of the hole is
less than 2 keV (see Auger electron spectroscopy).
The energy band structure and composition of a
solid may be determined through studying the energy distribution of Auger electrons, the primary
electron elastic reﬂection, or soft X-ray radiation.
A low-energy variety of threshold potential spectroscopy employs primary electrons of energy less
than 10–15 eV; it is highly sensitive to physicochemical processes which involve a structural
rearrangement of the density of valence electron
and free electron states of the solid under consideration.

THROTTLING

A drop of the pressure in a gas, steam, or
liquid without any thermal interchange with the
environment, and without doing work. During
throttling a temperature change takes place (see
Joule–Thomson effect) which can be utilized for
achieving cryogenic temperatures. A throttling
process is also called a Joule–Thompson process.
THULIUM, Tm

Element of Group III of the periodic table with
atomic number 69 and atomic weight 168.9342;
belongs to yttrium subgroup of lanthanides. Natural thulium consists of one stable isotope 169 Tm.
Outer shell electronic conﬁguration 4f 13 5d 0 6s 2 .
Atomic radius 0.1743 nm; ionic radius of Tm3+ is
0.0869 nm. Oxidation state +3. Electronegativity
≈1.24.
Bulk thulium is a silvery-white metal. It has a
hexagonal close-packed lattice at temperatures be4 ); lattice
low 1793 K, space group P 63 /mmc (D6h
constants are a = 0.35375 nm, c = 0.55540 nm
at room temperature. The body-centered cubic lattice, space group I m3̄m (Oh9 ), may arise above
1793 K (up to Tmelting = 1818 K) with lattice constant a = 0.392 nm after hardening. Binding energy 2.6 eV/atom (at 0 K). Density 9.314 g/cm3
at 298 K; Tboiling ≈ 2110 K. Heat of melting
18.2 kJ/mole, heat of sublimation 247 kJ/mole,
heat of evaporation 240 kJ/mole; speciﬁc heat
0.160 kJ·kg−1 ·K−1 at room temperature; Debye temperature 167–200 K; coefﬁcient of linear thermal expansion of thulium polycrystal is
≈12.5·10−6 K−1 . Adiabatic crystal elastic moduli are: c11 = 86.3, c12 = 31.0, c13 = 24.5,
c33 = 84.0 (GPa) at 298 K. Adiabatic bulk modulus is 44.5 GPa (300 K), isothermal bulk modulus
is 39.7 GPa. Young’s modulus is 74.8 GPa, rigidity is 30.4 GPa, Poisson ratio is 0.235. Brinell
hardness is 0.539 GPa (for 99.0% pure thulium).
Thulium is readily amenable to machining. Effective thermal neutron capture cross-section is
118 barn. The Sommerfeld coefﬁcient of linear low-temperature electronic heat capacity is
14.41 mJ·mole−1 ·K−2 (2.5–10.0 K). Resistivity
of thulium polycrystal is ≈755 n·m at room
temperature. Temperature coefﬁcient of resistance
is 0.00195 K−1 . Work function of polycrystal is
3.12 eV. At the Néel temperature TN = 57 K,
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THYRISTOR

thulium transforms from the paramagnetic to the
antiferromagnetic state with a sinusoidal-shaped
arrangement of spins directed parallel to the 6
principal axis. Possible additional magnetic structures are reported at Tc ≈ 35 K, at Tc = 21 K,
and over the temperature range 21–38 K. Magnetic
susceptibility +25600·10−6 CGS units. Nuclear
magnetic moment of 169 Tm isotope is 0.20 nuclear magnetons. Thulium is used as a getter in
electrical vacuum devices and for scientiﬁc research purposes. The 170 Tm isotope is used as a
portable source of X-radiation in defectoscopy and
in medicine.
THYRISTOR (fr. Gr. ϑυρα , door)
A semiconductor device which contains four or

more sequential, alternating sign conduction regions, e.g., a p–n–p–n transitor. In addition to
anode and cathode, it is possible to introduce a
third control electrode in one of the internal regions. Accordingly, there are a diode thyristor
(dynistor) and a controlled thyristor. The thyristor
current–voltage characteristic is determined by a
combination of the actions of forward and reverse
bias at p–n and n–p junctions, and characterized
by a sharp transition between the states with low
and high conductivity. Thyristors are employed
as rectiﬁcation and switching devices in electrical circuits, and in power control operations. The
most common thyristors are silicon controlled rectiﬁers.
TICONAL (fr. titanium, cobalt, nickel and
aluminum; known in Russia as YuNDKT)
Alloy based on the system Fe–Ni–Al–Co–Cu–

Ti. A particular feature of ticonal is its high contents of cobalt (to 8%) and titanium (to 8%). Permanent magnets made of these alloys are obtained
by casting and grinding. After a thermomagnetic
treatment these become anisotropic magnetic materials. A large effect is achieved in the case of
monocrystals or castings with an acicular texture.
For the properties of ticonals, see Table 1 in Hard
magnetic materials.

of an electron ψ(r) (in the single-electron approximation) is expressed in the form of a linear
combination of atomic functions ψa (r). It is supposed that when an electron is located near some
atom with number n, then its potential V (r) is
mainly determined by the potential of this atom:
Va (r − rn ), where rn is the coordinate of the nucleus. The difference V (r) − Va (r − rn ) is a minor
perturbation, providing a correction to the electron
energy E with respect to the ionization potential
of atom Ea . In the case of a crystal with a simple
lattice, due to translational symmetry:

exp(ikrn )ψa (r − rn ).
ψ(r) = A
n

Then, to ﬁrst order of perturbation theory, the energy is

E = Ea + ψa∗ (r) V (r) − Va (r) ψa (r) dr
+




ψa∗ (r) V (r) − Va (r) ψa (r − rn ) dr

n=0

× exp(ikrn ).
In order to use the tight binding method it is necessary that the corrections to the energy E − Ea for
any k should remain much smaller than the difference between the ground state energy E and
the ﬁrst excited level. In other words, the widths
of the permitted bands in the crystal should be
much smaller than the widths of the forbidden
gaps. In practice this condition is seldom fulﬁlled.
It is valid for the valence bands of alkali-halide
crystals, for crystals of inert gases, and for all inner shell bands; it may not be satisﬁed for the
conduction band, and for higher energy bands.
The improvement of the tight binding method in
the many-electron approach leads to the Heitler–
London–Heisenberg method (see Heitler–London
approximation).
TIME INVERSION

TIGHT BINDING METHOD

Approximation of tightly bound electrons; one
of many methods for the theoretical calculation
of the energy of a molecule or a crystal. According to the tight binding method, the wave function

Change in sign of the time variable t (t → −t )
in equations of motion. In mechanics the velocity v changes sign while the acceleration a does
not, and in electromagnetism the magnetic ﬁeld B
changes sign while the electric ﬁeld E does not.
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The equations of motion (e.g., F = ma) are invariant with respect to this operation (with the
simultaneous reversal of the magnetic ﬁeld B direction). For B = 0, this extra symmetry of the
Hamiltonian, H K = KH (or H = H ∗ if the spin
interactions are disregarded), where K is the time
inversion operator, means that both eigenfunctions
ψi and Kψi belong to the same energy level and,
if these are orthogonal (as Bloch functions ψk
and Kψk ∼ ψ−k at any value of the quasi-wave
vector k), an additional degeneracy is possible.
That is, there appears a qualitative change of the
band state energy dependence E(k) on k; in particular, E(k) = E(−k). Time inversion can also
double the dimension of the matrix Hamiltonian
of the effective mass method and, as with any
new symmetry element, it can establish additional
relationships between the matrix elements. There
are some differences in the time inversion theory,
depending on whether the spin interaction is disregarded or not. In particular, in the latter case, the
bands in crystals with a center of symmetry are, by
virtue of the Kramers theorem, even-fold degenerate at any k.
TIN (Lat. stannum), Sn

Chemical element of Group IV of the periodic system with atomic number 50 and atomic
mass 118.710. Natural tin consists of ten isotopes
with mass numbers 112, 114 to 120, 122 and 124.
Isotope 124 Sn is weakly radioactive. Outer shell
electron conﬁguration is 4d 10 5s 2 5p2 . Successive
ionization energies are 7.342, 14.628, 30.49, 39.4,
80.7 eV. Atomic radius is 0.140 nm; radius of
Sn4+ ion is 0.071 nm; radius of Sn2+ ion is
0.093 nm. Oxidation state is +2, +4. Electronegativity is ≈1.85.
In the free form tin is a silvery-gray lustrous
metal. It is polymorphous; below the temperature 286.4 K, α-Sn (gray tin) exists with a diamond type cubic structure a = 0.64891 nm (at
286 K). Above 286.4 K, β-Sn (white tin) is stable
with a tetragonal crystal lattice, a = 0.5832 nm,
c = 0.3183 nm (at 298 K). At the transition
β-Sn → α-Sn, the speciﬁc volume increases considerably (to 25.6%), which results in tin collapsing to a gray powder. The process is sharply accelerated in the presence of α-Sn nucleation centers
(see Tin pest). The density of β-Sn is 7.30 g/cm3

(at 293 K), T melting = 505 K, T boiling = 2543 K.
Heat of melting is 7.181 kJ/mole; heat of evaporation is 272.74 kJ/mole. Thermal linear expansion
coefﬁcient is 22.4·10−6 K−1 ; at 233 K, coefﬁcient of heat conductivity is 65.32 W·m−1 ·K−1 ;
speciﬁc heat is 0.2261 kJ·kg−1 ·K−1 . Electrical resistivity is 115 n·m (at 293 K). Mechanical properties of tin: tensile strength is 9.8 to 39.2 MPa,
relative elongation 40%, relative constriction 75%,
modulus of normal elasticity is 53.9 GPa. Brinell
hardness is ≈40.5 MPa. Adiabatic elastic moduli of β-Sn: c11 = 72.0, c12 = 58.5, c13 = 37.4,
c33 = 88.0, c44 = 21.9 GPa at 301 K.
Tin is a soft and plastic metal, easily rolled into
thin sheets and foil. When infected with tin pest,
tin is remelted. High-purity tin is a semiconductor
engineering material.
TIN PEST

A polymorphic transformation (see Structural
phase transitions) of white tin (β-Sn) to gray tin
(α-Sn). On heating in air, α-Sn powder oxidizes
and then compact β-Sn cannot be regenerated.
The nucleated centers of α-Sn “infect” their environment, from which the transformation of tin
proceeds further with the formation of “warts”,
the evolution of the latter to “tumors”, and so on.
Tin pest is a classical example of a polymorphic
phase transformation in a solid. The temperature
of the β ↔ α transition in pure Sn (99.9995%) is
+1.5 ◦ C; the latent heat of the transition at 0 ◦ C
is 2.22 kJ/mole. As a result of the transformation of tin, the speciﬁc volume increases by 26%;
therefore, the transformation always starts at the
sample surface. The following orientation relations
are valid from structural considerations: (001)
planes of tetragonal β-Sn are parallel to (001)
planes of cubic α-Sn, the [100] direction of β-Sn
is parallel to the [110] direction of α-Sn. Tin pest
requires prolonged incubation (sometimes months
and years); and the α-Sn modiﬁcation is obtained
by low-temperature deformation with subsequent
heating. A seed with particles of CdTe or InSb,
which have a diamond type lattice (the same as
α-Sn) and a crystal lattice constant close to α-Sn,
can also be used. Tin pest formation accelerates
under the action of ultrasound and neutron beam
irradiation, and in the solution of Sn salts. Impurities of Al and Zn stimulate the nucleation of α-Sn
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centers, while Bi, Sb, and Pb hinder it. Preliminary
annealing of Sn samples with small concentrations of Bi, Sb, and Pb additionally retards tin
pest. Using the method of spreading Hg on Sn at
T < 0 ◦ C, and the method of acoustic emission
from Sn samples that were overheated after preliminary cooling below 0 ◦ C, multiple nucleation
of α-Sn centers was demonstrated. The incubation
is needed for their transformation into growing
centers. In super-high-purity Sn (99.9995%), the
centers grow according to a dislocation mechanism; in less pure Sn, the mechanism of nucleation
of two-dimensional centers is in effect.
TITANIUM, Ti

Element of Group IV of the periodic system with atomic number 22 and atomic mass
47.88. Natural titanium has 5 stable isotopes:
46 Ti (7.99%), 47 Ti (7.32%), 48 Ti (73.98%), 49 Ti
(5.46%), 50 Ti (5.25%). Outer shell electronic conﬁguration is 3d 2 4s 2 . Successive ionization energies are 6.83, 13.57, 28.14, 43.24 eV. Atomic radius is 0.1463 nm; radius of Ti4+ ion is 0.068 nm,
of Ti3+ ion 0.076 nm, of Ti2+ ion 0.086 nm, of
Ti+ ion 0.095 nm. Oxidation state is +4, less often +3, +2. Electronegativity is ≈1.45.
Titanium is a metal of silvery-white color. It
exists in two allotropic modiﬁcations (α-Ti, β-Ti).
Below 1156 K α-Ti is stable with hexagonal closepacked crystal lattice, space group P 63 /mmc
4 ), with lattice parameters a = 0.29507 nm,
(D6h
c = 0.46818 nm at 294 K. Above 1156 K up
to Tmelting = 1941 K β-Ti is stable with bodycentered cubic lattice, space group I m3̄m (Oh9 )
and parameter a = 0.33065 nm (at 1173 K).
β-Ti is not ﬁxed by hardening, in the process of
cooling there takes place the diffusion-free transformation β-Ti → α  -Ti. Density is 4.51 g/cm3
(298 K); Tboiling ≈ 3530 K. Bonding energy is
−4.86 eV/atom at 0 K. The heat of α → β transformation is 3.402 kJ/mole (at 101.33 kPa); heat
of melting is ≈19.9 kJ/mole (at 101.33 kPa),
heat of sublimation is ≈458 kJ/mole; heat of
evaporation is 471 kJ/mole (at 101.33 kPa); the
pressure of titanium saturated vapor is 0.0266 Pa
at 1763 K; speciﬁc heat is 0.5225 kJ·kg−1 ·K−1
at 298 K and 101.33 kPa. Debye temperature
is ≈410 K; linear thermal expansion coefﬁcient
of α-Ti monocrystal: ≈5.7·10−6 K−1 along the

principal axis 6 and 10.1·10−6 K−1 perpendicularly to this axis at 300 K (in the temperature range 298 to 673 K), for β-Ti monocrystal:
12·10−6 K−1 in the temperature range 1173 to
1343 K; temperature conductivity coefﬁcient is
6.2·10−6 m2 /s; thermal conductivity coefﬁcient is
22.064 W·m−1 ·K−1 (at 293 to 298 K). Adiabatic
elastic moduli of α-Ti monocrystal: c11 = 162.4,
c12 = 92.0, c13 = 69.0, c33 = 180.7, c44 = 46.7
(in GPa) at 298 K and zero external pressure;
bulk modulus is ≈105.6 GPa, Young’s modulus is
114.8 GPa, shear modulus is 43.5 GPa, Poisson ratio is ≈0.338 (at 298 K); ultimate tensile strength
of high-purity titanium annealed in vacuum at
1073 K is ≈0.257 GPa, relative elongation is 55 to
70%, yield limit is ≈0.152 GPa, Brinell hardness
is ≈0.6 GPa at room temperature. High-purity titanium is plastic, it is applicable for all the types of
mechanical treatment (forging, rolling, stamping)
in the hot and cold state. Titanium is not subjected
to brittle failure down to cryogenic temperatures.
At 1873 K the surface tension of solid titanium is
1.67 J/m2 , of liquid titanium 1.137 to 1.641 J/m2 .
Self-diffusion coefﬁcient of atoms in titanium
polycrystal is 7.5·10−14 m2 /s at the melting temperature. Linear low-temperature electronic heat
capacity coefﬁcient is ≈3.44 mJ·mole−1 ·K−2 .
Density of states at Fermi level is 0.51 state·eV−1 ·
atom−1 ·spin−1 at T ≈ 0; parameter of electron–
phonon interaction in titanium is ≈0.36. At 298 K
resistivity of α-Ti monocrystal is 480.0 n·m
along the principal axis 6 and 453.5 n·m in
perpendicular to this axis; temperature coefﬁcient of electrical resistivity of α-Ti polycrystal
is 0.00546 K−1 at room temperature; resistivity
of β-Ti is 1576 n·m at 1173 K; Hall constant
is +0.95·10−11 m3 /C (at 283 K); thermoelectromotive force coefﬁcient is +30 μV/C (at 1073 K).
Coefﬁcient of reﬂection of optical waves of 5.0 μm
length is equal to 87.4%. Work function of titanium polycrystal is ≈3.9 eV. Superconducting
transition temperature is 0.40 K; critical magnetic ﬁeld is ≈0.78 mT at 0 K. Titanium is
paramagnetic material; at room temperature molar
magnetic susceptibility is +168·10−6 along the
principal axis 6 and +143.5·10−6 CGS units perpendicular to this axis; nuclear magnetic moment
of 47 Ti isotope is 0.787 nuclear magnetons. Titanium is widely used as light, strong and corrosionresistant construction material in the aviation and

TOMOGRAPHY 1399

space industries, in chemical machine building,
in ferrous and non-ferrous metallurgy, in medical
industry, in military and vacuum electronic engineering, etc.
TITANIUM ALLOYS
Alloys based on titanium containing alloying el-

ements introduced for the improvement of technological and maintenance properties (see Alloying).
The possible formation of stable and metastable
solid solutions based on α (hexagonal closepacked) and β (body-centered cubic) polymorphous modiﬁcations and intermetallic compounds
by the introduction of alloying elements is the
physical basis of titanium alloy synthesis. The
physicochemical and electrochemical properties
of titanium alloys are determined by the phase
compositions and structures that are created by
heat treatment and thermomechanical treatment.
According to their effect at the temperature of the
polymorphous α ↔ β transformation, the alloying
elements and impurities are subdivided into those
stabilizing the alpha phase (Al, O, N, C), those
stabilizing the beta phase (V, Mo, Fe, Cr, Mn), and
neutral ones (Sn, Zr). The β-stabilizing elements,
in their turn, are divided into eutectoid-forming
and isomorphous ones, having respectively limited and unlimited solubility in β-titanium. Al,
which is introduced into practically all the alloys in quantities of 2 to 8%, is the main alloying element of these. Al increases strength,
high-temperature strength and the elastic modulus, while it simultaneously reduces the speciﬁc
gravity of the alloys. At Al contents up to 5%
solid-solution hardening plays the main role; at
higher Al contents dispersion hardening due to
separation of the ordered Ti3 Al phase is possible. Alloying of titanium alloys with elements
stabilizing the β-phase in quantities exceeding
the solubility limit in an α-solid solution leads
to the appearance of the β-phase or of intermetallides in the structure (in alloys with eutectoidforming elements). The compounds and temperature versus time modes of titanium alloys are
selected in order to avoid the formation of intermetallides, which cause embrittlement. Nitinol
(Ti–50 at.% Ni) which exhibits the shape memory effect, and high-temperature alloys based on
the aluminides TiAl and Ti3 Al, which operate up
to 800 to 1000 ◦ C and are very brittle at room tem-

peratures, are the best known among the precision
titanium alloys. High strength and corrosion resistance favor the application of titanium alloys in
aviation and space, chemical industry, power engineering, and ship-building industry.
TITANIZING

The diffusion saturation of a metal surface by
titanium; a kind of chemical heat treatment. Titanizing results in higher corrosion resistance and
cavitation resistance, hardness and wear resistance (see Wear). In industry it is applied to steels,

cast iron, and nonferrous metals. When titanizing
carbon-containing alloys, a layer of titanium carbide is formed at the surface (see Carbides). In
the bulk of the diffusion zone the titanium carbide
forms mainly along grain boundaries. Titanizing is
performed by heating articles in the form of pastes,
powders, salt solutions, and gas blends, as well as
by thermal evaporation of titanium in vacuo.
TOMOGRAPHY (fr. Gr. τ oμoς , cutting, and
γραϕω, am writing, drawing)

Techniques for studying the internal structure
of materials based on a sequential, stepwise determination of its characteristics. Unlike transmission endoscopy and defectoscopy which give twodimensional shadow images of three-dimensional
objects, tomographic techniques provide substantially more contrast and a more realistic perspective. In routine X-ray tomography the radiation
source and X-ray ﬁlm move in parallel planes in
different directions. In this case only one layer of
the subject gives a clear image while the image
of other layers is suppressed. In modern computational microtomography (e.g., CAT or computerized axial tomography) a narrow beam from
the radiation source with a receiver, by means of
parallel translations and rotations, irradiates the
sample sequentially at different points of the layer,
and at various angles, thus restoring with the help
of the computer the bidimensional characteristics
of this layer. The main principles of tomography
were known from the last century. The development of computational tomography is related
with its success in the area of medical diagnostics
(see Magnetic resonance imaging). In solid state
physics the application of tomography is mostly
restricted to the study of model subjects. Tomography is a nondestructive method of testing and
analysis.
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TOMOGRAPHY, MICROSee Computational microtomography.
TOMOGRAPHY, MRI
See Magnetic resonance imaging.
TOMOGRAPHY OF MICROFIELDS

A method of restoration of the two-dimensional
spatial distribution of electric and magnetic microﬁelds over a solid surface which is based on
measuring the deviations of an electron probe in
the ﬁeld under investigation, with a subsequent
calculation of the ﬁeld strength distribution. A focused electron probe goes through the regions of
localization of the ﬁeld under study (scattering
ﬁeld), deviates at every point of scanning under
the action of the Lorentz force, and arrives at the
attached two-coordinate detector. The coordinates
and velocities of electrons emerging from the scattering ﬁeld are determined experimentally. Then
the problem of restoring the two-dimensional
space distribution of electric or magnetic ﬁelds
over the solid surface is reduced to solving a set of

linear equations of a special form in respect to the
scalar or vector potential by means of computer
calculations. Using numerical differentiation of
the potential function with the application of algorithms of regularization, one reconstructs the spatial conﬁguration of the ﬁeld, or the distribution of
the absolute value of the ﬁeld strength, or that of
its components. When using this method the inaccuracy of measurements does not exceed 5%,
with a spatial resolution of decimal parts of a micrometer. A method implemented on the basis of
a raster microscopy system (see Scanning electron
microscopy) coupled to a microcomputer (PC) allows one to study the two-dimensional scattering
ﬁelds of electric and magnetic domains, ﬁelds over
the surface of magnetic recording devices, and so
on. The ﬁgure presents the calculated and restored
contours of constant strength of the modulus of
a magnetic scattering ﬁeld over a recording head
with a working clearance 2δ = 3.2 μm (noted in
Fig.) for various indicated magnetomotive forces
(1, 2, . . . , 6). See also Computational microtomography.
TOPOGRAPHY, X-RAY
See X-ray topography.
TOPOLOGICAL INDEX of a magnetic bubble
domain

Constant ﬁeld strength contours on recording head obtained by microﬁeld tomography.

An integer s which designates the number of
turns of the magnetization vector M in the middle
of the magnetic domain wall of a magnetic bubble domain (MBD) when going counter-clockwise
along the MBD perimeter. The topological index determines the properties of the MBD as a
topological magnetic soliton with a topological
charge (see Topological inhomogeneity) which, in
turn, determines the degree of the reﬂection of the
magnetic lm plane onto the sphere M 2 = const.
For a magnetic substance with a strong magnetic
anisotropy in the basal plane, the direction of M at
different points of the boundary is the same, and
the MBD with s = 0 is energetically favorable.
For a Bloch domain wall with vertical Bloch lines
n = 2(s − 1), where n is the difference of numbers
of Bloch lines of different signs. In the presence
of Bloch points the value of the MBD topological index is not deﬁned. The value s determines a
set of static and, in particular, dynamic properties
of the MBD (see Rigid magnetic bubble domain,
Magnetic domain wall dynamics).
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Nonsingular vortices: (a) point type in a plane, and (b) linear type in three dimensions.

TOPOLOGICAL INHOMOGENEITY, topological
soliton, topological singularity

Spatially nonuniform conﬁguration of order
parameter ﬁelds that possesses a topological stability. Examples of topological inhomogeneities
are dislocations, vortices (see Abrikosov vortices),
hedgehogs, disclinations, solitons, and so on.
There are two kinds of (point, linear, planar, and
particle-like) topological inhomogeneities: those
which involve either singular or nonsingular conﬁgurations of order parameter ﬁelds. A conﬁguration is called singular if its order parameter ﬁeld is
either not deﬁned or goes to zero at a certain number of points; this is related to a topological singularity. If the order parameter is deﬁned and differs
from zero then the corresponding conﬁgurations
of the order parameters are called nonsingular;
they describe a topological soliton. For example, the radial distribution of magnetization M
in a ferromagnet, or the unit vector n = M/|M|,
called a hedgehog, is a topological singularity: the
vector n = r/|r| is not deﬁned at the origin of

coordinates (at the point r = 0). This is an example of a point singularity. Examples of linear
singularities are disclinations in nematics (see Nematic liquid crystal) and vortices in superﬂuid 4 He.
Singular conﬁgurations of order parameter ﬁelds
emerge for inhomogeneous conditions far from a
topological singularity (at |r| → ∞). Nonsingular
topological inhomogeneities occur either when the
homogeneous boundary conditions are at inﬁnity,
or in the presence of interactions breaking the degeneracy of the equilibrium state of the system.
In the latter case, magnetic domain walls in magnets (see Magnetic solitons) or nematics (planar
topological singularities) are examples. In the former case, examples could be a nonsingular point
vortex in a planar magnet (i.e. with an order parameter in the form of a vector in a plane) or a
nematic (Fig. (a)), as well as a linear nonsingular vortex or a linear topological soliton in the
three-dimensional case (Fig. (b)). A point vortex
in a planar model can be regarded as a section of
a linear soliton in the three-dimensional case. An
example of a particle-like topological soliton in
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the three-dimensional case is a ring-like, nonsingular vortex (a linear soliton bent into a ring).
To every topological singularity there corresponds a certain representation of the coordinate
space in the space of the order parameter M.
Depending on the type of a given topological inhomogeneity, an n-dimensional sphere S n is selected
(for an inhomogeneous distribution of the parameter n, far from a topological inhomogeneity, the
order of n is 0, 1, and 2 for planar, linear, and
point topological inhomogeneities, respectively;
for a homogeneous distribution n is equal to 1, 2,
and 3, respectively). Thus in the general case, to
a topological singularity there correspond transformations S n → M. These transformations are
characterized by the homotopic groups, with the
help of which one can classify the singularities,
resolve the problem of their topological stability,
and indicate for them topological invariants or
charges. It should be stressed that some conservation laws are valid for topological charges; this
makes them similar to such quantities like electric charge, spin, and so on. Therefore, topology
provides not only methods for studying physical
systems, but also a language for describing the
physical phenomena involving topological inhomogeneities or, in other words, the topological
consequences of the theory expected to be observable in experiment.
TOPOLOGICAL TRANSITION

A transition of a material from one state to another which is accompanied by a change of the
topological characteristics of the state. There are
topological transitions of different types, such as
the Lifshits transition due to alteration of the topology of the Fermi surface, and the (Berezinski)–
Kosterlitz–Thouless transition involving the dissociation of connected states of topological inhomogeneities, i.e. vortices (“vortex molecules”). At
this latter transition only the structure corresponding to correlation functions, etc., changes.
TOTAL EXTERNAL REFLECTION

The reﬂection of radiation (X-rays, electrons,
neutrons, etc.) incident upon a given medium from
air or a vacuum at grazing angles θ , which are
smaller than a certain critical value θc . Similar to
total internal re ection, practically all the energy

of the incident beam is transferred to the reﬂected
beam. The effect of total external reﬂection is described on the basis of Snell’s law. If a plane wave
is incident from a vacuum on a medium with refractive index n, then the refracted beam forms
with the boundary the angle of cos θ  = (cos θ)/n.
If n < 1, then there exists the critical angle θ c =
cos−1 n, such that θ  = 0, and the refracted wave
is cancelled. For θ < θ c there exists only one wave
in the medium, which travels along the boundary;
the amplitude of this wave decays exponentially
inside the medium. Total external reﬂection of
corpuscular radiation may be described with the
help of the pseudopotential U = E(1 − n2 ) (see
Pseudopotential method), which characterizes the
interaction between radiation of energy E and the
medium. If n < 1, then U > 0, and total external reﬂection may be treated as the reﬂection of
particles of transverse energy E⊥ < U (θ < θ c )
from a potential barrier, the value of the critical
angle being θ c = sin−1 (U/E)1/2 . In a crystal the
ﬁeld U exhibits spatial periodicity, and the reﬂection pattern becomes more complicated: total
external reﬂection turns into Bragg double re ection.
Total external reﬂection is observed, e.g., for
hard photons and thermal neutrons at small grazing angles (θ c ∼ λ, where λ is the wavelength).
This circumstance provides the basis for the operation of neutron guides. The refractive index
of many materials has an imaginary value; if the
incident radiation consists of extremely slow (ultracool) neutrons: n2 < 0, then U > E, and total
external reﬂection is observed for all values of θ .
This effect is used for the transport and storage of
slow neutrons. The operation of an X-ray mirror is
based on total external reﬂection.
TOTAL INTERNAL REFLECTION

The reﬂection of electromagnetic radiation
from the boundary between two transparent media
when the radiation propagates from the medium
of higher refractive index n1 and the angle of incidence exceeds the critical angle icr , which is given
by the condition sin icr = 1/n, where n is the relative index of refraction n = n1 /n2 . In accordance
with Snell’s law, the value of icr corresponds to
a refraction angle of 90◦ . The electromagnetic
energy at total internal reﬂection is completely
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returned to the denser medium at the angle of incidence, which is equal to the angle of reﬂection;
the ﬁeld in the other (optically less dense) medium
exponentially decays with distance for the order of
several wavelengths λ from the interface. The ree ctance at total internal reﬂection is very close
to 1. This property is utilized in reﬂecting prisms,
light guides, and in investigations through the attenuated total internal re ection method.
TOTALLY SYMMETRIC VIBRATIONS of crystal
lattice

Vibrations that involve no change of sign of
normal coordinates during the course of all symmetry operations. During the process of total symmetric vibrations, all atoms that make up a unit
cell exhibit rectilinear motion, which is symmetric with respect to the center of symmetry or the
principal axis of the crystal. At any given instant of
time all atoms are in the same phase of the motion.
In a breathing mode all atoms move alternately
in and out relative to the center of inversion, or
a (principal) axis of inversion.
TOUGH CRACK, viscous crack, elastic crack
A crack which can develop into a plastic deformation; it can appear not only in the vicinity

of a surface damage point, but also within the
volume of a body. A tough crack develops by
the formation of microcavities at its vertices, followed by their coalescence via the rupture of the
bridges between them. As a result of the development of tough cracks, speciﬁc pitted relief can
be formed. The energy of formation of the crack
surfaces generally exceeds (by several orders) the
surface energy of the body as a result of the energy
spent in plastic deformation. The speed of tough
crack growth is determined by macroprocesses in
its plastic zone, and appears to be slower than the
speed of brittle crack growth.
TOUGH FAILURE, elastic failure, ductility failure,
viscous failure
A type of failure, accompanied by the development of intense plastic deformation at the site of

breakdown. For single-axis tension it is displayed
in the form of material rupture at the site of strong
local contraction of the sample neck, the so-called

destruction with cup and cone. Tough failure is
characteristic of all plastic metals, especially the
soft ones (pure iron, copper, aluminum, etc.). The
micromechanism of tough failure comprises nucleation, growth, and merging of pores with the
formation of a tough crack with a blunt, rounded
vertex in the center of the neck. The mechanism of
viscous crack growth at the slow, subcritical stage
lies in the formation of new pores in front of the
crack front, the rupture of bridges between adjacent pores, and merging of the pores with the crack
vertex. At the supercritical, fast stage two versions
are possible: (1) the merging of pores gradually
yields to the formation in front of the viscous crack
of regions of local spalling and quasi-spalling,
which give to the ﬁnal fracture texture an appearance characteristic of quasi-brittle failure; (2) in the
more plastic state of the metal the ﬁnal failure
occurs via the cut-off along the neck periphery.
The transition from the stable to the destructive
quasi-brittle stage in case (1) can be approximately
described by the Grifﬁth–Orowan criterion (see
Grif th theory): σf ≈ (Eγeff /ccr )1/2 , where σf is
the failure stress, E is Young’s modulus, γeff is
the effective surface energy, equal to the total energy expended by movement of the fracture per
unit length, including the true surface energy of
the metal γ and the work of plastic deformation
at the crack vertex γpl , and ccr is the viscous
crack critical dimension. Ordinarily a criterion for
σf is applied with the aid of the parameter γeff
experimentally determined beforehand from the
rupture of a sample with a known crack dimension ccr . One can deﬁne the fracture toughness of
2 /E,
a material according to the relation Y1c = K1c
where Y1c = 2γeff is the critical velocity of the
energy release, K1c is the critical intensity factor (crack resistance factor). At present there is no
quantitative criterion for cut-off tough failure. Not
every kind of failure involving a neck is related
to the tough type. In many tensile tests of steels
with small and medium contractions in the neck
(ψ ≈ 10 to 50%) the failure conditions are subject to the microspalling criterion of the deformed
material. In spite of the existence of the neck, the
presence of this type of destruction should be related to the quasi-brittle variety.

1404

TOUGH FRACTURE

TOUGH FRACTURE, viscous fracture, ductile
fracture
The fracture of a material during the course of
tough failure. Macroscopically, tough fracture has

the appearance of a ﬁbrous structure; it is characteristic of materials with high resistance against
the spreading of cracks and spalling. Microscopically, tough fracture is associated with the pitted
nature of damage caused by the generation and
coalescence of pores. Upon tough failure, the vertex of a slowly developing crack is rounded due
to plastic deformation, and in its vicinity there
appears a large number of cavities, during the formation of which second phase inclusions play an
important role. The growth of cavities is caused by
the “falling” of dislocations into them, i.e. by the
transformation of lattice dislocations into cleaving
ones. The crack moves by jumps from one cavity to the next accompanied by the destruction of
bridges between them, thereby forming the pitted
relief of the surface, where comparison of the surfaces separated by the crack shows that a ridge on
one side corresponds to a ridge on the other, and a
furrow lines up with a furrow.
TOUGHNESS, impact malleability

The ratio of the total work expended on the deformation and failure of a notched test bar to its
cross-section at the point of the notch made under
impact loading. Impact malleability is a complex
characteristic, involving the whole set of strength
properties of the material under consideration. Impact bending tests (see Flexure) are performed
using pendulum pile drivers. Almost all of the
work done by an impact is expended on plastic deformation of the test piece in the neighborhood of
the notch, and on the formation and propagation
of cracks.
Since the law of similarity is not obeyed during
dynamic tests, the dimensions of impact specimens and test conditions must be rigidly controlled. The most commonly used test specimens
are 5.5 cm long rods of square cross-section measuring 1 × 1 cm2 , with a U-shaped notch in the
middle. One of the major challenges of impact
tests consists in evaluating the susceptibility of
metals to brittle failure in the context of their
cold brittleness. This task is accomplished by
constructing the temperature dependence of impact malleability, and determining the visco-brittle

transition temperature. The form of the dependence of impact malleability on the composition
and structure of metals and alloys is similar to that
of the characteristics of fracture toughness under
static loading.
TPATT DIODE

The same as Trapped plasma avalanche triggered transit diode.
TRACERS, isotope tracers, labeled atoms

Radioactive atoms of various elements introduced into an object under study. The process
of their movement through the medium is monitored by changes in the spatial distribution of
the emitted radiation intensity (autoradiography),
or with the aid of a layer-by-layer analysis. This
underlies the isotope tracer method for studying
diffusion and self-diffusion of atoms, as well as
chemical reactions in solids and other (chemical,
biological) materials. In some cases, the presence
of an isotope can be detected using other methods unrelated to radioactivity. For instance, the
lines in optical spectra of crystals containing impurity atoms can split upon introduction of various
isotopes (e.g., carbon isotopes into silicon and
semiconductors) in measurable quantities. Use can
be made of stable isotopes as well (see also Activation analysis).
TRANSCRYSTALLINE FAILURE
A kind of failure of semicrystalline solids (see
Polycrystal) at which a crack propagates over a
body consisting of disoriented crystallites (grains),
unlike the case of intercrystalline failure when

the path of the main crack passes predominantly
along the grain boundaries. At transcrystalline
failure, the crack, as a rule, propagates along
a crystallographic plane with small indices (in
a body-centered cubic lattice this is the {001}
plane). Transcrystalline failure is inherent in materials with a high interatomic coupling strength
at grain boundaries due to the lack of atomic impurity segregations or precipitates of particles of
small-disperse phases which produce local microstresses. Transcrystalline failure of metals and
alloys may be either brittle (spalling failure), quasibrittle, or tough (see Brittle failure, Quasi-brittle
failure, and Tough failure). This failure is speciﬁc
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for metallic construction materials, since this is related to higher strength, fracture toughness, and
plasticity, i.e. with the properties that are required
to provide greater reliability to materials and structural elements.
TRANSDUCER, ACOUSTIVE WAVE
See Acoustic wave transducer.
TRANSFORM, EMERSLEBEN
See Emersleben transform.
TRANSIENT ABSORPTION

Rapidly relaxing optical absorption, which is
induced in solids by pulses of radiation. The transient absorption is often initiated through pulses
of electron accelerators and lasers. Time resolution at determinations of transient absorption is
limited by the duration of the initiating pulse and
is ∼10−14 s if lasers are used and ∼10−11 s if
the absorption is initiated by electron accelerators.
The ultimate resolving power in time at the determination of transient absorption spectra is set by
the uncertainty relation, and is ∼10−15 s.
Transient absorption occurs in a number of
dielectric and semiconductor materials (alkali halides, alkaline earth metals, silver halides, oxides,
gallium arsenide, etc.). Transient absorption is related to electronic excitations (electrons, holes,
excitons) and short-lived local electron and hole
centers generated by the initiating pulse.
The most extensively studied kind of transient
absorption is related to electronic transitions from
the ground states of the short-lived color centers
in alkali-halide crystals, e.g., H (interstitial atom
of halide X0 ) and Vk -centers (self-localized hole–
molecular ion X2− ) at temperatures high enough
for these centers to be mobile. The investigation
of transient absorption by these centers provides
valuable information on the mechanism of their
migration. The investigation by color centers is an
efﬁcient method for studying radiation processes.
For example, the increase of transient absorption
by Frenkel pairs of defects (see Unstable Frenkel
pair) (∼10−11 s in KCl and ∼10−10 s in CsI)
has shown that the decomposition of an exciton
into a pair of defects at low temperatures proceeds
from the excited state of the self-localized exciton. The detection of short-lived components (with

annihilation kinetics identical to those of shortlived Frenkel pair annihilation) in the transient
absorption relaxation of self-localized excitons in
KCl (10−7 s) was a proof of the occurrence of a
radiation-induced jolt. The transient absorption due
to electronic transition in a self-localized exciton,
and due to transitions from relaxed excited states
of color centers, permits the study the the energy band structure of excited states. Investigation
of the transient absorption related to optical transitions of electrons and holes, in the conduction
band and in the valence band, provides data on
the energy band structure, lifetimes and thermalization times of carriers in bands. For instance, the
absorption band, which peaks at 1.65 eV in CsI,
is related to the transitions among nonoverlapping
subbands of the split valence band, and relaxes
in approximately 10−11 s (self-localization time
of holes); the absorption band at 2 eV in gallium
arsenide relaxes during the period of the order
of 10−13 –10−14 s, which is due to the electron–
electron interaction.
TRANSISTOR (abbr. of transfer and resistor)
A semiconductor device with three or more

electrodes which is designed for the generation,
ampliﬁcation, and transformation of electromagnetic oscillations and electrical signals. Is was
invented in 1948 and described analytically by
Shockley, Bardeen and Brattain. A transistor is a
solid state analogue of a triode vacuum tube. The
main action of a transistor is the control of the ﬂux
of charge carriers between two electrodes (source
or emitter and drain or collector) by means of the
potential change at an intermediate (gate) electrode. In accordance with the characteristics of the
charge transfer process, transistors are divided into
unipolar ( eld-effect transistors) and bipolar transistors. Unipolar transistors are those in which the
charge transfer is performed by a single type of
charge carrier, i.e. by holes or electrons. In bipolar
transistors the charge transfer takes place simultaneously via both holes and electrons.
A metal oxide semiconductor ﬁeld effect transistor (MOSFET) has a metal electrode (e.g., Cu)
just outside a semiconductor surface (usually Si)
which is insulated from it by an oxide layer (often
SiO2 ). A gate voltage applied between the metal
and the semiconductor causes charge carriers to
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collect at the interface of the oxide. The gate voltage can be used to control or modulate the ﬂow
of electrons from the source electrode to the drain
electrode.
Depending on their function, transistors come
in diverse types, and in terms of their application
they are divided into a several groups which differ
in their working parameters. The basic materials
used to manufacture transistors are Si, Ge, GaAs,
and InP incorporated in various heterostructures.
A permanent improvement of the working characteristics of transistors has resulted from technological development, the inclusion of particular
materials, and the development of new designs.
For example, the production of the high electron mobility transistor became possible when the
heterostructure GaAs–GaAlAs became available.
A substantial increase in the response speed, and
the upper limit of ampliﬁcation and generation of
SHF oscillations came about as a result of designing a hot electron transistor. At present transistors
cover, in fact, all the SHF range.
See also Bipolar transistor, Field-effect transistor, High electron mobility transistor, Hot electron
transistor.
TRANSITION METAL MAGNETISM
See Magnetism of transition metals.
TRANSITION METALS, transition elements

The group of elements with incomplete inner
electron shells. In atoms of transition metals, dor f -sublevels of the second or third (from the
outside) electron shell are being ﬁlled with electrons; d- and f -transition metals (an alternative
name is d- and f -transition elements) are distinguished. The transition series contain the atoms of
the periodic table secondary subgroups. The ﬁrst
transition series, from atomic number 21 (Sc) to 30
(Zn), consists of 3d-elements, and is in the fourth
period of the periodic table. The transition metals
of the ﬁfth period are 4d-elements from Y (atomic
number 39) to Cd (48). In these two ﬁrst transition series, 3d- and 4d-orbitals are being ﬁlled.
The transition metals of the sixth period are 5delements (ﬁlling the 5d orbitals) starting at La (57)
and going from Hf (72) to Hg (80). There are
also f -shell elements (f -orbitals are being ﬁlled:
4f -orbitals in lanthanides and 5f -orbitals in actinides). Except for Fr and Ra, all known elements

of the seventh period belong to transition metals
(d- and f -block ones). The total number of transition metals exceeds 60. The outer or valence
shells of the transition elements do not contain
many electrons (usually from 1 to 3). Transition elements have certain properties in common, as well
as many distinguishing features. For more details
see entries for individual elements.
TRANSITION RADIATION (predicted by
V.L. Ginzburg and I.M. Frank, 1945)

The radiation that occurs when a charged particle, which is moving at the constant velocity v,
intersects the interface between two media with
different values of the dielectric constant ε. Since
the energy of the radiation is provided at the expense of the kinetic energy of the particle, the
velocity of the latter is not constant in the strict
sense. If, however, the energy of the particle is
high compared with the losses by radiation, then
the motion may be thought of as uniform and rectilinear.
A charged particle does not emit electromagnetic radiation during uniform rectilinear motion
in vacuo. The ﬁeld of the charged particle in a certain medium excites and polarizes the atoms of the
medium, which then become sources of secondary
electromagnetic waves that propagate in all directions. These secondary waves cancel each other if
the medium is stationary and homogeneous and
the velocity of the particle is smaller than the wave
phase velocity in this medium. In the case of the
violation of at least one of these conditions, the
cancellation of secondary waves is not complete,
and some radiation results. If the medium shows
a certain nonuniformity with respect to electrodynamic characteristics (at the interface between two
media), then the complete suppression of the secondary waves emitted by the atoms of the medium
under the action of the traveling charged particle does not take place, and transition radiation
occurs. The radiation is emitted into both hemispheres, because the electromagnetic ﬁeld of the
charged particle assumes different values in the
media of different ε. The energy of transition
radiation of a relativistic charge is concentrated
mostly in the forward direction at small angles
with respect to the incident particle velocity θγ ∝
mc2 /E = 1/γ ; and mainly photons of the UV and
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X-ray spectral regions are emitted; the spectrum
of small-angle radiation extends to high frequencies: ω = ω0 γ , where ω0 is the plasma frequency
of the electrons of the medium, ω02 = Ne2 /(εm),
and γ is the Lorentz factor (ratio of the total energy to the rest energy). The energy losses by the
transition radiation of an ultrarelativistic particle
are proportional to its Lorentz factor:
1 e 2 ω0 γ
.
3 c
This circumstance allows using the transition radiation advantageously for detecting highvelocity charged particles: the transition radiation
is usable for detecting particles in those energy regions where ionization and Cherenkov detectors
(see Nuclear radiation detectors) are inefﬁcient
(i.e. in the ultrarelativistic energy region). The energy of the moving particle can be judged from
measuring the charged particle energy loss by
transition radiation, which increases linearly with
respect to the energy of the particle. However,
the intensity (the number of quanta) of radiation,
which occurs at a single interface, is small (on the
average, about 1/137 of a quantum per charged
particle). Therefore, a multi-interface transition radiation is used for the determination of the energy
of extra-high-velocity particles. The transition radiation counter consists of about 1000 layers of
material, which are interlaced with gas (or with
a certain porous material, e.g., plastic foam). The
plates are widely separated from one another:
spacing between plates must exceed the so called
region of transition radiation generation in vacuo,
which is equal (in the order of magnitude) to the
wavelength multiplied by γ 2 , so that the intensities of radiations of individual plates of the pile
will add.
A periodic medium, which consists of alternating plates of two different sets (the densities and,
respectively, dielectric constants of the plates from
different sets are sharply different), exhibits resonance transition radiation. Attempts have been
made to use resonance transition radiation for obtaining quasi-chromatic coherent X-ray radiation.
The main obstacle to be surmounted in this case
is the low intensity of the resonance transition radiation. Resonance transition radiation with peaks
in energy regions around 4 and 12 keV was generated by a positron beam of energy 4 GeV in a pile
W=
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of 100 plates of mylar (C5 H4 O2 ) separated by air
layers.
TRANSITION RADIATION BY DISLOCATIONS
Acoustic radiation, which occurs when a dislocation intersects a surface with a discontinuity
of elastic moduli, e.g., crosses the grain boundary
of a polycrystal, reaches the crystal surface, etc.

At the instant the dislocation crosses the boundary
between media with different elastic characteristics, its elastic ﬁeld undergoes a sharp rearrangement; as a result of this rearrangement part of
the ﬁeld “breaks away” from the dislocation and
departs in the form of sound pulses. As the dislocation reaches the surface, a pulse of surface
waves (Rayleigh waves or similar ones) arises, in
addition to the pulses of bulk waves which are
propagating inside the crystal. The intensity of
transition radiation by dislocations is determined
by the Burgers vector of the dislocation, and the
value of its velocity at the moment of crossing the
interface. The phenomenon of transition radiation
associated with dislocations was theoretically predicted by V.D. Natsik (1968), and experimentally
detected by V.S. Boiko et al. (1969) while studying
the process of a cluster of twinning dislocations
reaching a calcite monocrystal surface (see Elastic twinning). Transition radiation by dislocations
is one of the important mechanisms of acoustic
emission that occurs during the plastic deformation
of crystals.
TRANSITION REGION between lm and
substrate
The region between a substrate and a lm ,
which is generated during thin lm growing of
metals, semiconductors and insulators, and dif-

fers in properties from both substrate and ﬁlm.
The generation of the transition region at the
growing ﬁlm is related to the inﬂuence of the
substrate, the effect of the growth processes, and
changes in the original medium from which the
ﬁlm is grown. Of greatest interest is the transition
region of epitaxial semiconductor ﬁlms. Smearing of the ﬁlm–interface boundary, which is due
to the existence of the transition region, is detected by methods of electron microscopy, electron
diffraction analysis, X-radiography, optical analysis, including ellipsometry, as well as by Auger
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spectroscopy, secondary ion mass spectrometry,
spectrometry of ion back scattering. Electric conductivity and mobility of charge carriers are also
indicative of the boundary smearing. The extent
of the transition region in semiconductor diodes
and transistors of the 1960–1970s reached several
micrometers; the ﬁlm itself being 10–20 μm thick,
so the inﬂuence of the transition region could be
neglected. With the advent of microelectronic devices (see Microelectronics), heterolaser thin-ﬁlm
structures called for reduction of the transition region width. Gas phase epitaxy provides doped
layers, with a transition region less than 30 nm.
The width of these layers obtained through molecular beam epitaxy in vacuo is less than 5 nm.
The extent of this region in heteroepitaxial structures (see Heteroepitaxy) like silicon on sapphire
reaches 1 μm.
The main reasons for the occurrence of the
transition region are:
(1) the discrepancy between crystal lattices of the
ﬁlm and the substrate, including the change
of lattice constant with concentration; the difference between the elastic moduli of the two
lattices; the consequences of mechanical and
chemical treatment of the substrate surface,
contaminations; diffusion of impurities from
the substrate; changes in the substrate under
heat treatment;
(2) three-dimensional nucleation at the initial
stage of the growth; change of the microrelief
of the growth surface; dynamics and relaxation of defects; diffusion of impurities from
the ﬁlm;
(3) the period of nonstationarity in the growth
mode; changes in temperature of the sources,
the substrate and the impurity ﬂux; autodoping through a gaseous or liquid phase; changes
in the external force ﬁelds.
The decrease of the extent of the transition
region was achieved through reducing the temperature of the growing process, creating the vicinal
surface of growth, regulation and increase of purity of growing conditions. The possibility of exerting control over the transition region facilitated
the production of superlattices and compositionmodulated semiconductor layers (periodic structures).

TRANSLATION

Transport of an object in space for a certain
distance a along a straight line called a translation axis. A translation is speciﬁed by a vector a.
If as a result of translation a regular periodic lattice is brought into coincidence with itself then
the action is a symmetry operation of the space
group of the crystal (see Crystal symmetry). The
translation operation is inherent in lattices or other
objects which are periodic in one-, two-, or threedimensional space. Examples are crystals and
chain molecules of polymers.
TRANSLATION VIBRATIONS
See Acoustic vibrations.
TRANSMITTANCE

The ratio of the ﬂux of energy (or particles) that
passes through a medium without scattering to the
total incident ﬂux. Sometimes, provided that the
scattering is particularly weak, transmittance is deﬁned in a different way: it is then taken as a ratio
of the total transmitted ﬂux to the incident ﬂux. In
this latter case the transmittance is related to the
absorption coef cient A and the re e ctance R by
T + A + R = 1.
TRANSMUTATION DOPING
The same as Nuclear doping.
TRANSPARENCY

A characteristic of a material deﬁned by the
ratio of the radiation ﬂux that passes through the
medium without changing its direction to the ﬂux
that enters the medium in the form of a parallel beam. The transparency is lower the more the
medium absorbs and scatters radiation.
TRANSPARENCY, ACOUSTIC
See Acoustic self-induced transparency.
TRANSPARENCY, SELF-INDUCED
See Self-induced transparency, Acoustic selfinduced transparency.
TRANSPARENCY TO RADIATION
See Radiation transparency.
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TRANSPORT, BALLISTIC
See Ballistic transport.
TRANSPORT OF HEAT
See Heat transport.
TRANSPORT OF MASS
See Mass transport, Surface mass transport.
TRANSPORT PHENOMENA

Irreversible processes in multiparticle systems
related to the spatial transport of physical quantities under action of inhomogeneities or external
ﬁelds. The evolution of the general nonequilibrium state has a double-stepwise character. Initially, very quickly, the localized equilibrium state
is established within the time duration of spatially
homogeneous relaxation. Its parameters evolve towards their equilibrium values in accordance with
laws that follow from the transport equations,
which are equations of macroscopic physics (see
Kinetic phenomena).
Examples of transport phenomena are the following: thermal conductivity that corresponds to
heat transport, viscous ﬂow that is momentum
transport (see Viscosity), diffusion that is material transport, electrical conductivity that is electric
charge transport, spin diffusion that involves spin
magnetic moment transport (see Spin).
A phenomenological (macroscopic) description of transport phenomena is reduced to a set of
differential equations for a certain set of parameters. Examples of such equations are the Navier–
Stokes hydrodynamic equations (L. Navier, 1821;
G. Stokes, 1843, 1845), the heat equations, and
the equations for diffusion in solids (Fick’s laws).
A linear response approximation is often made.
A microscopic description of transport phenomena is based on the use of kinetic equations
(or equivalently, the mathematical apparatus of
quantum kinetics) which govern the evolution of
the system of particles or quasi-particles (molecules, electrons, phonons, magnons, etc.) responsible for the transport of the relevant quantities
(mass, charge, energy, spin, etc.). In the case
of condensed matter with spontaneous symmetry breaking (magneto-ordered crystals, quantum
liquids), for an adequate description of transport
phenomena it is necessary to utilize the equations

of motion for certain parameters related to the particular nature of the order parameter of the phase
under consideration. In superﬂuid 4 He (see Super uidity) this is the equation for the super uid
velocity; in spin systems it is the equation of motion for the local angle of spin rotation.
TRANSURANIUM ELEMENTS

Chemical elements beyond uranium (Z = 92)
in the periodic table: neptunium Np (93), plutonium Pu (94), americium Am (95), curium Cm
(96), berkelium Bk (97), californium Cf (98), einsteinium Es (99), fermium Fm (100), mendelevium
Md (101), nobelium No (102), lawrencium Lr
(103), kurchatovium Ku (104), etc., with atomic
numbers up to 109. Traces of Np and Pu have
been found in nature, formed from nuclear reactions of U with neutrons of the Earth’s crust.
All other transuranium elements are obtained artiﬁcially: by irradiation of U or of transuranium
elements by neutrons, in nuclear reactions of Pb,
U, or by bombarding transuranium elements with
accelerated ions (He, C, O, Ne, Ar, etc.). All
isotopes of transuranium elements are radioactive. Instability due to spontaneous ﬁssion and
α-decay limits the possibilities of synthesis of new
transuranium elements. The search for hypothetical comparatively long-living nuclides with Z ∼
114 protons, and the number N ∼ 184 of neutrons,
is underway. Transuranium elements with Z =
93 to 103 belong to the family of actinides and
are f -elements: with increasing Z the electrons
sequentially ﬁll 5f -orbitals (with some participation of 6d-orbitals). The successive reduction
of ionic radii (actinide compression) is observed.
Transuranium elements of the actinide family are
similar in their chemical properties, and have the
oxidation state +3. Due to the weak binding of
5f -electrons with the nucleus for Np, Pu and Am
there is a variety of valence states (up to +7).
Transuranium elements with Z > 103 belong, respectively, to periods IV, V, etc., of the periodic
system. The element Ku is the chemical analogue
of hafnium, and the element with Z = 105 is the
analogue of tantalum.
The transuranium elements with Z = 93 to
99 are obtained in the metallic state, and their
alloys and intermetallic compounds with many
metals are known. Their crystal structure, phase

1410

TRANSVERSE CONTRACTION

transitions, electrical, magnetic and optical properties are known, and the solid state properties of
hydrides, carbides, nitrides, oxides, silicides and
other compounds of transuranium elements have
been studied.

energy of a TPATT diode circuit into VHF oscillations, an external circuit is necessary to ensure the
phase locking, to a sufﬁcient extent, of the higherorder harmonics of the current with respect to the
fundamental. TPATT diodes are often used to generate VHF electromagnetic oscillations.

TRANSVERSE CONTRACTION

Contraction of a sample cross-sectional area
during mechanical testing of materials for stretching. The relative transverse contraction of the
sample is ψ = S/S, where S is the reduction of the cross-area during plastic deformation by
stretching, and S is the initial cross-section area.
One may distinguish the uniform relative transverse contraction ψB and the relative transverse
contraction localized in the neck ψ . In the ﬁrst
case S is measured under a load corresponding
to the ultimate strength of the material, i.e. up to
the possible formation of the neck at the sample,
and to its subsequent failure, in the second case
S is measured after the rupture of the sample
(at the point of rupture). The quantities ψB and
ψ characterize the plasticity of the material. The
higher the values of ψB and ψ , the more plastic
is the material. In the theory of elasticity the term
transverse contraction means the reduction of the
transverse dimension of the body during uniaxial
elastic stretching (see Poisson ratio).
TRAPPED ELECTRONS
See Magnetodynamic nonlinearity.
TRAPPED PLASMA AVALANCHE TRIGGERED
TRANSIT DIODE, TPATT diode
A semiconductor diode with a dynamic negative resistance resulting from periodic switching

back and forth between the nonconducting and
conducting states of the p+ –n–n+ structure. The
resistance in a TPATT diode lessens because its
n-band is ﬁlled with the electron–hole plasma, and
the dissipation of that plasma results in the restoration of the high resistance of the n-band. The
electron–hole plasma forms when an electric ﬁeld
wave passes through the layer of depleted carriers, the strength of that wave being sufﬁcient to
produce impact ionization and an avalanche multiplication of carriers. The front of the impact
ionization wave moves at a velocity exceeding
the carrier drift velocity. To transform the source

TRAPPING of current carriers

The passage of a free carrier to a localized state
at a defect or impurity. At low temperatures when
many carriers are trapped at attractive centers the
cascade trapping mechanism dominates. At the
limits of the temperature range where cascade
trapping is effective, the one-phonon mechanism
of trapping can manifest itself. At high temperatures shallow levels stop being effective and much
of the trapping is to deep levels as a result of
many-phonon transitions. The energy of the carrier bond at a deep center is determined by the
short-range part of the potential, and in some cases
the carrier is bound by a center having a charge
of the same sign, despite the repulsive long-range
Coulomb ﬁeld. The trapping temperature is determined by the rate of energy loss, if the carriers
approach the center faster than they are trapped by
it; otherwise, the rate of trapping is limited by the
rate of space diffusion of electrons to the center.
The possibility of trapping at centers with levels
in the band gap plays an important role both in
radiation recombination and the Auger effect (see
also Traps for mobile particles).
TRAPS for mobile particles

Defects in semiconductors and dielectrics that
have local electronic levels, and are able to trap
nonequilibrium electrons and holes (see Trapping of current carriers). Two types of traps are
known together with their respective levels: centers (levels) of attachment, and centers (levels)
of recombination. Depending on the concentration of holes, an electron entering a local level
of a center from the conduction band may either
become thermally excited so as to enter the conduction band, or recombine with a hole in the
valence band. The ﬁrst process dominates for attachment levels, and the second for recombination
levels. Depending on the temperature, T , and the
concentration of recombining particles, one and
the same level may act as either an attachment
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or a recombination level. Quantitatively, the criterion for a local electronic level being of a certain
type depends on the position of the demarcation
level – the level of energy of a local electron
center, where the probabilities of thermal excitation and recombination are equal to each other.
The position of the demarcation level for electrons, measured downward from the bottom of
the conduction band, EDe , is deﬁned by the relation EDe = −fh − k B T ln[γe Nc /(γh Nv )], where
Fh is the Fermi quasi-level for holes, Nc , Nv
are the effective densities of states in the conduction and the valence bands, respectively, and
γe and γh are probabilities of elementary acts of
electron/hole trapping at the center, respectively.
Levels positioned in the band gap of a semiconductor above the level EDe are attachment levels
for electrons, and those positioned below EDe are
recombination levels. Similarly the concept is introduced of hole levels of attachment – local electron levels positioned below the demarcation level
for holes: EDh = −Fe + k B T ln[γh Nv /(γe Nc )],
where Fe is the Fermi quasi-level for electrons.
Defects in crystals may also act as traps for moving
point defects. The above separation of interaction
processes into those of attachment and those of
recombination is also valid for vacancies and interstitial atoms that are generated by nuclear radiation
or other factors.
TRIBOELECTRICITY (fr. Gr. τριβω , rub or
scrape, and ηλεκτρoν , amber)

Generation of electric charges caused by the
friction of solids being pressed together and mov-

ing against one another. Both of the solids being
rubbed become electriﬁed in the process, with
the acquired charges equal in value but opposite
in sign. Triboelectricity in metals and semiconductors results from electron transfer from the
material with the lower work function to that with
the higher one. In the case of contact between a
metal and an insulator triboelectricity arises due
to a metal–insulator electron transition. When two
insulators rub against each other, both electronic
and ionic diffusion may bring about the initiation of triboelectricity. Associated with the onset
of triboelectricity is the fact that the solids being rubbed against each other become unequally
heated, due to differences in their speciﬁc heats

and thermal conductivities, and this causes the
transfer of carriers from the local inhomogeneities
of the more heated surface. Triboelectricity may
also be caused by mechanically stripping individual regions from the surface of pyroelectrics and
piezoelectrics (see Pyroelectricity and Piezoelectricity).
TRIBOLUMINESCENCE
Luminescence, which occurs at the grinding,
crushing or cleaving of crystals. A variety of rea-

sons are responsible for triboluminescence; in a
number of cases it is related to photoluminescence
initiated by electric charges released during the
cleavage of a crystal. In other cases, triboluminescence is caused by the motion of dislocations in a
crystal under strain.
TRIBOMETRY (fr. Gr. τριβω , rub or scrape, and
μetρεω, am measuring)

Methods used for measurements in tribology,
that is measurements of an external friction force
or external friction coefﬁcient, external friction
threshold, and the wear of friction surfaces. Two
types of tribometry measurements are distinguished: laboratory tests which assess friction forces and wear resistance of materials under various
conditions, and natural condition tests involving
the evaluation of the amount of friction of a given
working unit.
Samples used in laboratory tests involve single point or linear contacts (e.g., a sphere along
a plane, two counter-rotating cylinders that rub
along the generatrix); in applications there are also
samples with small planar friction surfaces. These
test specimens are used for determining speciﬁc
friction forces and speciﬁc wear, i.e. quantities related to a unit surface of the actual contact.
TRICLINIC SYSTEM (fr. Gr. τρεις , three and
κλινω, incline)
Crystallographic system characterized by a unit
cell with the lowest degree of symmetry:

a = b = c, α = β = γ = 90◦ . The coordinate axes
are directed along the unit cell axes, often selecting c < a < b. The triclinic system includes one
primitive Bravais lattice and two space groups.
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TRIGLYCINESULFATE

TRIGLYCINESULFATE,
(NH2 CH2 COOH)3 ·H2 SO4

Monoclinic water-soluble ferroelectric, with the
Curie point TC = 322 K. The TC value increases to
333 K by deuteration. Triglycinesulfate gives rise
to a series of isomorphous materials, which may
be obtained by replacing the sulfate ion with selenate, ﬂuoroberyllate, phosphate and ﬂuorophosphate ions. Compounds which are isomorphous
to triglycinesulfate form continuous sequences of
solid solutions with one another. The substitution of a small part of glycine molecules by D
or L optical isomers of α-alanine (which differs
from glycine in the spatial arrangement of atoms)
brings about steric effects, which hinder the repolarization process: triglycinesulfate undergoes
impurity-induced conversion to a single-domain
structure. The latter transformation is responsible for the asymmetry of the dielectric hysteresis
loop, and facilitates the practical application of
α-alanine-doped triglycinesulfate as targets of pyroelectric radiation detectors, which do not require
the application of a variable magnetic ﬁeld. Doped
triglycinesulfate is comparatively one of the most
sensitive pyroelectric materials for pyrovidicon
targets, which provide television resolution of IR
images in real time. Triglycinesulfate is a model
ferroelectric, serving during the last 35 years as an
object for the study of ferroelectric domain structure rearrangement kinetics, speciﬁc features of
phase transitions, effect of impurities on properties of ferroelectric samples, etc. Of importance
for engineering is the combined doping with alanine and chromium or copper, to optimize the
pyroelectric characteristics.
TRIGONAL SYSTEM
Crystallographic system with a 3-fold axis

(3 or 3̄) as a principal axis; it belongs to hexagonal syngony (see Crystal system). In the hexagonal coordinate system (see Hexagonal system),
the 3 (3̄)-axis is parallel to the z-axis, a = b = c,
α = β = 90◦ , γ = 120◦ ; and in the rhombohedral
coordinate system, a = b = c, α = β = γ = 90◦ ,
with the 3 (3̄)-axis directed along the principal
body diagonal of the rhombohedral unit cell. The
trigonal system involves one (primitive) Bravais
lattice, 5 point groups and 18 space groups.

TRION, exciton ion
A quasi-particle, which is a bound complex
formed by three charge carriers (see Current carriers) two of which carry a charge of like sign,
e.g., a complex of an electron e and two holes h.

The bonding energy of a trion depends on the ratio
between the effective masses of the charge carriers forming the complex. Trions are formed in the
electron–hole plasma in semiconductors, and during the decay of X-ray excitons in ionic crystals.
Trions are observed in luminescence spectra of Ge
and cyclotron resonance spectra of Si, as well as in
spectra of luminescence excitation in NaCl.
TRIPLE CRITICAL POINT, tricritical point
The point on a phase diagram, at which either
the lines of three rst-order phase transitions meet,
or two lines related to a second-order phase transition changes into the line of a ﬁrst-order phase

transition. An example of the former case is the
triple point on a pressure versus temperature diagram at which the sublimation line, the melting
(freezing) line and the vaporization (condensation)
line intersect together, with all three phases (solid,
liquid, gas) in equilibrium there. In the latter case
the triple critical point is also called a ﬁrst-order
phase transition critical point, or a Landau critical
point. Susceptibility, speci c heat and a number of
other physical quantities show anomalous behavior at the critical point; the speciﬁc heat anomaly
is unsymmetrical: the speciﬁc heat diverges only
when approaching the triple critical point from the
ordered phase. Triple critical points are found in
temperature–pressure, temperature–external ﬁeld,
and temperature–composition diagrams of many
ferroelectrics, ferromagnets and antiferromagnets,
crystals subject to structural phase transitions, liquid crystals, and polymers. See also Multicritical
point.
TRIPLE POINT

A point on the phase diagram, which corresponds to the equilibrium coexistence of three
phases of a material. It follows from the Gibbs’
phase rule that no more than three phases may coexist in equilibrium in a single chemical substance
(one-component system). These three phases (e.g.,
solid, liquid and gas, or as with sulfur, a liquid
phase and two allotropic crystalline modiﬁcations)

TRIPLET PAIRING
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of triplet excitons, as well as optical detection of
magnetic resonance spectra, show a number of
speciﬁc features caused by the passage of excitation across the lattice.
TRIPLET PAIRING

Pressure–temperature plot of a material exhibiting two
triple points 1 and 2, showing the critical point and the
phases: I, ﬁrst crystalline modiﬁcation; II, second crystalline modiﬁcation; III, liquid state; and IV, gaseous
state. The critical point (beyond which the liquid and gas
phases are indistinguishable) is also indicated.

may coexist only at a particular temperature TT
and pressure pT that specify the location of the
triple point in the pressure–temperature diagram
(see Fig.). For carbon dioxide, as an example,
TT = 216.6 K, pT = 5.16·105 Pa. The coordinates of the triple point for water, which is the
principal reference point of the absolute thermodynamic temperature scale, are TT = 273.16 K,
pT = 4.68 mm Hg (610 Pa).
TRIPLET EXCITONS
Delocalized crystal excitation states of unit

spin (S = 1). Considerable study has been given to
triplet excitons in molecular crystals. As a consequence of spin quantum number selection rules the
probability of an optical transition from the ground
singlet state to an excited triplet state is negligible
(the transition is allowed by the spin–orbit interaction). Therefore, triplet excitons have relatively
long lifetimes (10−4 –10 s depending on the crystal), and are observed for the most part in emission
spectra (phosphorescence). The matrix elements
of excitation transfer for the triplet states are determined by exchange integrals between electron
states of different molecules; consequently, these
matrix elements are small, and the bands are narrow. Due to the long lifetime of triplet excitons,
it is possible to establish high concentrations of
these states, and to observe transitions between
spin sublevels under the action of microwave irradiation. Electron paramagnetic resonance spectra

Generation of a bound state of two Si = 1/2
Fermi particles with parallel spins, the total spin
of the resulting state thus being S = 1. It is a
triplet since the spin degeneracy 2S + 1 = 3. By
virtue of the Pauli exclusion principle, the wave
function of the pair is antisymmetric with respect
to exchange of the particles, and therefore triplet
pairing takes place provided the value of the orbital angular momentum L of the pair is odd (in
distinction from singlet pairing in an ordinary superconductor, when the total spin and orbital angular momenta of the Cooper pairs are, respectively,
S = 0 and L = 0). Triplet pairing occurs, e.g., in
super uid phases of 3 He (S = 1, L = 1). There is
evidence that the superconducting properties (see
Superconductivity) of heavy-fermion systems (see
Heavy fermions) (CeCu2 Si2 , UBe13 , UPt3 ) may
be due to triplet pairing, which proceeds presumably by a phononless attraction mechanism. In an
isotropic system (superﬂuid 3 He), the role of the
order parameter is played by the wave function of
the pair, or by a Green’s function, Ψαβ (n), where
n is a unit vector in momentum space, and α and
β are spin indices. In the case of triplet pairing,
Ψαβ (n) is an odd function of n, and is a symmetric spinor of rank two which may be expressed as
Ψαβ (n) = id(n)(σ̂ σ̂ y )αβ ,
where σ̂ = {σ̂ x , σ̂ y , σ̂ z } are Pauli matrices. The
quantities (σ̂ σ̂ y )αβ in these equations make up
the basic set for the decomposition of the Ψαβ
spinor in spin space, and the order parameter is
the complex vector d(n). The order parameter d
is a vector with respect to rotations in the spin
space. When carrying out the construction of the
superconductor order parameter, proper allowance
must be made for the crystallographic symmetry.
Different order parameters and hence different superconducting phases may occur in a given crystal
class (e.g., cubic crystals). Some of these phases
resemble superﬂuid 3 He phases in their properties,
and besides that they have other uncommon features (e.g., a superconductor with triplet pairs may
exhibit orbital and spin ferromagnetism).
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TROOSTITE

TROOSTITE (after L.-J. Troost)
A structural constituent of steel and cast iron;
a ﬁne-grained mixture of ferrite and cementite.
Troostite is formed at a decomposition of austenite over the lower region of its stability range

(500–550 ◦ C), and by medium-temperature (350–
400 ◦ C) tempering of hardened steel. Troostite
after quenching (primary troostite) is an extremely
ﬁne-grained mixture of ferrite and cementite. The
thickness of the ferrite laminae is less than 0.1 μm.
The laminated structure of troostite reveals itself
in electron microscope studies (see Electron microscopy); the dark regions of troostite against the
background of light areas of martensite can be
seen by an optical microscope. Tempered troostite (secondary troostite) has a ferritic matrix; ﬁne
crystals of cementite (mainly randomly shaped)
are spread throughout the said matrix. The increased hardness of this type of troostite is due
to the high dispersity of the cementite, and the
distortions of the ferritic matrix lattice. Steel of
the tempered troostite structure is characterized
by a high ratio between the elastic limit and ultimate strength. This kind of steel is used to produce
springs, etc.
TUBULAR DIFFUSION, pipe diffusion
The preferential diffusion of atoms along dislocations. This so-called pipe or tubular diffusion

is a consequence of the increased mobility of
atoms along a dislocation line compared to their
mobility in the bulk crystal. This phenomenon
may be formally represented as diffusion in a pipe
of the material, the diffusion coef cient of which
is much higher than that of the bulk material.
Since the activation energy of diffusion assumes
different values in the bulk and along dislocations
(EB and ED , respectively), pipe diffusion manifests itself only in the region of relatively low
temperatures, where the contribution of the bulk
diffusion to the overall diffusion ﬂow is insignificant. The central problem with this simpliﬁed
interpretation is ﬁnding the radius r0 of the above
“pipe”. In terms of a more rigorous treatment, the
edge dislocation core is considered as consisting
of a sequence of extra-plane atoms and a line of
lattice vacancies in the neighborhood of this sequence. The major contribution to ED is made by
the generation of interstitial atom–vacancy pairs

which are capable of dissociation. The energy of
migration of an interstitial atom along the sequence of vacancies is very low. Since diffusing
atoms change places with the nearest lattice vacancies, the region of accelerated diffusion covers
the cylinder-shaped region of radius r0 on the order of interatomic distances.
TUNABLE LASERS
Laser sources that are tunable, that is, sources

whose wavelength can be adjusted. Along with
nonlinear optics devices (harmonic generators,

generators of sum and difference frequencies,
etc.), tunable lasers provide a solution to one of
the principal problems of quantum electronics: to
induce the emission of radiation at any wavelength
of the optical region. The principle of operation of
tunable lasers is based on a controlled variation of
the threshold wavelength of radiation within the
limits of the ampliﬁcation band of a laser active
medium. The principal characteristics of tunable
lasers are: radiation width δνg and the frequency
change range νg (many tunable lasers exhibit
δνg = 103 –104 Hz over νg = 1013 –1014 Hz).
There are three main types of tunable lasers:
(1) laser sources with a dispersion laser resonator;
(2) laser sources, which are based on shifting
the ampliﬁcation band over the spectral region;
(3) optical parametric oscillators. Tunable lasers
with a dispersion resonator are capable of frequency variations over most of the ampliﬁcation
band (lasers based on solutions of organic materials, semiconductors, color centers, etc.). A broadband (beyond 103 nm) shift of the ampliﬁcation
band is realized in certain types of semiconductor lasers on exposing the active medium to the
action of a magnetic ﬁeld, pressure, varying the
temperature, etc. In parametric lasers based on
nonlinear media a transformation of the pumping
quantum into two emission quanta of lower energy occurs, provided that phase synchronization
conditions are met (see Second harmonic generation). The smooth frequency change of such lasers
is based on control over the wavelengths that obey
the phase synchronization conditions, by rotation
of the nonlinear element, or change of its refractive index. Highly promising are sweep lasers, i.e.
lasers, which are tuned during the course of generation, particularly by simultaneously coordinating
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the variation of the resonator optical length (sweep
lasers using dynamic modes). Most broad-band
frequency variations are achieved by integrating
tunable lasers and nonlinear optical frequency
converters into a single system. Tunable lasers ﬁnd
wide application in laser spectroscopy, laser photochemistry, etc.
TUNGSTEN (Ger. Wolfram ), W

A chemical element of Group VI of the periodic table, atomic number 74, atomic mass
183.85. Natural tungsten consists of a mixture
of ﬁve stable isotopes 180 W (0.135%), 182 W
(26.41%), 183 W (14.4%), 184 W (30.64%) and
186 W (28.41%). Conﬁguration of outer electronic
shells is 4f 14 5d 4 6s 2 . First two ionization energies are 7.98, 17.7 eV; estimated 3rd, 4th, 5th,
and 6th ionization energies are 24, 35, 48, 61 eV.
Atomic radius is 0.137 nm; ionic radius of W4+ is
0.071, and of W6+ is 0.062 nm. Tungsten is chemically inert, oxidation states are +2 to +6, with +6
the most typical. Electronegativity is 1.40.
In the free form under normal conditions tungsten is a light-gray metal. It has a body-centered
cubic lattice with parameter a = 0.3165 nm, space
group I m3̄m (Oh9 ). The density is 19.35 g/cm3 ,
T melting = 3693 K, T boiling = 5953 K, heat of
melting is 32.25 kJ/mole; speciﬁc heat is
0.136 kJ·kg−1 ·K−1 at 273 to 1273 K, Debye temperature is 405 K; linear thermal expansion coefﬁcient is 4.6·10−6 K−1 at room temperature, thermal conductivity coefﬁcient is 168 W·m−1 ·K−1 ;
adiabatic elastic moduli of tungsten monocrystal:
c11 = 523.27, c12 = 204.53, c44 = 160.72 GPa at
300 K; Young’s modulus is ≈402 GPa (at 298 K)
for monocrystalline ﬁlament and ≈365 GPa for
wire; rigidity (at 298 K) is ≈155 GPa for monocrystal and 137.0 GPa for polycrystal, Poisson
ratio is ≈0.283 (at 298 K); tensile strength of a
caked slab is 110 MPa, for forged rod it is 350
to 1500 MPa, for drawn wire it is 3800 MPa, for
annealed and unannealed wire it is correspondingly 1100 and 1800 to 4150 MPa (depending
on diameter); yield limit for the annealed wire
(diameter 0.1 to 0.5 mm) is ≈770 and for unannealed wire (of the same diameter) it is 1490 MPa;
Brinell hardness of a caked slab is ≈2250 and
of a forged one it is ≈3750 MPa; self-diffusion
coefﬁcient of tungsten is 2.52·10−15 m2 /s (at
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2620 K); effective thermal neutron trapping crosssection is 19.2 barn/atom, ion-plasma frequency
is 23.32 THz; linear low-temperature electronic
speciﬁc heat coefﬁcient is 0.95 mJ·mole−1 ·K−2 ;
speciﬁc electrical resistivity is 53 n·m (at 296 K);
temperature coefﬁcient of electrical resistance
0.00510 K−1 ; reﬂection coefﬁcient of the optical
wavelength of 5 μm is 97%; work function of polycrystal is 4.54 eV; electron emission saturation
current density is 1.5·10−10 to 1690 mA/cm2 (at
1103 to 2700 K); radiation power of ﬁlament supply is 18 to 245 W/cm2 (at 1873 to 3303 K); superconducting transition temperature is ≈0.014 K,
superconducting critical magnetic ﬁeld is 0.11 mT
(at 0 K). Tungsten is paramagnetic with molar
magnetic susceptibility +53.3·10−6 cgs; nuclear
magnetic moment of 183 W is 0.115 nuclear magnetons.
Tungsten is widely used for alloying steels and
producing durable high-temperature alloys (see
Tungsten alloys). Due to its refractoriness and low
vapor pressure at high temperatures it serves as a
material for light bulb ﬁlaments, and for parts in
radioelectronics and X-ray engineering.
TUNGSTEN ALLOYS
Alloys based on tungsten; they are related

to superhigh-temperature alloys. Tungsten is alloyed with rhenium, molybdenum, nickel, tantalum, iron, oxides, carbides, etc., to increase hightemperature resistance and plasticity, to improve
processability and other properties. Tungsten alloys are formed by the methods of powder metallurgy and vacuum (arc or electron-beam) melting.
TUNNEL CONTACT
See Tunnel junction.
TUNNEL DIODE, Esaki diode (discovered by
L. Esaki, 1957)
A semiconductor diode with a current–voltage
characteristic curve having a negative slope over

part of its operating range. This phenomenon of
a semiconductor with a negative resistance arises
from electron tunneling through the potential barrier that separates the p- and n-regions of the
semiconductor junction (see Interband tunneling).
The tunnel diode may be used as an ampliﬁer,
an oscillator, or in switching circuits, using frequencies up to 1012 Hz. A thin (∼15 nm) p–n
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tunneling junction, which is sharp and transparent, is formed from doped germanium, silicon,
and gallium arsenide prepared by the addition of
large amounts (>1019 cm−3 ) of dopant atoms.
The resulting impurity band is overlapped by the
conduction band on the n-side and by the valence band on the p-side of the junction; with
the Fermi level located within the impurity band.
When forward bias is applied, the conduction band
electrons tunnel into the empty energy states of
the valence band (the device depends for its operation on majority carriers only), thereby being
transferred to the other side of the p–n junction.
The rapidity of response of the tunnel diode is
determined by the time it takes for the potential barrier to adjust to the shape of the applied
voltage (Maxwell relaxation time). The height of
the potential barrier decreases with an increase
of applied forward bias, which brings about the
increase in the transparency to tunneling, and consequently to an increase of the current ﬂow across
the diode. On further increasing the forward bias,
however, there are no more vacancies for electrons
(and the current would vanish, were it not for the
“surplus” current due to the tail of the density of
states in the band gap); then the ordinary diffusion current is superimposed. The tunnel diode
may operate close to helium temperatures, subject to slight changes of peak current due to the
variation of the width of the gap. The tunnel diode
exhibits radiation resistance. See also Generation
type semiconductor diodes.
TUNNEL EFFECT

The quantum transition of a particle (or system of particles) between states that are separated
by a potential barrier such that there is no direct
path between these states that can be traversed
by a particle (or system of particles) moving in
accordance with the classical mechanical equations of motion. The tunnel effect is due to the
fact that the wave function of a system is different from zero in regions which are forbidden from
the classical motion standpoint, and the probability of the particle passing this region is given by
the squared modulus of the wave function. In the
limit of the quasi-classical approximation to quantum mechanics, the probability of tunneling D is
exponentially small: D ∝ exp[−(2/)|S|], where

the magnitude of the action integral |S| of the tunneling particle is smaller, for lower heights U and
narrower widths d of the barrier to be overcome.
For a particle of energy E tunnelling through a
one-dimensional potential barrier U (x) > E that
extends from x = 0 to x = d, the magnitude of the
action integral is given by
d
2m(U (x) − E)

|S| =

1/2

dx.

0

TUNNEL EFFECTS IN SUPERCONDUCTORS

A number of phenomena related to the tunneling of electric charge across an insulating layer
separating two superconductors. Since both
Cooper pairs and quasi-particles act as charge
carriers in superconductors, there are two types
of charge tunneling. The tunneling transfer (see
Tunnel effect) of Cooper pairs causes a nonzero
electric current to ﬂow even for a zero electric potential difference eV across the contact
(see Josephson effects). The tunneling current
of quasi-particles I arises only under the action
of a voltage applied across the tunnel barrier.
The form of the current–voltage characteristic is
determined by the presence of gaps Δs , where
s = 1, 2, in the spectra of elementary excitations
and singularities in the densities of quasi-particle
states Ns (E) of the superconductor: Ns (E) =
Re{|E|/(E 2 − Δ2s )1/2 }, where E is the excitation
energy, counted from the Fermi level.
The calculation of the quasi-particle current
may be carried out wih the aid of the tunneling Hamiltonian. This Hamiltonian is an operator
describing quantum transitions of particles between two different phase space states. Given that
p and q are quantum numbers of a particle in
these phase spaces and ap+ , ap and bq+ , bq are
respectively the creation and annihilation operators of particles (see Second quantization) in
these spaces, the tunneling Hamiltonian is writ∗ b+ a }, where
ten as HT = pq {Tpq ap+ bq + Tpq
q p
Tpq is proportional to the amplitude of the tunneling electron current. The Hamiltonian is used
to treat the problem of electron tunneling across
the potential barrier between two metals, which
are in either normal or superconducting states.
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In accordance with general quantum-mechanical
conventions, the tunnel current is deﬁned as I =
edN/dt = −(ie/)[N, HT ], where N is the
electron number operator in one of the conductors,
N = p ap+ ap . In the limit of low potential barrier transparency the tunnel Hamiltonian approach
provides an adequate description of the tunneling
problem. To second order in Tpq , the tunnel current is given by
2πe
|Tpq |2 
I=


+∞


dE N1 (E)N2 (E + eV )

−∞

× f (E) − f (E + eV ) ,
where f (E) = {1 + exp[E/(kB T )]}−1 . At T = 0,
the charge transfer proceeds through the generation of a quasi-hole excitation (E < 0) in
one superconductor and a quasi-particle excitation
(E > 0) in the other, which is possible only if
the inequality eV > Δ1 + Δ2 is satisﬁed. At
T = 0, the energy threshold in the current–voltage
characteristic becomes smeared due to tunnel
transfer of thermally excited quasi-particles. At
eV = |Δ1 − Δ2 |, the singularities in the densities of states of both superconductors correspond
to one and the same quasi-particle energy, and
the current–voltage characteristic shows an inﬂection corresponding to the logarithmic singularity
of the differential conductivity. If one of the conductors is in the normal state (N2 (E) = N(0) =
const), then the current–voltage characteristic no
longer exhibits a logarithmic singularity, but it has
a threshold at eV = Δ. A measurement of the
current–voltage characteristic of tunnel transfers
is one of the methods for determining the energy
gap in superconductors. Taken alone, the presence
of singularities in the current–voltage characteristic is an important performance criterion for tunnel
barriers.

TUNNELING MICROSCOPY
See Scanning tunneling microscopy.
TUNNELING PHENOMENA IN SOLIDS

Phenomena that are due to the quantum tunnel effect. Tunneling phenomena in solids are
observed, as a rule, at low temperatures, and
are classiﬁed into several groups depending on
whether the tunneling system is an electron, an
atom, or a macroscopic (many-particle) system.
Electron tunneling is commonly investigated by
employing structures especially designed for such
studies. These structures involve various types
of semiconductor junction: point contacts, metal–
semiconductor and metal–semiconductor–metal
contacts, etc. The conductivity of a tunnel contact depends on the properties of the bulk conductors (sides of the contact), and the insulating
layer sandwiched between them. Therefore, determining the current–voltage characteristic of the
contact makes it possible to study elementary excitations in both the conducting and the insulating
materials by the application of tunneling spectroscopy (see Fig. 1). The generation of an energy
gap Δ in a quasi-particle spectrum caused by the

TUNNEL EMISSION
The same as Field electron emission.
TUNNELING, INTERBAND
See Interband tunneling.
TUNNELING, MACROSCOPIC QUANTUM
See Macroscopic quantum tunneling.

Fig. 1. Current–voltage characteristic at 4.2 K for
the tunneling contacts Al–Al2 O3 –GeTe: (1) direct and
(2) reverse bias. Inset: differential conductivity at the
lower temperature 0.085 K.
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transition of at least one of the sides to the superconducting state results in the suppression of
the tunnel current at eV < Δ, where V is the
voltage across the contact. (The Josephson effect consists in the presence of a nondissipative
current in the tunnel junction of two superconductors at V = 0.) The emission of phonons by
nonequilibrium electrons opens inelastic channels
for tunneling; the tunneling electron may lose its
energy by emission of quasi-particles not only at
the edge, but also in the tunneling interlayer. This
makes it possible to study, e.g., ﬂuctuations of
molecular impurities in the barrier layer. The voltage shifts (V ∼ ω/e) commonly amount to tens
of mV. The region of small shifts (V ∼ 0.2 mV) is
subject to commonly occurring anomalies, which
consist in an abrupt decay or increase in the differential conductivity G(V ) (zero anomaly). This
anomaly vanishes with increased temperature, and
on exposure to strong enough magnetic ﬁelds.
This abrupt increase in differential conductivity
may be considered a consequence of tunneling accompanied by scattering off magnetic moments
localized in the insulator (Kondo scattering, see
Kondo effect). A similar phenomenon was also observed at tunneling across the Schottky barrier in
metal–semiconductor junctions. Coulomb correlation in disordered conducting sides of a junction
may be responsible for G(V ) passing through a
minimum. The current–voltage characteristic of
the contact depends on the type of potential barrier that separates the conductors. In multilayer
heterostructures, one can produce barriers with
complicated shapes. The states formed in these
barriers are resonance states of the tunneling electrons. Clearance of the barrier, which occurs for
certain shifts in V , results in a nonmonotonic
V -dependence of I . Resonance states may also be
generated in amorphous semiconductor interlayers, and in short channels of MIS-transistors (see
Metal–insulator–semiconductor structure) through
the agency of a random potential. In the latter
case, such states give rise to a sequence of random spikes in the dependence of the channel
conductivity G and the voltage applied to the
gate. In addition to the above-listed features of
the current–voltage characteristic, there exists a
smooth nonlinear I (V ) dependence resulting from
a decrease of the barrier with an increasing shift
of V .

Fig. 2. Current–voltage characteristic for a Si tunneling
diode at 4.2 K. The arrows indicate voltages corresponding to characteristic phonon frequencies.

The role of the tunnel interlayer may be played
by a narrow p–n junction between heavily doped
p- and n-regions of a semiconductor (Esaki tunnel diode). When the applied bias is small the
current in the Esaki diode is due to interband tunneling. The application of a pronounced forward
bias suppresses the current, for ﬁnal states fall
within the band gap. Because of its negative differential conductivity (see Negative resistance), the
Esaki diode is of importance for applications in
engineering (see Fig. 2).
A number of tunneling phenomena are related
to electron tunneling in the bulk of a homogeneous
material. The band-to-band tunneling in semiconductors may occur by the joint action of a strong
electric ﬁeld E and optical photons with energies less than the gap width Eg (Franz–Keldysh
effect). Hence, the light absorption factor α is different from zero at ω < Eg . The speciﬁc form of
band-to-band tunneling may be observed in metals
in the presence of a strong magnetic ﬁeld. When
following the quasi-classical orbit in k -space, an
electron may pass into another orbit, some points
of which lie close to those of the former orbit
(magnetic breakdown).
The process of atom tunneling in a crystal lattice can be severely suppressed by the massiveness
of atoms. Therefore, tunnel effects show themselves mainly for the lightest elements, whose
atoms are in motion under the action of a sufﬁciently weak crystalline potential. Atom tunneling

TUNNELING SPECTROSCOPY OF SUPERCONDUCTORS

in, e.g., solid helium results in the delocalization
of defects and the generation of their associated
impuriton and vacancion bands. In amorphous materials (in glasses, see Vitreous state of matter),
the tunnel transport of individual atomic groups
turns out to be a factor, since the barriers between
various system states are low. These processes
appear to give rise to two-level systems in the
energy spectra of glasses. The random scatter of
two-level systems provides an explanation for lowtemperature anomalies observed in kinetic and
thermodynamic characteristics of glasses.
A number of phenomena in solids are due
to the tunnel transport of many-particle systems.
The phenomenon of self-localization is related to
the tunneling of the electron–lattice system. Small
Josephson junctions may exhibit tunneling between the superconducting condensate states that
are characterized by different values of the order
parameter phase (macroscopic quantum tunneling). Such tunneling brings about a ﬁnite and
temperature-independent (in the low temperature
limit) resistance of the Josephson contact.
TUNNELING SPECTROSCOPY

Investigations of energy spectra of solids carried out employing the tunnel effect at low temperatures. The resolving power of the method is
determined by the thermal diffusion of the Fermi
distribution (see Fermi–Dirac statistics) of electrons, and amounts to several units of kB T . Elastic and inelastic tunnel effects are distinguished.
Spectroscopy using elastic tunneling is based on
electron tunneling across a potential barrier that
takes place with the conservation of energy. The
current–voltage characteristic of the tunnel contact
in this case shows a structure that is representative
of the relationship between the density of electron
states and the electrode energy. By this means,
it is possible to reconstruct the energy spectrum
of degenerate semiconductors, semimetals, and
superconductors; tunneling spectroscopy also permits the determination of certain features of the
density of electronic states in normal metals. In the
case of tunnel junctions between a superconductor
and a normal metal, the differential conductivity,
which is a function of the voltage at low enough
temperatures, is directly proportional to the relation between the density of the electronic states
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and the energy. In the case of superconductors
subject to a strong enough electron–phonon interaction (at Tc > 1.5 K), these relationships are
used for reconstructing the spectral function of
the electron–phonon interaction (Eliashberg function). Spectroscopy employing inelastic tunneling
makes possible the study of the spectral density of excitations of quasi-particles in the barrier
layer (insulator). The tunneling, which involves
the partial transfer of the electron energy to these
excitations, opens up a new channel of electron
penetration through the potential barrier provided
that the excitation energy satisﬁes the inequality
ω  eV (e is electron charge, where V is the
potential difference across the contact). The dependences of the second derivative of the current
with respect to voltage, which are called tunneling spectra, are directly proportional to the density
of states of quasi-particle excitations in the barrier layer. In this manner it is possible to study
the spectra of phonons in semiconductors and insulators, vibrational spectra of molecules that are
adsorbed by the barrier layer, and other excitations. In order to identify speciﬁc features of a
solid under spectroscopic investigation, the tunnel current is commonly subjected to magnetic
ﬁelds, mechanical stresses, electromagnetic radiation, and other external actions.
TUNNELING SPECTROSCOPY OF
SUPERCONDUCTORS
Investigation of spectra of quasi-particles by
application of tunnel effects in superconductors

that arise in layered structures of the metal–
insulator–metal type, when one or both electrodes
of such a sandwich are in the superconducting
state. In order for a ﬁnite probability of quantummechanical electron transfer across the insulator to
exist, its thickness must be very small (∼10−9 m).
Tunnel spectroscopy of superconductors has been
made possible by the discovery of electron tunneling across oxide ﬁlms (I. Giaever, 1960; Nobel
Prize of 1973).
The experiment provides data on the energy
gap and its dependence on temperature, magnetic ﬁeld, pressure, impurities, and crystallographic orientation; also obtainable is information
on phonon and electron spectra, and the mechanism of superconductivity. The investigation is
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generally concerned with thin-ﬁlm systems prepared by high vacuum deposition. Besides naturally grown oxides, the insulator can be a thin
semiconductor layer; Schottky barriers have also
been used.
Tunnel spectroscopy has its origins in the relationship between the derivative of the tunneling
current I with respect to the voltage across the barrier V (dI /dV ), and the density of states N(eV )
of the superconductor:


dIS /dV
eV
.
= N(eV ) = Re #
dIN /dV
(eV )2 − Δ2 (eV )
(1)
When the voltage across the barrier corresponds
to the magnitude of the energy gap given by
eV = Δ0 = Δ(Δ0 ), the current–voltage characteristic has a readily measurable deep singularity. Recording the tunnel conductivity over a
broader energy range provides the right-hand side
of Eq. (1), while the real Re Δ(ω) and the imaginary Im Δ(ω) parts of the gap function Δ(ω)
are determined from the dispersion relation. The
complex parameter Δ(ω) contains much information on the electron–phonon interaction, which is
responsible for the formation of the superconducting state. The equations of the microscopic theory
of superconductors plus the experimentally measured quantities Δ0 and Δ(ω) permit the numerical reconstruction of the reduced spectral function (Eliashberg expression) g(ω) = α 2 (ω)F (ω)
(where α 2 (ω) is the squared matrix element of the
electron–phonon interaction, F (ω) is the phonon
density of states) and the calculation of the critical temperature Tc , the critical magnetic ﬁelds Bc1
and Bc2 , and various electron–phonon interaction
parameters. The details of the phonon spectrum, in
particular van Hove singularities, have a direct impact on the experimental relationship of the second
derivative of the tunnel current with respect to the
voltage (d2 I /dV 2 versus V plot).
The superposition of the degenerate “quasielectron” and “quasi-hole” superconductor states
in structures consisting of thick (dS ∼ 10−5 m) superconducting ﬁlms results in oscillations of the
tunnel conductivity of these structures. Measuring the period of these oscillations δV = πvF /dS
provides a simple means for determining the Fermi
velocity vF .

TUNNEL JUNCTION, tunnel contact

An electrical contact between two conductors established by virtue of quantum-mechanical
electron tunneling through an intervening potential barrier. The transmittance of the barrier is
of the order of exp(−AΦ 1/2 S), where A ≈ 1
provided that the barrier height Φ and width S
are expressed, respectively, in electron volts and
nanometers; S does not ordinarily exceed several
nanometers or tens of nanometers. The tunneling may occur through a thin vacuum gap (in
a scanning tunneling microscope, see Scanning
tunneling microscopy), through a thin insulating
layer (in laminated metal–insulator–metal structures), through a thin semiconductor layer which
is depleted of carriers (in Esaki tunnel diodes), or
else through a metal–semiconductor diode with a
Schottky barrier. The current–voltage characteristic curve of a tunnel junction is linear for eV  Φ.
For higher values of applied bias the nonlinearity of the current–voltage characteristic depends
on the relationship between the effective height
and width of the potential barrier, and the bias.
For eV
Φ, the current–voltage characteristic
follows the Fowler–Nordheim law (R.H. Fowler,
L. Nordheim, 1928) of cold emission in metal–
insulator–metal contacts:


0.69Φ 3/2
3.38·108 E 2
exp −
,
J=
Φ
E
where the tunnel current density J comes in units
of A/cm2 , the intensity of the electric ﬁeld in the
barrier E is expressed in V/Å, and the barrier
height Φ at zero bias is expressed in eV. Besides
these features of the current–voltage characteristic, the mechanism of electron tunneling through
the potential barrier is responsible for a strong
nonlinearity of the current–voltage characteristic
in the region of small biases, which is due to the
energy gap in the semiconductor energy spectrum.
Of broad application in low-temperature
physics and engineering are superconducting tunnel junctions. These are laminated structures consisting of three layers: superconductor–insulator–
superconductor (S–I–S contact), and superconductor–insulator–normal metal (S–I–N contact).
The conductivity of superconducting tunnel junctions is determined by electron tunneling (see Tunnel effect) through the insulator layer, which is no
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more than several nm thick. This junction exhibits
a nonlinear current–voltage characteristic, since
its conductivity is proportional to the energy dependence of the density of states of quasi-particle
excitations in the superconductor. Applications of
superconducting tunnel junctions are: for direct
determinations of the energy gap Δ of semiconductors; for reconstructing the Eliashberg function
(see Eliashberg equations) by utilizing the nonlinearities of current–voltage characteristic caused by
the fact that Δ is energy dependent; and for nonlinear and switching elements in microelectronics.
The S–I–S contacts exhibit Josephson effects. See
also Josephson junction.
TURBOSTRATUM STACKING FAULTS (fr. Lat.
turbo, vortex and stratum, layer)

Disruptions in the regular sequence of atomic
layers in a crystal, which arise at the turning or displacing of these layers parallel to one another by
an arbitrary amount. Turbostratum stacking faults
are characteristic of layered structures exhibiting
pronounced anisotropy (see Anisotropy of mechanical properties), like graphite and the graphite-like
modiﬁcation of boron nitride. Since the interlayer
bonds in graphite-like compounds are weak, the
concentration of turbostratum stacking faults γ
in these structures may approach 1 (“turbostratum” structures). The quantity (1 − γ ) is referred
to as the degree of graphitization of coal/graphite
and related materials. The turbostratum structure
is found in soot, coal (see Active carbons), lowtemperature pyrocarbon and pyro-BN.

TWINNING OF CRYSTALS

The coexistence in one solid of two identical
crystal structures with different orientations, related by a certain crystal symmetry transformation:

by the reﬂection in some crystallographic plane
(twinning plane), by rotation around a certain
crystallographic axis (twinning axis), by inversion
with respect to a point (corresponding to reﬂection twins (see Fig.), axial twins, inversion twins).
In the same crystal there can be several types of
twinning at the same time, distinguished by their
planes or axes (by twinning laws). The process of
transformation of some uniform structure into one
that is twinned is called the twinning of crystals.
Often this twinning is accompanied by a change
of the form of the crystal, e.g., the occurrence of
reﬂection twins in calcite. Twinning with a variation of shape can be considered as a simple shear.
Twinning can result in a sphere being transformed
into an ellipsoid (twinning ellipsoid). The twinned
atoms are displaced proportional to their distance
from the twinning plane, and the direction of their
displacement is called the twinning direction. If
one of the twin structures occupies an insigniﬁcant
part of the crystal, it is called a twinning interlayer, and the remaining part is the source crystal.
A crystal pierced by parallel twinned interlayers is
called a polysynthetic twin. Twins can appear during the course of crystal growth (growth twins),
under the effect of external loads (mechanical
twins), upon the heating of the deformed crystals
(annealing or recrystallization twins), at the onset
of phase transformations (especially martensitic
transformation and ferroelectric phase transition

TVESAL

A superhard composite material composed of
a tungsten–cobalt hard alloy and synthetic diamonds. The composition, structure, properties and
application area are similar to slavutich. The manufacturing technology of tvesal excludes the dehardening of synthetic diamond grains during the
thermal expansion of inclusions of metal-solvent.
TWINNING, ELASTIC
See Elastic twinning.
TWINNING, IRRATIONAL
See Irrational twinning.

Sketch of the crystalline atomic planes of reﬂection
twins; AA indicates the twinning plane.

1422

TWINNING OF MARTENSITE

types), and under the effect of electric and magnetic ﬁelds. The twin components may be singled
out by their physical properties which facilitates
the experimental study of a twinning structure, and
permits one to determine the relation of the structural domains (twins) with domains of other types.
For instance, in some ferroelastics (Rochelle salt,
gadolinium molybdate) the twins are at the same
time ferroelastic domains. Mechanical twinning
is one of the basic types of plastic deformation
of crystals, and it becomes the prevailing type
in cases of forced slipping (e.g., under dynamic
loads, at low temperatures, in low-symmetry structures). In metals twinning is most common in
hexagonal close packed lattices, it seldom appears in body-centered ones, and is even rarer in
face-centered crystalline lattices. From the mechanical point of view twinning is polar, i.e. the
shift may occur only to one side. The displacement to the opposite direction destroys the twin
(untwinning). Mechanical twinning is a sequential
process, and at the ﬁrst stage an elastic twin appears (see Elastic twinning). The appearance of a
macroscopic nucleus, which requires the participation of high local stresses, and the presence
of concentrators of stresses (see Stress concentration), precede the appearance of a macroscopic
twin. Having appeared, the macroscopic nucleus
can elongate and grow quasi-statically in proportion to the increase in external load. At the second
stage it intersects the crystal sample (under some
loading) and becomes a residual interlayer (remaining in the crystal after the unloading). At the
third stage this interlayer becomes thicker. Further
development of the twin structure is due to the
interactions of twins. Variation of the sign of the
external load may bring about a reduction of the
thickness of the twin interlayer. A twin which appears at high stress levels grows rapidly and as a
result twinning can be accompanied by intensive
acoustic emission. The theoretical description of
the dynamics and kinetics of twinning is based on
the dislocation model of a twin, where the twin replaces an aggregate of twinning dislocations. The
theory provides a description of the basic stages
of mechanical twinning, of dimensional changes,
the formation of twins in external elastic ﬁelds,
and other phenomena. As a rule, mechanical twinning is accompanied by the variation of the sample

shape, but twinning is also possible without any
shape variation (e.g., the mechanical twinning of
quartz). In this case the twin shift is absent and
the twinning ellipsoid reduces to a sphere. The
shape of the unit cell during this type of twinning
is preserved, and the atomic structure of the twin
components is distinguished only by the mutual
displacement of the sublattices. The direction of
the displacement of the twin boundary without a
change of shape does not depend on the sign of
the stresses. Some reﬂection and rotation twins,
as well as all inversion twins, not only lack the
twin shift, but their elastic moduli coincide (e.g.,
triglycinesulfate). In this case the external mechanical stresses cannot cause the transport of the twin
boundary, but the boundary can displace, e.g., under the effect of an electric ﬁeld.
TWINNING OF MARTENSITE
A method of stress relaxation which occurs at
a martensitic transformation with a variation of the

volume and shape of the transforming areas (or under the effect of external stresses). The changes
during the twinning deformation which occur at
the transition (see Twinning of crystals) are associated with a minimum of the elastic distortion
energy, and the invariance of the habitus plane
of the martensitic crystal. In this case the complex martensite substructure is formed, including
a considerable number of transformation twins.
Also the deformation produced twins must be differentiated from those formed after the completion
of the martensite transition due to the effect of the
external load on the crystal. In lamellar martensite
crystals and in iron alloys the transformation twins
are resolved in an electron microscope as a totality
of thin parallel twin interlayers in a central region.
The thickness of these interlayers ranges from several tenths of a nanometer to some tens of nanometers. The transformation twins in nonferrous alloys
are larger and can be observed with the help of an
optical microscope. In alloys on the basis of iron
the martensite twins are preferentially formed according the twinning system {112}111. Besides,
in carbon steels with a tetragonal martensite lattice twins are also observed corresponding to the
system {011}011. In some steels the {011}011
twins have a relaxational nature, they form only
after completion of the martensitic transformation
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during the course of heating the freshly-formed
martensite, and thus they are not transformation
twins. The twinning of carbon martensite according to the system {011}011 includes the motions
of carbon atoms in octahedral pores of the crystal
lattice along different axes of the unit cell. These
movements are thermally activated so there can be
an isothermal character to the twinning.
TWINNING PLANE SUPERCONDUCTIVITY

A phenomenon during which superconductivity in certain metals (tin, niobium, indium, etc.)
appears to be localized in the vicinity of a twinning
plane (TP), see Twinning of crystals. Twinning
plane superconductivity (TPS) is characterized by
a critical temperature somewhat higher than the
critical temperature Tc of the corresponding bulk
metal. However this increase in Tc is not very
pronounced (0.1 K in In and 0.04 K in Sn) because of the proximity effect of the normal metal
surrounding the TP. The superconducting order
parameter then decreases as we move away from
that plane, and the characteristic scale of that decrease is of the order of the correlation length ξ .
It follows then that one cannot treat TPS as a
purely two-dimensional effect. Twinning plane superconductivity develops while stronger bonding
of electrons into Cooper pairs takes place in the
vicinity of the plane (see Cooper pairs) due to the
appearance of soft quasi-two-dimensional phonon
modes close to the plane, and the corresponding
changes in the electron spectrum. TP superconductivity in type II superconductors (e.g., niobium)
located in a magnetic ﬁeld may also be observed at
temperatures below Tc . In ﬁelds somewhat above
the bulk upper critical eld Bc2 (T ), TPS exists
as far down as 0 K. The situation is different
for type I superconductors (e.g., tin) where TPS
appears in a quite narrow range around Tc . Moreover, the transition to TPS develops as a ﬁrst order
phase transition with clearly evident hysteresis.
The weakening of the proximity effect, either near
a close network of twins, or in small particles containing twins, may result in a noticeable increase
of the critical temperature of the TPS. For example, an increase in the critical temperature from
3.7 K to 10 K was observed in tin due to twinning.
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The structure formed during the course of the
twinning of crystals. It is determined by a series

of factors: the value and speed of the external
effect variation, its direction with respect to the
crystallographic axes, the atomic structure of the
twin boundary, the interactions of the twin interlayers with each other and with the defects of the
lattice, the temperature, the features of the interaction processes of the twinning, slip and failure
of the crystal, etc. At the initial stage of twinning
there are non-interacting, incomplete wedge-like
or lens-like twin inclusions (see Twinning of crystals). Depending on the state of stress parallel twin
interlayers may appear, and also interlayers which
grow along several systems of mutually intersecting planes. Crystals with a rhombohedral lattice
(calcite, bismuth, antimony) may be twinned along
three intersecting planes, hexagonal close packed
metals along six of them, body-centered metals
along 12 planes, etc. As a result, a framework of
twin plates, dividing the crystal into fragments,
may be formed. At the regions of contact of intersecting twins voids may be formed (e.g., Rose
channels in calcite). Twinning structures which
appear during the course of martensitic transformations and of ferroelastic phase transitions (see
Ferroelastics) as a rule have the appearance of
packets of thin wedges, which are then transformed to the packets of ﬂat-parallel interlayers.
The interface twin-matrix (twinning boundary),
along which the crystal lattices of different orientations are conjoined, is the most important
element of the twinning structures. The twinning
boundary is a ﬂat defect of the crystal lattice,
and is always associated with additional surface
energy. Data from physical measurements ( e ld

Sketch of an incoherent twin boundary; the circles enclose nuclei of twin dislocations.
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ion microscopy) and computer simulations show
that twinning boundaries are atomically sharp. If
a boundary coincides with a plane of twinning,
the location of atoms along it is regular (coherent domain boundary), and such a boundary does
not cause macroscopic stresses within the crystal.
A boundary, deviating from the twinning plane,
consists of coherent sections, separated by steps
of single-atom thickness, which are the nuclei
of twinning dislocations (see Fig.). The broadening of the twinning interlayer occurs by the tangential movement of twinning dislocations along
the boundary. The passage of each dislocation
adds one interplanar distance to the thickening
interlayer. Noncoherent twinning boundaries are
the sources of high internal stresses. Near these
boundaries the processes of generation and redistribution of defects are intensiﬁed, and accommodation regions appear. The twinning structure
strongly inﬂuences the mechanical, electrical, superconducting, and other physical properties of
crystals. Single crystals of the orthorhombic superconductor YBa2 Cu3 O6.9 often exhibit twinning.
TWIST EFFECT in liquid crystals

An effect based on the optical properties of
a nematic liquid crystal and a Frederiks transition. The liquid crystal has rod-like molecules
with an electric dipole moment along the molecular axis. The end faces of a liquid crystal cell
are treated so that the rod-shaped molecules are
aligned parallel to the surface, but vertical at one
face and horizontal at the opposite face. The molecules in-between the end faces undergo a gradual
twist (twist-structure) of the liquid crystal director n, from a vertical to a horizontal alignment.
An incident beam of linearly polarized light rotates through π/2 when the light traverses the
liquid crystal located between two polaroids P1
and P2 , as shown in Fig. (top). Therefore, the twist
structure is opaque in parallel polaroids. When
a magnetic or electric ﬁeld of strength exceeding the threshold value of the Frederiks transition
(a nematic has positive diamagnetic or dielectric
anisotropy) is applied to the liquid crystal cell,
the director n will align along the ﬁeld as shown
in Fig. (bottom). In this case the director does
not rotate the light polarization plane, and the

Twist effect in liquid crystals.

cell remains transparent in parallel polaroids, and
opaque in crossed polaroids. The twist effect is
used in the manufacture of liquid-crystal displays.
TWO-DIMENSIONAL CRYSTALLOGRAPHY
The 17 crystal structures (space groups) in two

dimensions are grouped into four systems (syngonies): oblique (a = b, θ = 90◦ ), rectangular
(a = b, θ = 90◦ ), square (a = b, θ = 90◦ ) and
hexagonal (a = b, θ = 120◦ ). The rectangular
system has both primitive and centered Bravais
lattices, and the other three systems only have
primitive lattices, so there are in all ﬁve Bravais lattices in two dimensions. The notation for
a primitive space group symbol starts with the letter p, and that for a centered space group starts
with c. The ﬁrst three crystal systems mentioned
above each have two point groups or (holohedries)
associated with them, and the hexagonal system
has four point groups, so in all there are 10 point
groups or holohedries in two dimensions. Table 1
presents symmetry diagrams for the 15 primitive
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Table 1. Diagrams of symmetry elements of the 17 two-dimensional space groups classiﬁed according to their crystal
systems and their point groups. Both International and Schönﬂies symbols are given for the point groups. Primitive space
groups start with the letter p, and centered space groups start with c.
Crystal system
(syngony)
Oblique

Rectangular

Square

Hexagonal

Space groups
with lower symmetries

Space groups
with higher symmetries

1 (C1 )

2 (C2 )

m (C1h )

2mm (C2v )

4 (C4 )

4mm (C4h )

3 (C3 )

6 (C6 )

and 2 centered space groups classiﬁed by their
crystal systems and point groups.
TWO-DIMENSIONAL ELECTRON GAS

A system of electrons localized within a layer,
whose thickness is less than their characteristic
de Broglie wavelength. In such a layer the translational movement of the electrons is quantized.
Two-dimensional (2D) motion along the layer is
associated with each quantum level. In the narrow
sense the twofold dimensionality of the system of
electrons means that their motion with respect to
only one (the lowest) level is displayed. Under
speciﬁc conditions the two-dimensional electron
gas appears in the inversion layers near the surface or interface of a semiconductor, within a thin
semiconductor or metallic lm (layer), near the

3m (C3v )

6mm (C6v )

surface of some liquid or solid insulators, etc. The
possibility of controlling the parameters of a 2D
electron gas over a wide range constitutes the basis
of operation of a series of fast-response miniature transistors and other devices. Thermodynamic
properties and kinetic phenomena which occur
within the gas are in many respects different from
those within the corresponding three-dimensional
electron gas. For an ideal 2D gas with a parabolic dispersion law the density of states g(ε)
does not depend on energy within the limits of
an allowed band, g(ε) = m/(π2 ). If a magnetic
ﬁeld B is applied perpendicular to the layer, then
the energy spectrum of the ideal 2D electron gas
is formed from two (taking into account spin) sets
of discrete Landau levels (see Quantizing magnetic e ld), degenerate due to translation symme-
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try (see Crystal symmetry) and the density of states
arising, respectively, from two sets of equidistant
δ-like peaks. Due to such a form of g(ε) the oscillations of the magnetic susceptibility and the
conductivity resulting from the variation of the
magnetic ﬁeld in the low temperature region appear to be sharper than those in three-dimensional
systems. It is also clear that the non-ideality of
the two-dimensional electron gas essentially inﬂuences its properties, especially within a magnetic
ﬁeld. In most cases it is possible to increase the
concentration n of the electron gas by one or two
orders of magnitude by changing the difference
between the potentials of the 2D-layer and the
metallic electrode where the neutralizing charge
is located (characteristic values of n for electrons
over a thick ﬁlm of helium are 107 to 109 cm−2
and in the vicinity of interfaces in the heterostructures on the basis of Gax Al1−x As it is of the order
of 1010 to 1012 cm−2 ). Therefore, the 2D electron
gas is a convenient subject for the investigation
of the effects of the electron–electron interaction.
It is essential to note that although the electronic
gas is two-dimensional, the electromagnetic ﬁeld
created by the electrons and exerting its inﬂuence
over them is three-dimensional. One of the consequences of this fact is the comparable “weakness”
of the screening in this 2D gas; the screened potential of the point charge at large distances r in the
2D-layer decreases as r −3 (the effective screening
radius is the Bohr radius within the medium). Also
the dispersion law of the plasma waves is much
different from the three-dimensional case: at low
wave numbers q the frequency is given by
 2 1/2
ne
q 1/2
ω(q) =
mε
(ε is the mean dielectric constant of the medium).
The electron–electron interaction in the 2D-system
in the absence of Fermi degeneracy at very low
temperatures leads to spatial ordering of the electrons or to the formation of a Wigner crystal.
The absence or low concentration of the built-in
charged centers, which are inevitably present in
three-dimensional systems, is favorable for this.
Wigner crystallization appears when the ratio of
the characteristic energy of the Coulomb interaction and the heat energy e2 (πn)1/2 /(εk B T ) is
close to 140, when a triangular lattice is formed

(at large distances with a ﬁnite temperature the
density correlator falls by a power law). In a degenerate 2D system the interaction of the electrons
may result in the formation of systems like charge
density waves or spin density waves.
By varying the electric ﬁeld pressing the twodimensional electron gas to the surface of a dielectric or a semiconductor, in the region where
electrons are located, it is possible to change their
interaction with the vibrations of the medium and
with defects localized in the vicinity of the surface. For a sufﬁciently strong interaction with the
vibrations there appear selﬂocalized states of the
electrons, similar to polaron states. In addition the
simultaneous self-localization of many electrons is
possible (it is observed, in particular, for a 2D
electron gas over the surface of liquid helium, see
Levitating electrons). Due to the reduced dimensionality of the 2D-system at low temperatures
there are quantum corrections to the conductivity
σ which are caused by the weak disorder (weak localization effects), and they produce a logarithmic
reduction of σ with the lowering of the temperature. In addition to σ , the electron–electron
scattering in the presence of scattering at defects
(see Current carrier scattering) has a similar temperature dependence. The speciﬁcs of 2D systems
are also displayed for strong disorder, where the
temperature and frequency dependencies of the
hopping conductivity with a variable jump length
differ from those in three-dimensional systems.
The interactions of electrons with one another,
with defects and with vibrations of a medium in
the presence of a strong transverse magnetic ﬁeld,
serve to remove the degeneracies of the Landau
levels and make the energy spectrum of the electrons continuous rather than discrete, and this is
among the most interesting 2D system results. The
localization of the states is related to the tails
of energy bands formed within the ﬁeld of defects, and also to the electron–electron correlations
which bring about such important phenomena as
the integral and fractional quantum Hall effect
(see Quantum Hall effect). In sufﬁciently perfect
structures the reconstruction of the energy spectrum and of the states within the magnetic ﬁeld is
in turn associated with the electron-electron interaction, and therefore it inﬂuences the character of
the scattering at vibrations and defects. It results in
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particular concentration dependences of cyclotron
resonance spectra, and inﬂuences the magnetic
conductivity in the limit of low concentrations,
n  |eB|/(2π), when the two-dimensional
electron gas is non-degenerate.
TWO-DIMENSIONAL LATTICE MODELS

Models of statistical physics where the space
variable is conﬁned to discrete values in a plane.
The ﬁrst accurate solution was found by L. Onsager (1944) for the Ising model. There are a small
number of two-dimensional lattice models which
have been solved exactly, at least in the thermodynamic limit. They are: the two-dimensional
Ising model, ferroelectric model, eight-vertex and
three-spin models. An exact solution permits one
to check many postulates of a general theory,
and to determine the application limits of approximate methods. All known two-dimensional
lattice models involve a physical interaction of
restricted radius, provide a qualitative representation, and sometimes quantitative parameters,
of real systems. They are good for describing
systems with strong horizontal and weak vertical interactions: lamellar magnetic substances
(e.g., K2 NiF4 , Rb2 MnF4 ), liquid helium ﬁlms, superconducting ﬁlms, smectic liquid crystal ﬁlms,
monolayers of adsorbed atoms, and charge density
waves. There is a correspondence between twodimensional lattice models and two-dimensional
models of quantum ﬁeld theory.
For the majority of two-dimensional lattice
models the solutions have been obtained only in
the absence of an external ﬁeld, which does not
allow us to give a complete description of critical behavior and to calculate the scaling function
(see Scaling invariance hypothesis). An exception
is the ferroelectric model in the presence of an
electric ﬁeld. The nature of the interaction and
its symmetry are the determining factors for the
selection of a model to represent a real system.
A brief description of several two-dimensional lattice models and the conditions of their realization
is given below.
Models with pairwise interactions:
1. Gauss model (free ﬁeld).
2. Discrete Gauss model. It is used for describing a system of atoms adsorbed at the surface
of metals with a high ratio of the two substrate
periods.

3. Cabrera model (N. Cabrera). It describes the
ﬂuctuations of a crystalline surface. The variable is the height of a protruding column on a
surface with the corresponding site number.
4. XY -model (planar magnetic). It is used for the
description of superﬂuid 4 He and superconductors.
5. Potts model. Describes lattices with vacancies.
Corresponds to planar magnetic medium with
an anisotropy axis of magnitude equal to the
number of spin components.
6. Models with Zq symmetry allow discrete ﬂat
rotations through the angles θj . The Ashkin–
Teller model described by two Ising spins is the
best known example.
Vertex models. The statistical weight of each
model is given by the conﬁguration of spins at the
corresponding faces which belong to each particular vertex. If the statistical weight is decomposed
into a product of statistical weights with a pairwise interaction then the net result for the original
system is a set of non-interacting subsystems with
pairwise interactions. The following models are
related to the vertex ones:
1. Eight-vertex model (8V -model). It is exempliﬁed by atomic hydrogen adsorbed on tungsten.
2. Baxter model (R.J. Baxter, 1971). Corresponds
to a speciﬁc parametrization of the eight-vertex
model.
3. Six-vertex model. A model which describes ice.
4. Model of rigid hexagons (triangular lattice gas).
For each of the two-dimensional lattice models
a description of critical behavior has been obtained. For some models the difference between
the system phases is determined by the behavior
of a correlator at large distances. The critical indices are determined and their connection with
the interaction parameters is established. There
is a correspondence between some of the models
described above, and other models involving the
presence of a dual transformation which converts
one model into another.
TWO-LEVEL WEAKLY COUPLED SYSTEM

System of two nearby energy wells in which
the occupation oscillates between the wells. The
term usually applies to a quantum-mechanical
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system with two discrete energy level populations which can appreciably vary due to thermal
ﬂuctuations or applied external forces, whereas
transitions involving other levels are not appreciably effected. Such phenomena as optical nutation
(oscillations of the population difference of two
atomic levels), photon echo, coherent radiation
of optical generators, etc., are described in terms
of two-level systems which are very weakly coupled with one another and undergo transitions
under the inﬂuence of thermal uctuations or of
external ﬁelds (electromagnetic or elastic). Twolevel systems with closely spaced (separated by
∼10−4 eV) levels each corresponding to a different conﬁguration and able to transform to one another through tunneling transitions (see Tunneling
phenomena) occupy a special place in the physics
of amorphous solids. An atom (or electron) located in a potential well, close to symmetrical in
shape, with two minima (see Fig.) separated by a
low (∼10−4 eV) energy potential barrier, is the
simplest two-level system. Two closely spaced energy levels (designated by solid lines) correspond
to the atom located in the vicinity of the right (E1 )
or left (E2 ) minimum, respectively. The conﬁguration can change via thermally activated jumps over
the energy barrier, as well as via tunnelling transitions through the barrier. The latter determine the
atomic frequency of interchange at the low temperatures when thermally activated transitions are
suppressed. The two-level system may be associated not only with a single atom, but also with

Potential energy dependence of a double potential well
on the coordinate. Energy level E1 corresponds to localization (with an exponential probability) in the righthand well, and level E2 is for localization in the ground
state of the left-hand well.

a group of atoms. Many low-temperature anomalies of amorphous solids can be explained by the
presence of two-level systems. The microscopic
structure of such two-level systems in amorphous
solids remains unclear.
TWO-PHOTON LIGHT ABSORPTION
Light absorption with the simultaneous participation of two photons which have a combined

total energy equal to the resonance frequency of
the system, in particular, of the crystal. For insulators and semiconductors the total energy may
be equal to or greater than the band gap. It is
observed in the interaction with matter of very intensive light sources such as lasers, for which the
polarization is presented in the form of a series
P = αE + βE 2 + · · · .
The coefﬁcients α and β characterize respectively
the linear and non-linear (quadratic, etc.) polarizability of the material. The ﬁrst term describes
the common phenomena of linear optics and the
additional terms ones describe those of nonlinear
optics. The two-photon light absorption is determined by the second term so the probability of
the process, i.e. the intensity of the light ﬂux is
proportional to E 2 . For anisotropic crystals this
absorption is also anisotropic.
TWO-WAVE APPROXIMATION

An approximation in the theory of the dynamic
radiation scattering by crystals. It is used when
there are two sites of the reciprocal lattice 0 (000)
and H (hkl) in the vicinity of the Ewald sphere
(see X-ray structure analysis). Due to this the basic
dynamic scattering equations divide into two systems of equations (for two states of polarization)
each of which has two amplitudes of the displacement (electric induction), one for the transmitted
plane wave (D0 ) with wave vector k 0 , and one for
a diffracted plane wave (Dh ) and with wave vector
k h = k 0 + h, where h is the reciprocal lattice vector corresponding to the reﬂecting planes (hkl).
The nontrivial solution of these basic equations
(dispersion equations) involves two allowed wave
vectors k 0j (j = 1, 2) whose origins describe a
two-sheeted dispersion surface in the reciprocal
lattice. The cross-section cut through this surface
by the scattering surface is a hyperbola with two

TYPE II SUPERCONDUCTORS

branches, and the minimal distance between them
is equal to the reciprocal of the extinction length.
The positions of the origins of the two wave vectors k 0j on the dispersion plane are determined
by the boundary conditions, and these establish
the relation between the amplitudes D0j and Dhj .
As a result, two Bloch wave ﬁelds (j = 1, 2) are
formed within the crystal from the plane waves:
Dj (r) = exp 2πi (νt − k 0j · r)
× D0j + Dhj exp(−2πi h · r) ,
which have amplitudes that are periodic functions
of the coordinate r (ν is frequency, t is time). The
maxima of these amplitudes are located in planes
parallel to the planes h · r = n + const (n is an integer), i.e. the wave ﬁeld is a standing wave with
maxima and minima that lie in planes parallel to
the reﬂecting planes (hkl). It follows from the solution of the basic equations and the dispersion
equation that the phases of D0 and Dh coincide
in one wave ﬁeld, and in the second wave ﬁeld
they differ in phase by π , i.e. the minima of one
ﬁeld coincide with the maxima of the second one,
and vice versa. This circumstance plays an important role in the phenomenon of the anomalous
passage of X-rays. Taking into account the boundary conditions for the amplitudes of the incoming
and diffracted waves in accordance with the geometrical conditions of diffraction of waves provides
formulae for explaining the interference phenomena of both Laue diffraction and Bragg diffraction.
TYPE I SUPERCONDUCTORS
Superconductors featuring the property of absolute diamagnetism (see Meissner effect) in ap-

plied magnetic ﬁelds B whose strength does not
exceed a certain critical, temperature dependent
value Bc (see Thermodynamic critical magnetic
e ld). Type I superconductors comprise all pure
metals, except for niobium. Superconductivity in
type I superconductors vanishes in higher applied
magnetic ﬁelds B > Bc (T ).
For certain shapes of type I superconductors a
partial destruction of superconductivity may take
place within the bulk sample even at B < Bc (T )
(see Intermediate state). In a nonzero magnetic
ﬁeld B = 0 the transition of a type I superconductor from its normal to its superconducting state
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(the N–S transition) that follows the lowering of
its temperature to T = Tc (B) (see Critical temperature of superconductors) is a rst-order phase
transition, accompanied by release of a latent heat
Q=

T Bc dBc
.
μ0 dT

During a reverse S–N transition, latent heat
is absorbed, and, provided the sample is thermally insulated, its temperature decreases. In the
absence of a magnetic ﬁeld (B = 0) the N–S
(or S–N) transition at point Tc is a second-order
phase transition that is accompanied by a jump in
the speci c heat of the sample without any latent
heat. In the case of type I superconductors in a
magnetic ﬁeld, the interface between the normal
and the superconducting phases (the N–S interface) has a certain positive surface energy that
prevents the magnetic ﬂux from penetrating into
the bulk volume of the superconductor. This results from the suppression of the superconducting
order parameter in the neighborhood of the N–S
interface due to the proximity effect. It develops
within a distance of the order of the coherence
length, ξ , a distance which exceeds the penetration
depth of magnetic eld λ in a type I superconductor. For ξ
λ the surface energy per unit
surface area is γ ≈ ξ Bc2 /(2μ0 ). The Ginzburg–
Landau parameter
√ in a type I superconductors is
κ = λ/ξ < 1/ 2.
TYPE II SUPERCONDUCTORS

Materials retaining their superconducting properties over a wide range of magnetic ﬁelds, while
magnetic ux partially penetrates the bulk of the
sample (the partial Meissner effect). Among the
type II superconductors are disordered alloys and
solid solutions of metals; intermetallic compounds,
doped degenerate semiconductors and semimetals; amorphous superconductors, conducting organic and metal-oxide compounds (see Organic
conductors and superconductors, High-temperature superconductors) and niobium. As for the absolute diamagnetism, it is observed only in type II
superconductors in weak enough magnetic ﬁelds,
with their strength remaining below the lower critical e ld, Bc1 = Φ0 ln(λ/ξ )/(4πλ2 ), where Φ0 is
the ux quantum, and λ and ξ are the penetration
depth of magnetic eld and the coherence length,
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respectively. Since λ > ξ for type II superconductors, the Bc1 ﬁeld is smaller than the thermody√
namic critical magnetic eld Bc = Φ0 /(2π 2ξ λ).
Within the range Bc1 < Bc < Bc2 , where Bc2 =
Φ0 /(2πξ 2 ) is the upper critical eld, there exists a
mixed state called the Shubnikov phase of type II
superconductors in which the magnetic ﬁeld penetrates the sample bulk in the form of Abrikosov
vortices (vortex ﬁlaments). Fig. 1 presents the dependence of Bc1 and Bc2 on temperature, and
Figs. 2 and 3 the dependence of the magnetic ux
density Bin and magnetization M inside the superconductor on the applied ﬁeld Bapp , as observed
in type II superconductors at T < Tc . Along the
full length of the Bc2 (T ) curve the transformation from the normal state to the superconducting
state and back is a second-order phase transition.
The surface energy of the interface between the
normal and the superconducting phases is negative for type II superconductors. Provided λ ξ ,
this energy is equal to γ = −λBc2 per unit surface
area of the interface (compare that result to the
one found for type I superconductors). Therefore,
for ﬁeld strengths Bapp > Bc1 it is energetically
advantageous for the magnetic ﬁeld to penetrate
the bulk sample in the form of individual vortices, each carrying a single ﬂux quantum Φ0
and covering a maximum surface area of the normal to superconductor interface. With increasing
Bapp the number of such vortices in a type II superconductor increases, their mutual interaction
(repulsion) increases (see Vortex lattices), and at
Bapp = Bc2 the normal material vortex cores (their
radius equal to ξ ) ﬁnally almost touch. Superconductivity in the bulk of type II superconductor then
vanishes. However, up to Bapp = 1.69Bc2 = Bc3
(third critical eld), the presence of the superconducting phase still exists at its surface.
As for an ideally pure type II superconductor
(e.g., single crystal niobium or a stoichiometric
A15 compound), the transport current j ﬂowing
through it at an angle to B app in a mixed state
(Bc1 < Bc < Bc2 ) results in the motion of vortices
under the action of the Lorentz force that is transverse to both B app and j , so that a ﬁnite ohmic
resistance develops (see Resistive state). Thus,
a superconducting nondissipative current is only

Fig. 1.

Fig. 2.

Fig. 3.

possible in non-ideal (e.g., “doped”) type II superconductors when the vortices are pinned at various
defects of the crystal lattice (see Vortex pinning).
One of the important characteristics of type II
superconductors is their Ginzburg–Landau parameter κ = λ/ξ , which deﬁnes the ratio Bc2 /Bc1 =
2κ 2 /(ln κ). There are many practical applications
for type II superconductors with κ 1.

Uu
one and the same transducer. Depending on the
type of vibrations employed, three main groups
of solid-state ultrasonic delay lines may be distinguished: lines operating by bulk acoustic waves,
lines employing surface acoustic waves, and ultrasonic delay lines of the waveguide type. These
delay lines may also be conventionally classiﬁed by their purpose; in this case, the following
types of lines are distinguished: calibration lines,
which feature a deﬁnite time interval between input and output pulses or between several output
radio frequency pulses; variable length lines; multidrop lines used for generating coded signals and
as matched ﬁlters for processing these signals;
dispersion lines which have a delay time that is
a function of the signal frequency are used for
generating and compressing signals with pulsefrequency self-modulation.
The key parameters of solid-state ultrasonic
delay lines are delay time, operating frequency,
bandwidth, operating losses, spurious signal level,
and temperature coefﬁcient of delay. Dispersion
ultrasonic delay lines are characterized also by
their pulse compression factor (product of pulse
duration and bandwidth), and by the height of side
lobes of the compressed signal. The types of materials used for producing sound conductors includes isotropic materials (fused quartz, special
varieties of glass, magnesium alloys, etc.), as well
as perfect monocrystals of quartz, lithium niobate, ruby, sapphire, yttrium iron garnet, yttrium–
aluminum garnet, etc.

ULTIMATE RESISTANCE
See Ultimate strength.
ULTIMATE STRENGTH, ultimate resistance

The limit stress corresponding to the maximum load, i.e. to the maximum carrying ability
of a sample during a short-term mechanical testing of materials. The value of ultimate strength
depends on the type of strain being tested. Ultimate strength is deﬁned for stretching (σB ), compression (σBCOM ), and e xure (σBF ). The basic
measuring unit is the pascal (Pa), which equals
1 N/m2 . In plastic materials (see Plasticity) undergoing tensile tests, the deformation diagram which
plots load P versus strain ε has a maximum, which
corresponds to σB . The maximum arises from the
simultaneous processes of strain hardening and
transverse contraction of the sample. At the continuation of a deformation after reaching the ultimate strength, a neck is formed on the sample and
failure occurs. In materials of low plasticity the ultimate strength corresponds to the breaking stress,
in this case by this the failure may be observed
at low stresses and for insigniﬁcant values of the
plastic deformation.
ULTRASONIC DELAY LINES

Devices that provide a time delay after the conversion of electrical signals into acoustic vibrations. The time delay is realized due to the low
(104 –106 cm/s) velocity of propagation of elastic vibrations in the sound conductor. The main
components of solid-state ultrasonic delay lines
are acoustic wave transducers, and a conductor
of sound. These delay lines may operate either
“by transmission” or “by reﬂection”. In the former case, separate input and output acoustic wave
transducers are used, whereas in the latter case
the generation and detection of the acoustic vibrations in the sound conductor are performed by

ULTRASONIC TREATMENT

Subjection of a material to ultrasonic vibrations. Ultrasonic treatment of solids incorporates
mechanical dimensioning (drilling, proﬁling,
grinding), application of ultrasound for plastic
working of metals (pressing, rolling, drawing),
1431

1432

ULTRASOUND

surface hardening, ultrasonic welding and ultrasonic soldering, crystallization of melts in the ﬁeld
of ultrasonic vibrations, ultrasonic cleaning and
dispersing (see Dispersion) solids in liquids. In
the process of shaping the material through the
agency of a mechanical ultrasonic treatment, the
particles of the abrasive material, which are suspended between the shaping tool and the machined object, are raised to a high speed through
the agency of ultrasonic vibrations. Collisions of
these particles against the material promote the
controlled erosion of the latter. Exposure of the
site of strain to ultrasonic vibrations during the
course of plastic working of metals permits a considerable reduction of contact friction of the tool
against the wrought material, and brings down the
level of internal stresses in the processed material.
Ultrasonic treatment of annealed material brings
about hardening, and when the material had been
strengthened prior to ultrasonic treatment, ultrasonic vibrations bring about the redistribution of
internal stresses. This treatment raises the rate of
diffusion processes in solids (see Diffusion). In the
course of welding and soldering, ultrasonic vibrations are used for decomposing and removing
scale from the surfaces of the parts to be joined,
to increase the temperature and impact pressure
at the junction. The action of ultrasound during
the process of crystallization of a melt favors degassing of the latter, and facilitates obtaining a
homogeneous ﬁne-grained crystal structure. Ultrasonic cleaning of surfaces consists in immersing
the material to be puriﬁed into a liquid, which undergoes cavitation caused by an ultrasonic wave.
Liquids which are subjected to cavitation under
the action of ultrasound, are also used for dispersing solids.
ULTRASOUND

Elastic vibrations and waves that are generally coherent and fall within the frequency range
of (1.5–2)·104 to (1012 –1013 ) Hz: the lower and
upper limits of this interval are respectively the
high-frequency threshold of audibility for a human
ear, and the frequency corresponding to the sound
wavelength that equals the interatomic distance of
a solid. The physical nature of ultrasound does not
differ from that of sound, and therefore the boundary separating the frequency ranges of sound and

ultrasound vibrations is conventional. The major
sources of ultrasound in solids are magnetostrictive and piezoelectric transducers, which convert
electromagnetic energy to mechanical (acoustic)
energy using the effects of magnetostriction and
piezoelectricity, respectively (see Acoustic wave
transducer).
Methods based on the application of ultrasound
are used in various areas of solid state physics,
in particular, for determining elastic moduli and
dissipative characteristics of crystals (see, e.g.,
Ultrasound attenuation), for studying interactions
of phonons with conduction electrons, magnons
and other quasi-particles (see Acoustic methods
of studying solids). Ultrasound is also used in defectoscopy and acoustic microscopy of solids. The
employment of ultrasound in engineering gave rise
to new trends in electronics and optics, namely,
acousto-electronics and acousto-optics.
ULTRASOUND ABSORPTION BY
DISLOCATIONS

Scattering of energy of ultrasonic waves within
crystals at dislocations moving under their inﬂu-

ence. Dislocations transfer the energy obtained
through interactions with ultrasonic waves to the
phonon (see Phonons) electron, magnon (see
Magnon) and other subsystems of elementary excitations within crystals. The efﬁciency of energy transfer to one or another subsystem is
determined by the properties of crystals (by the
nature of the interatomic bonds, by the phonon,
electronic and other spectra, by the presence of
impurity atoms and other defects, etc.), as well by
external conditions (temperature, external electrical and magnetic ﬁelds, etc.). Originally the absorption of ultrasound by dislocations was observed by W.T. Read (1940) in the course of the
investigation of the orientation dependence of the
absorption of ultrasound in zinc monocrystals. He
had found that this absorption reached a maximum
value when the ultrasonic vibration produces the
maximum shear stresses in the slip planes of the
most mobile dislocations. Theoretical descriptions
of ultrasonic absorption by dislocations had been
provided on the basis of the string model of dislocations (see Granato–Lücke model, Dislocation
string) and the model of bends (A. Seeger, 1955).
In the theory of Granato and Lücke the dislocation segment is considered as a section of a string,
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shown in Fig. 1(a). In this case the coefﬁcient
of absorption of ultrasound by dislocations does
not depend on τ0 , and is called dynamic absorption of ultrasound by dislocations (linear). The
frequency dependence of this dynamic absorption
has a broad maximum at ωm = π 2 C/(Bl 2 ), where
for a qualitative description usually a uniform distribution of weak pinning centers along the dislocation is assumed. At this frequency ωm the dynamic absorption coefﬁcient α is

Fig. 1. Motion of a dislocation ﬁxed by weak (•) and
strong (∗) pinning centers under the inﬂuence of an ultrasonic wave: (a) linear mode of motion while still pinned
to both strong and weak pinning centers; and (b) motion
after break-off from weak pinning centers.

ﬁxed by one of the two types of stationary pinning centers sketched in Fig. 1: by strong pinning
centers at the ends of a section (nodes of the dislocation grid play this role), and by weak pinning
centers in the gap between the strong ones (point
defects, impurities, vacancies, etc.). The vibratory
motion of a dislocation in a ﬁeld of alternating
stress τ = τ0 sin ωt , actually in the slip plane, is
described by an equation similar to that of a vibrating string
M

∂u
∂2u
∂2u
+
B
= bτ,
−
C
∂t
∂t 2
∂x 2

where M is the effective mass per unit dislocation length, B is a damping coefﬁcient, C is the
linear tension of the dislocation, b is the modulus of the Burgers vector of the actual slip system, u(x, t) is the displacement of a dislocation
element, x is the direction along the dislocation,
τ0 is the shear stress amplitude, and ω is the angular frequency of the ultrasound. The damping
properties of the medium are determined by the
spectra of elementary excitations within the crystal, and by the nature of their interaction with
dislocations. If τ0 is smaller than some critical
value τ c (stress of dislocation break-off), the dislocation segments perform the vibratory motions

k Λl 2 ωm
,
α= 1
v
where Λ is the density of dislocations, v is the
sound velocity, the kj here and below are dimensionless constants, and l is the length of a dislocation segment between the weak pinning center.
When ω  ωm we have
k Λl 4 Bω2
α= 2
.
Cv
For ω
ωm the dynamic absorption coefﬁcient
reaches its maximum value with no dependence
on l:
k ΛC
α= 3
.
Bv
If τ0 > τ c , then during the ﬁrst (third) quarter of the vibration period the weak dislocations
break off from the weak pinning centers, causing a
jump-like increase of the dislocation strain εd (τ )
(Figs. 1(b), 2). During the second (fourth) quarter the forces of linear tension cause the dislocation segments to return to their initial positions.
On the curve of stress τ versus strain εd a closed
hysteresis loop is obtained (Fig. 2), corresponding to additional energy losses during each semiperiod that are proportional to the area of the loop.
This is called hysteresis absorption of ultrasound
by dislocations, and it arises from the non-linear
absorption of ultrasound by dislocations. For small
values, τ0  Γ (Γ is the characteristic level of
stress), and with an exponential distribution of
segments by length, the hysteresis absorption may
be expressed in the following form:


ΛL3 Γ ω
Γ
,
exp −
α = k4
vClτ0
τ0
where L is the distance between the strong pinning
centers. In its pure form the hysteresis mechanism
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Fig. 2. Relationship between dislocation deformation
and stress during half of the period of ultrasonic vibrations.

can be displayed only at T = 0 K in the absence
of thermal (and quantum) uctuations, which assist the dislocation to break off from the weak pinning centers. At T > 0 K the break-off process
becomes partly relaxational, and can be detected
by the presence of relaxational peaks in the temperature dependences of the absorption (Hasiguti
peak). These peaks are particular cases of relaxational peaks of ultrasound absorption, determined
by the condition


E
.
tr = t0 exp
ωtr  1,
kB T
Here t r is the relaxation time of the process and
E is its activation energy. The string model does
not take into account the discreteness of the crystal
lattice structure. Because of the presence of regularly interlacing rows of atoms the linear energy of
a dislocation is a periodic function of its displacement within the crystal. At T = 0 the dislocation
seeks the position of minimum energy in the valley of a potential contour (so-called Peierls relief,
Fig. 3(a)). As the temperature increases thermal
ﬂuctuations are able to displace some of the dislocations from one valley of the potential contour
to another valley. In this way two bends of opposite sign (pair of bends) can be formed on the dislocation (Fig. 3(b)). The process of forming pairs
of bends at dislocations is a relaxational one, and
the relaxation time t r depends exponentially on
the temperature. With respect to this relaxational
process the peaks on the temperature dependence

Fig. 3. Dislocation within the Peierls relief: (a) position
of dislocation at mechanical equilibrium in a valley of
the potential contour at T = 0 K; (b) pair of bends on the
dislocation for T > 0 K.

plots had been initially detected by P.G. Bordoni
(1949).
ULTRASOUND, ANOMALOUS PENETRATION
See Anomalous penetration of ultrasound.
ULTRASOUND ATTENUATION
in superconductors

Decrease of the intensity of acoustic oscillations in a superconductor associated with the
transfer of their energy to electronic excitations
and to the lattice. It occurs according to the law
I = I0 exp(−αx), where I, α are the intensity
and coefﬁcient of absorption of ultrasound, respectively. The transition to the superconducting
state in a metal involves a change in the coefﬁcient
of ultrasound absorption. In the Bardeen–Cooper–
Schrieffer theory (BCS theory) the temperature dependence of the relative coefﬁcient of electronic
absorption of longitudinal ultrasound has the form
2
αS
=
,
αN
exp[Δ/(kB T )] + 1

(1)

where Δ is the superconductor energy gap, and
αS /αN is the ratio of the absorption coefﬁcient of

UMKLAPP PROCESSES

ultrasound in the superconductor to that in the normal metal. For transverse ultrasound, a jump-like
decrease of αS /αN is observed at the superconducting transition, which is related to the screening of the electromagnetic interaction of transverse ultrasound with normal excitations in a superconductor by the superconductor condensate.
The investigation of the temperature and orientation dependences of αS /αN provides information on the value, temperature dependence, and
anisotropy of the energy gap in the superconductor.
However, there exist several wide classes of superconducting compounds (heavy fermions, A-15
compounds (Nb3 Ge, V3 Si, etc.), Chevrel phases,
etc.) where the temperature dependence of αS fails
to follow Eq. (1). This is related to the particular features of their electronic structures (e.g., the
presence of narrow peaks in the density of states
near the Fermi level).
ULTRAVIOLET PHOTOEMISSION
SPECTROSCOPY (UPS)

Method of obtaining energy distributions of
photoelectrons (photoelectron spectra) that are
emitted by atoms, molecules, and solids on exposure of the latter to monochromatic electromagnetic radiation. The radiation generally employed
is the resonance emission produced by a gas discharge; with energies in the range hν = 10–40 eV.
The most commonly used sources are He I (hν =
21.2 eV) and He II (hν = 40.8 eV). The radiation
of this energy is capable of exciting only valence
shell electrons, yet the natural line (level) width
amounts to several meV, in contrast to other radiation sources. With the aid of a suitably designed
spectrometer it is possible to determine the band
structure of solids by the measurement of their
photoemission spectra.
Excitation of electrons in a crystal may arise
from particular points (or regions) of the Brillouin
zone. The energy spectrum of excited electrons
is obtained by considering plausible band-to-band
direct transitions between all pairs of occupied and
vacant bands. This spectrum depends on the energy of the exciting radiation, and particular features of the energy band structure of initial and
ﬁnal electron states in solids. Under certain conditions, a band-to-band indirect transition may also
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take place. These transitions may be conditioned
by surface plasmons, by surface electron states
in metals and semiconductors, and by phonons.
Since the thickness of the near-surface layer analyzable by photoemission spectroscopy amounts
to only several monatomic layers, the method is
surface-sensitive. UV photoemission spectroscopy
shows great promise for studying the processes of
adsorption and catalysis. The changes in energy
band structure of valence shell electrons that are
caused by interactions between adsorbed atoms
and the substrate manifest themselves in the UV
spectrum.
In the case of monocrystalline substrates, the
method of UV angle resolved photoemission spectroscopy (ARPES, dependence on photoelectron
emission angle, or on angle of incidence of the
electromagnetic radiation) permits analyzing not
only the electronic structure of the adsorbed
layers, but also the atomic one as well. The
most efﬁcient for angular resolution in the UV
is synchrotron radiation which is characterized
by high stability, linear polarization, and a broad
range of energy.
UMKLAPP PROCESSES, U-processes (fr. Germ.
Umklapp, tossing over)
Scattering events of quasi-particles, whereby
the total quasi-momentum (expressed in  units)

of all quasi-particles after scattering differs from
its total value before scattering by a reciprocal
lattice vector b. The reason for the nonconservation of the quasi-momentum has to do with
the periodic potential of the crystal, which provides the background in which the scattering takes
place. Scattering events which conserve the total quasi-momentum are called normal processes
(N-processes).
The division of scattering events into Umklapp and normal processes is determined by the
selection of the momentum space unit cell. To explain the difference between U- and N-processes
let us consider the absorption of a phonon with
quasi-momentum q by an electron with quasimomentum k 1 . Both q and k 1 are inside the
ﬁrst Brillouin zone (FBZ). After scattering, in
the ﬁnal state one has the electron with quasimomentum k 2 . If the sum k 1 + q is outside the
FBZ, then the momentum conservation law has
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Umklapp and normal processes. (a) U-process, (b) N-process.

the form k 2 = q + k 1 + b, and the U-process
takes place. If the sum q + k 1 is inside the FBZ,
then the momentum conservation law has the form
k 2 = q + k 1 , and the N-process takes place. The
U- and N-processes are shown schematically in
Figs. (a) and (b), respectively.
The occurrence of Umklapp processes is indicative of the fact that the scattering of quasiparticles involves not only quasi-momentum exchange between particles (e.g., within an electron–
phonon system), but also the transfer of quasimomentum to the crystal as a whole, i.e. to those
degrees of freedom, which are responsible for the
“rigid crystal” motion. Hence Umklapp processes
result in dissipation of the momentum of the
system of quasi-particles, and they are responsible for the thermal and electrical resistance in
pure crystals (Peierls, 1931). The U-processes are
also important for investigations of X-ray, Mössbauer, neutron, etc., scattering by the crystal (Laue
points). See also Conservation laws in solid state
physics.
UNIAXIAL CRYSTALS
Crystals with a single optical axis, along which

a light beam does not experience double refraction. The optical axis in this case coincides with
the principal symmetry axis (see Crystal symmetry). In a uniaxial crystal, one of the refractive indices, no (ordinary one), is independent of the direction, while the other, ne (extraordinary one), is
directionally-dependent. In optically positive crystals, no − ne > 0, in optically negative crystals
no − ne < 0.
UNIAXIAL MAGNETICS
See Magnetic anisotropy.

UNIDIRECTIONAL ANISOTROPY
See Magnetic anisotropy.
UNIFORM COMPRESSION
Strain of a body under the effect of uniformly

distributed compressing (extending) stresses (p)
along the body surface. Under elastic uniform
compression the stress tensor assumes the form
σkl = −pδkl , where δkl is the Kronecker delta
symbol. Hooke’s law is written in the form uij =
−psij kl δkl = −psij kk (i, j, k, l = 1, 2, 3), where
uij are the components of strain tensor and sij kl
are the components of tensor of elastic pliability.
Under elastic uniform compression, a reduction
of the strain tensor uij occurs: uii = −p[s11 +
s22 + s33 + 2(s12 + s23 + s31 )], where sj k are
the elastic pliabilities in matrix Voigt notation. The
uniform elastic compression (expansion) of elastic
isotropic solids and crystals with a lattice of cubic
symmetry brings about only the alteration of the
material volume without a change of shape. In the
case of crystals with lower symmetry, a change in
shape also takes place. The change of volume under unit compression stress given by
−

1 v
= s11 + s22 + s33 + 2(s12 + s23 + s31 )
p v

is an elastic characteristic of a solid called the bulk
compressibility (see Bulk modulus). The conditions of uniform compression or close to uniform
compression can prevail during the high pressure
treatment of materials.
UNIFORM STRAIN
Strain that is the same for all points of a de-

formed body. Planes and straight lines remain
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planes and straight lines after such a strain; parallel planes and parallel straight lines remain parallel. Upon the application of uniform strain a sphere
becomes an ellipsoid. When stretching a rod of
constant cross-section, uniform strain is observed
in the elastic strain region and at the beginning
of plastic ﬂow. The condition for the uniformity
of the plastic deformation to be disturbed, and its
localization to occur (see Localization of plastic
deformation), is the equality of the stress and the
strain hardening. Microscopic inhomogeneity appears as early as at the ﬁrst stages of the plastic
deformation as a result of the strain localization in
slip planes of dislocations.
UNIPOLARITY

The phenomenon of the non-invariance of
properties of an object with respect to a change
of ionicity of a certain unipolar axis. For example, if a crystal of formula MX consists of alternating parallel plane layers of ions M+ and X− , and
the spacings between the layers alternate between
a + δ and a − δ, where δ  a, then the crystal
lattice exhibits a nonzero electric dipole moment
since the distances from M to X and from X to M
along the direction perpendicular to the atomic
planes differ from each other. Unipolar properties
may be exhibited by crystals which lack a center
of inversion. The phenomenon of unipolarity is responsible for the piezoelectric effect (see Piezoelectricity), the electret effect (see Electrets), the
photovoltaic effect, etc.
UNIT CELL

A parallelepiped in a crystal lattice constructed
by three noncoplanar translations. The set of three
linear (a, b, c) and three angular (α, β, γ ) values
determining a unit cell are called the unit cell parameters (cf. Crystal lattice constants). As a rule,
a unit cell is chosen so that it can represent the
crystal symmetry in the most convenient fashion;
ordinarily it has a maximal number of right angles
and possesses a minimal volume. Space is ﬁlled
by the replication of unit cells.
UNIT CELL, QUASI-EXPANDED
See Quasi-expanded unit cell.

UNITS OF PHYSICAL QUANTITIES

Values of physical quantities adopted as benchmarks to compare and measure quantities of identical nature. A few physical units may be chosen arbitrarily and independently of each other,
but relationships exist between various quantities,
prescribed either by their deﬁnition or through
physical laws. There are also practical matters to
consider such as the feasibility of the exact replication of standards, and the accuracy of comparisons during the measurement process. Therefore,
the independence of physical units is assigned to
as few quantities as possible (basic units), expressing the others in terms of them using physical
relationships (derived units). An individual dimension is attributed to each basic unit, while
dimensionality formulae explicitly describing relationships between basic and derived units provide the dimensions of the latter. The sizes (scale)
of the basic units have been selected so that commonly encountered values are neither too small
nor too large.
The set of basic and the derived physical units
pertaining to an area of physical phenomena and
measurement forms a system of units. The separation of into basic and derived units is to some extent arbitrary. Some theoreticians adopt a system
of units in which they set  = c = 1. Besides, some
ﬁelds of science and technology use specialized
systems of units with relative independence, and
this can make it difﬁcult to compare results of scientiﬁc research. That is why the acceptance of an
International System of Units (SI) which embraces
all the areas of physical phenomena and includes
many of the formerly used units, has been a major
success. This system was adopted by the XI General Conference on Units and Weights (ICUW) in
1960, and further updated by later ICUWs.
New units are developed following the rules of
formation of coherent derived units, some having
their own names. These may, in their turn, be used
to form additional new units. The SI electric and
magnetic units are chosen in accordance with the
rationalized electromagnetic ﬁeld equations. The
MKS system (meter-kilometer-second) is an integral part of the SI system. To determine a speciﬁc
physical quantity its numerical value (and respective physical constants) should be reduced to SI.
In that sense, the CGS system, in particular, the
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Table 1. Relationships between SI and CGS systems of units
Variable

SI unit
Name

Conversion factor
Notation

CGS unit
Name

Notation

Basic units
Length
Mass, m
Time, t
Electric current, I
Thermodynamic
temperature, T
Amount of matter
Luminous power

mole
candela

Plane angle
Solid angle, 

radian
steradian

Area, A
Volume, V
Velocity, v

square meter
cubic meter
meter per second

Acceleration, a

meter per second
squared
radian per second
meter
inverse meter
second
hertz
inverse second

Angular velocity, ω
Wavelength, λ
Wave number
Period, T
Frequency, ν or f
Frequency
of rotation, ω
Density, ρ
Momentum, p
Moment of
momentum
Moment of
inertia, I
Force, weight, F
Force moment
Force momentum
Stiffness, surface
tension
Stress, pressure,
elastic modulus
Dynamic viscosity
Kinematic viscosity

meter
kilogram
second
ampere
kelvin

kilogram per
cubic meter
kilogram-meter
per second
kilogram-meter
squared per
second
kilogram-meter
squared
newton
newton meter
newton second
newton per meter
pascal
pascal second
square meter
per second

m
kg
s
A
K

10−2
10−3
1
10/ca ≈ 3.33564·10−10
1

mole, mol
1
cd
1
Additional units
rad
1
sr
1
Derived units
10−4
m2
m3
10−6
m/s
10−2
m/s2

10−2

rad/s
m
m−1
s
Hz
s−1

1
10−2
102
1
1
1

kg/m3

103

kg·m·s−1

10−5

kg·m2 ·s−1

10−7

kg·m2

10−7

N
N·m
N·s
N/m

10−5
10−7
10−5
10−3

Pa

10−1

Pa·s
m2 /s

10−1
10−4

centimeter
gram
second
not a basic unit in CGS
kelvin

cm
g
s
K

mole
candela

mole, mol
cd

radian
steradian

rad
ster

square centimeter
cubic centimeter
centimeter per
second
centimeter per
second squared
radian per second
centimeter
inverse centimeter
second
hertz
inverse second
gram per cubic
centimeter
gram centimeter
per second
gram centimeter
squared per
second
gram centimeter
squared
dyne
dyne centimeter
dyne second
dyne per centimeter
dyne per square
centimeter
poise
stokes

cm2
cm3
cm/s
cm/s2
rad/s
cm
cm−1
s
Hz
s−1
g/cm3
g·cm·s−1
g·cm2 ·s−1

g·cm2
dyn
dyn·cm
dyn·s
dyn/cm
dyn/cm2
P
St

a Hereinafter the value of c in the “Conversion factor” column is equal to the speed of light in vacuo in CGS units, i.e.
c = 2.99792·1010 ≈ 3·1010 cm/s.
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Table 1. (Continued)
Variable

SI unit
Name

Energy, work, W ,
joule
amount of heat, Q
Power,
watt
energy ﬂux, P
Sound intensity
watt per
square meter
Acoustic resistance pascal second
per cubic
meter

Conversion factor

CGS unit

Notation

Name

J

10−7

erg

W

10−7

erg per second

W/m2

10−3

Pa·s·m−3

105

erg per second
per square
centimeter
dyne second
per centimeter
to the power of
ﬁve
inverse kelvin

Temperature
inverse kelvin
K−1
coefﬁcient (factor)
Heat ﬂux
watt
W
Thermal
watt per
W·m−1 ·K−1
conductivity
meter per kelvin

1
10−7
10−5

Notation
erg
erg/s
erg·s−1 ·cm−2
dyn·s·cm−5

K−1

erg per second
erg/s
erg per second
erg·s−1 ·cm−1 ·K−1
per centimeter per
kelvin
erg per second
erg·s−1 ·cm−2 ·K−1
per square
centimeter per
kelvin
erg per kelvin
erg/K

Heat transfer
factor

watt per
W·m−2 ·K−1
square meter per
kelvin

10−3

Entropy, S

joule per
kelvin
joule per
kilogram per
kelvin
joule per
kilogram
square meter
per second

J/K

10−7

J·kg−1 ·K−1

10−4

erg per gram
per kelvin

erg·g−1 ·K−1

J/kg

10−4

erg per gram

erg/g

m2 /s

10−4

cm2 /s

joule per mole

J/mole

10−7

square
centimeter per
second
erg per mole

joule per mole
per kelvin
mole per cubic
meter
coulomb
coulomb per
cubic meter

J·mol−1 ·K−1

10−7

Speciﬁc heat, C

Heat content
Diffusion
coefﬁcient
(diffusivity)
Molar internal
energy
Molar entropy,
chemical potential
Molar
concentration
Electric charge, Q
Electric space
charge density, ρ

Electric surface
coulomb per
charge density, σ
square meter
Electric potential,
volt
electromotive
force, V
Electric ﬁeld
volt per meter
strength, E

mole/m3
C
C/m3

C/m2
V

V/m

erg per mole
per kelvin
106
mole per cubic
centimeter
10/c ≈ 3.33564·10−10 statcoulomb
107 /c ≈ 3.33564·10−4 statcoulomb per
cubic
centimeter
105 /c ≈ 3.33564·10−6 CGS unit

erg/mole
erg·mol−1 ·K−1
mole/cm3
–
–

–

c/108 ≈ 2.99792·102 statvolt
≈ 300

–

c/106 ≈ 2.99792·104 statvolt per
centimeter

–
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Table 1. (Continued)
Variable

SI unit

Conversion factor

Name

Notation

coulomb per
meter square

C/m2

105 /(4π c)
≈ 2.65442·10−7

statvolt per
centimeter

F

109 /c2
≈ 1.11265·10−12
105 /c
≈ 3.33564·10−6

centimeter

Electric
displacement
(electric induction), D
Capacitance, C

farad

Electric current
density, J

ampere per
square meter

Electric resistance, R

ohm

Electric resistivity, ρ

ohm meter

Electric
conductivity, σ
Current carrier
mobility, μ

siemens
square meter
per volt per
second
kilogram per
coulomb
weber
tesla

A/m2


·m
S
(−1 m−1 )
m2 ·V−1 ·s−1

Name

10−9 c2
≈ 8.98755·1011
10−11 c2
≈ 8.98755·109
109 /c2
≈ 1.11265·10−12
104 /c
≈ 3.33564·10−7

CGS unit
Notation
–

cm

statamp per
square
centimeter
second per
centimeter
CGS unit

–

CGS unit

–

CGS unit

–

–
–

CGS unit

–

Wb
T

10−4 c
≈ 2.99792·106
10−8
10−4

maxwell
gauss

Mx
G or Gs

T·m

10−6

CGS unit

–

A

W/sr

10/(4π )
≈ 0.795775
103 /(4π )
≈ 79.5775
103 /(4π )
≈ 79.5775
10−9
109 /(4π )
≈ 79.5775·106
10−7

watt per
square meter

W/m2

10−3

Luminant intensity
(radiance)

watt per
steradian per
square meter

W·sr−1 ·m−2

10−3

Luminous ﬂux
Luminous energy
Luminous
emittance

lumen
lumen second
lumen per
square meter

lm
lm·s
lm/m2

1
1
104

Electrochemical
equivalent
Magnetic ﬂux
Magnetic ﬂux
density, B
Magnetic vector
potential, A
Magnetomotive
force
Magnetic ﬁeld
strength, H
Magnetization, M
Inductance, L
Reluctance
Intensity of
radiation
(radiant intensity)
Irradiance,
radiant emittance

tesla meter
ampere
ampere per
meter
ampere per
meter
henry
ampere per
weber
watt per
steradian

kg/C

A/m
A/m
H
A/Wb

gilbert

Gi or Gb

oersted

Oe

CGS unit

–

CGS unit
CGS unit

(cm)
(Gb/Mx)

erg per second
per steradian

erg·s−1 ·sr−1

erg per second
per square
centimeter
erg per second
per steradian
per square
centimeter
lumen
lumen second
radphot (lumen
per square
centimeter)

erg·s−1 ·cm−2
erg·s−1 ·sr−1 ·cm−2

lm
lm·s
rph
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Table 1. (Continued)
Variable

Illuminance
Luminance
Absorbed radiation
dose
Radiation dose
power
Ionizing particle
ﬂux density

Nuclide activity in a
radioactive source
Equivalent radiation
dose
Exposure dose (for Xand gamma rays)
Base-10 logarithm of
a dimensionless ratio
of a physical variable
to a reference value

SI unit

Conversion factor

CGS unit

Name

Notation

lux
candela
per square meter
gray

lx
cd/m2

104
104

Gy

10−4

erg per gram

Gy/s

10−4

s−1 ·m−2

104

becquerel

Bq

1

erg per second
per gram
inverse second
by inverse
square
centimeter
inverse second

sievert

Sv

10−4

C/kg

104 /c
≈ 3.33564·10−7
–

gray per second
inverse second by
inverse square
meter

coulomb per
kilogram
bell (usually
expressed as
a decibel, dB)

B

so-called symmetric CGS system (Gauss system
for electric and magnetic variables) is a system
in its own right with the basic physical units centimeter (cm), gram (g) and second (s). In this system the dielectric constant and magnetic permeability are both dimensionless and equal to unity
in vacuum: ε0 = μ0 = 1. The electric units have
no ofﬁcial names, and the magnetic units for B
and H are gauss and oersted, respectively. Having speciﬁed the thermodynamic temperature, the
amount of matter and the light intensity (illumination unit) as additional basic units to complement
the above, we obtain a CGS system applicable
to all physical phenomena. Due to the coherence
between the SI and the CGS systems, formulae
and expressions written in either one can be transformed into the other. Both systems are absolute,
since length, mass and time are among their basic
physical units. For measuring mechanical quantities in engineering sometimes use is made of an
MKS system with the basic units meter (m), kilogram of force (kgf) and second (s).

Name
phot
stilb

erg per gram
statcoulomb per
gram
–

Notation
ph
sb
erg/g
erg·s−1 ·g−1
s−1 ·cm−2

s−1
erg/g
–
–

The choice of the values of basic units remains
to some extent arbitrary, and this prescribes the
values of universal constants, with physical relationships between them. If these constants are
set equal to unity then one arrives at a dimensionless system of units that leaves no freedom
in choosing the values for any particular unit.
Since there are dimensionless relationships between various universal constants, only some of
them may be equated to unity, and that choice depends on the particular area of study. Such systems
are known as natural systems of units. The equations of physics acquire a simple form in them, so
such systems are often used for the construction of
physical theories, but they are generally not practical for use in experimental measurements.
In addition to the physical units belonging to
standard systems, there exist a number of nonsystem units. Examples are the decimal multiple and
fractional units (deci-, centi-, deca-, hecto-, etc.)
employed with numbering systems having other

1442

UNITS OF PHYSICAL QUANTITIES

Table 2. Relations between SI units and some non-system units
Variable

Non-system unit
Name

Length
Mass, m
Plane angle

Volume, V
Rotation frequency, ω
Force, F
Pressure, P

Stress
Energy
Temperature
Quantity of heat
Electrical resistivity
Magnetomotive force
Luminous intensity
Absorbed radiation dose
Equivalent radiation dose
Exposure radiation dose of
X- and gamma rays
Nuclide activity in a
radioactive source
Natural logarithm of
a dimensionless ratio of
a physical variable to
a reference value

Conversion factor
Notation

to system unit

angstrom
micron
atomic mass unit
degree

Å
μm
u
. . .◦

minute

. . .

second

. . .
l
rev/s
rev/min
kgf
kgf/cm2

10−10 m
10−6 m
≈ 1.66057·10−27 kg
π/180
≈ 1.745329 . . . ·10−2 rad
π/10800
≈ 2.908882 . . . ·10−4 rad
π/648000
≈ 5.848137 . . . ·10−6 rad
10−3 m3
2π rad/s
2π/60 ≈ 0.104719 rad/s
9.80665 N
98066.5 N

mm Hg
torr
atm
bar
kgf/mm2

133.322 Pa
133.322 Pa
1.01325·105 Pa
105 Pa
9.80665·106 Pa

eV
◦C
cal
·mm2 /m

≈ 1.60219·10−19 J
T [K] – 273.15
4.1868 J
10−6 ·m

At
rad, rd
rem
R

1
1.005
10−2 Gy
10−2 Gy
2.58·10−4 Gy

curie

Ci

3.700·1010 s−1

neper

Np

0.8686 B = 8.686 dB

liter
revolutions per second
revolutions per minute
kilogram force
kilogram force per
square centimeter
millimeter of mercury
torr
atmosphere
bar
kilogram force per
square millimeter
electronvolt
degree Celsius
calorie
ohm-square
millimeter per meter
ampere turn
(candle)
rad
roentgen-equivalent-man
roentgen

than a decimal base (minute, hour, etc.), and those
that do not corresponding to units from any standard system (atmosphere, calorie, mm Hg, etc.).
The latter are still convenient in specialized areas
of scientiﬁc knowledge, or are retained as a tribute to historical traditions. It is quite convenient to

transform the numerical values of physical quantities and various constants from one system to another, or reduce them to SI using Tables 1 and 2.
Because of the coherence between the two systems
the form of physical relationships is also accordingly transformed.
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UNSHARED ELECTRON PAIRS

Correlated electron pairs in nonbonding
orbitals (usually of the same atom). For normal
atomic coordination unshared pairs do not participate in chemical bonds. Of most interest are
unshared pairs that form the top of the valence
band in vitreous compounds (see Vitreous state
of matter), which are associated with p-electron
state elements of Group VI of the periodic table.
These provide easy recoordination of atoms in the
structure, and determine many properties of oxide
and chalcogenide glasses (see Chalcogenide materials).
UNSTABLE FRENKEL PAIR
A Frenkel defect whose components, a va-

cancy V and an interstitial atom I produced at
the displacement of the atom from its regular
lattice site, are fairly close together and have a
high probability of annihilation. Many Frenkel defects which are radiation-induced in metals, insulators or semiconductors are unstable. The development of pulse spectrometry provided methods
for determining the characteristics of short-lived
(lifetime less than 1 s) Frenkel unstable pairs in
various crystals (see Transient absorption). The
defects are induced in the materials through an initiating radiation pulse of nanosecond or picosecond duration. Most of these defects subsequently
annihilate; those relatively few which have not undergone annihilation either exist in the form in
which they were created during the initial event,
or they become converted into defects which are
stable under the conditions of the experiment. In
alkali-halide crystals the primary products of the
decay of electronic excitations are neutral (F and
H ) or charged (α and I ) pairs of defects (see
Color centers). The ratio between the quantities
of charged and neutral pairs (induced by short radiation pulses) is determined by the properties of
the material. In chlorides, e.g., most primary pairs
are neutral, whereas in iodides most primary pairs
are charged. The majority of primary defects are
annealed after formation. The number of recombined centers and the rate of annealing are determined by the temperature of the sample during the course of experiment. For example, in KCl
the quantity of F -centers reduces by a factor of 3
in 100 ns at 100 K, but hardly changes at all at

300 K. The duration of the annealing of F -centers
at 300 K is mostly in the range of milliseconds.
In KI at 300 K the annealing of F -centers takes
place partially in the time range of microseconds,
whereas the duration of annealing of α-centers is
completed in the time range of milliseconds. The
efﬁciency of the process of decay of electronic excitations into pairs of structural defects is high.
Thus, the generation of an individual F –H pair
in alkali-halide crystals requires not more than 50
eV of the absorbed radiation energy (15–20 eV are
required to produce an exciton), whereas the overall energy accumulation for a single pair reaches
103 –106 eV. This means that for each created
defect only 10−1 –10−4 survive. A similar situation is observed also for other materials, in particular for crystals of the uorides of alkalineearth metals. The primary defects induced in
silicon have short lifetimes (less than 1 μs), which
is temperature-dependent. Only 10−4 –10−6 defects remain after the lapse of 1 s. The major fraction of the defects, which are induced through the
agency of a radiation pulse, turns out to be shortlived. The high value of radiation resistance of
these materials, which is determined by stationary experiments of the above types, is evidence for
the low stability of induced primary defects, but
not for a low efﬁciency of their creation. The efﬁciency of the annealing of Frenkel unstable pairs
is determined by the functional distribution of the
components of pairs in terms of the distances between them; this distribution function is determined by the conditions of defect generation and
the annealing mechanism. Depending on the temperature of the sample, the correlated pairs under
irradiation become annealed either through tunneling processes, or for the most part, through
thermally activated motion of the mobile component of the pair. As this takes place, some portion
of the pairs may become spatially separated and
then transform into stable defects.
UNZIPPING

The process of sequential detachment of dislocations from point defects in the crystal lattice
(e.g., impurity atoms) which pin them.
Unzipping is observable when dislocation motion resulting from external stress is simultaneously retarded by many local defects. The mechanical or ﬂuctuational dislodging of a defect
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from a dislocation, and the advancement of the
latter at this location, helps to alleviate the conditions of strain from neighboring defects. As a
result an avalanche-like process of detachment, either thermally activated or activation-free, referred
to as an unzipping wave, can propagate along the
dislocation line in both directions from the initial
breach. Computer simulations show that the unzipping wave travels through the dislocation line
in each direction for about 6–10 point defect spacings, and then decays. The onset of unzipping is
facilitated by an increase of defect density, or by a
decrease of the temperature.
UPPER CRITICAL FIELD, second critical eld

The value of external magnetic ﬁeld beyond
which the superconductive state is destroyed in the
bulk of a type II superconductor. The upper critical ﬁeld Bc2 (T ) decreases with increasing temperature (T ) and tends to zero as T approaches
the critical temperature (T c ). In the range of applied ﬁelds Bc1 (T ) < B app < B c2 (T ), where B c1
is the lower critical eld, there is a partial penetration of the magnetic ﬂux into the bulk of a
type II superconductor (see Mixed state, Shubnikov phase) in the form of Abrikosov vortices,
each of which carries the ux quantum Φ0 . According to the Ginzburg–Landau theory of superconductivity at B app = B c2 (T ), there is a secondorder phase transition from the superconducting to
the normal state, and B c2 (T ) has the value
B c2 (T ) =

√
Φ0
≡ κ 2 · B c (T ),
2πξ 2 (T )

where ξ(T ) is the coherence length, κ = λ/ξ is
the Ginzburg–Landau parameter, λ is the penetration depth of magnetic eld, and B c (T ) is the
thermodynamic critical magnetic eld. In many
type II superconductors (e.g., cuprates) κ 1 and
B c2 (T ) B c (T ).
UPS

See Ultraviolet photoemission spectroscopy.
URANIUM, U

A radioactive element of Group III of the periodic system; with atomic number 92 and atomic
weight 238.0289, belongs to the actinide group.
Natural uranium consists of three isotopes: 238 U

(99.275%), 235 U (0.720%) and 234 U (0.005%).
Outer shell electronic conﬁguration is 5f 3 6d 1 7s 2 .
Atomic radius 0.153 nm, ionic radii 0.097 nm
(U4+ ), 0.080 nm (U6+ ). Uranium compounds occur in oxidation states from +3 to +6, the most
typical states being +4 and +6. Electronegativity
value ∼1.27.
Uranium is a silvery-white lustrous metal. It
occurs in three allotropic modiﬁcations (α-U,
β-U, γ -U). α-U has an orthorhombic crystal
structure with lattice constants: a = 0.28542 nm,
b = 0.58692 nm, c = 0.49563 nm (at 298 K).
At 941 K, α-U converts to β-U, which is tetragonal with lattice constants a = 1.0759 nm, c =
0.5656 nm (at 993 K). Body-centered cubic
γ -U (lattice constant a = 3524 nm at 1078 K)
is stable above T = 1078 K. The density of α-U
is 19.05 g/cm3 at room temperature, Tmelting =
1405 K, Tboiling = 4093 K at atmospheric pressure. The heats of α-U  β-U and β-U 
γ -U transformations are respectively 2.93 kJ/mole
and 4.81 kJ/mole. Heat of melting 19.89 kJ/mole,
heat of evaporation ∼469 kJ/mole. Speciﬁc heat
at constant pressure is 26.8 J/mole (298 K). Mean
coefﬁcients of thermal expansion of α-U along a,
b and c axes are respectively 32.9·10−6 K−1 ,
−6.3·10−6 K−1 , 27.6·10−6 K−1 (at 293–773 K).
Coefﬁcient
of
thermal
conductivity
is
≈25.1208 W·m−1 ·K−1 at room temperature (increases with increased temperature). Electric resistance of α-U depends on the crystallographic
direction; averaged resistivity of high-purity polycrystalline sample is ≈0.30 μ·m at room temperature, and rises to 0.54 μ·m at 873 K. Molar magnetic susceptibility is 414·10−6 at standard
conditions. Superconducting critical temperature
is 0.68 K for α-U, 1.8 K for γ -U. The Debye temperature is 207 K. Electronic work function of the
uranium polycrystal is 3.74 eV. Thermal neutron
capture cross-section is 7.59 barn. Young’s modulus of α-U is anisotropic, with polycrystalline
value 204.96 GPa; shear modulus 83.36 GPa;
Poisson ratio 0.23. Adiabatic elastic moduli of
α-U: c11 = 214.74, c12 = 46.94, c13 = 21.77,
c22 = 198.57, c23 = 107.91, c33 = 267.11, c44 =
124.44, c55 = 73.42, c66 = 74.33 (all values are
GPa) at 298 K. The value of Vickers hardness
(HV) of α-U is 200 at room temperature, but decreases to ≈12 HV at 873 K. The transformation

URANIUM

α-U → β-U increases hardness from ≈10 HV to
≈30 HV. The rupture strength of annealed α-U
(0.02% C) is ≈0.412 GPa at 293 K, it increases
with temperature to 0.480 GPa at 373 K, and then
almost linearly decreases to 0.108 GPa at 873 K.
The yield limit is 0.255 GPa at 373 K, 0.088 GPa
at 873 K, the relative elongation is 8% at 293 K,
26% at 873 K, the relative contraction is 11% at
293 K, 65% at 873 K. The increase of carbon content to 0.2% increases the strength and yield limits of uranium. All mechanical characteristics of
uranium are sharply dependent on the presence of
impurities and pretreatment. The creep of uranium
is particularly dependent on cyclic temperature
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changes, which is related to extra thermal stresses
which arise due to large differences between the
coefﬁcients of thermal expansion along different
crystallographic directions of α-U. A characteristic property of uranium is elongation of polycrystalline α-U rods, which exhibit texture along
the [010] axis for repeated heatings and coolings.
The ﬁssion of uranium atoms gives rise to isotopes
of neon and krypton, which results in swelling
of the metal, a property which is highly undesirable for nuclear fuel applications. Metallic uranium, uranium-based alloys and uranium dioxide
are used as nuclear fuel, and for the preparation of
plutonium.
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Vv
Vacancies can aggregate with each other or with
impurity atoms, resulting in the formation of bivacancies as well as larger aggregates of vacancies
(see Point defect clustering). This plays a role in
the mechanisms of swelling of solids. Complexes
of vacancies with impurities have reduced mobility compared to pure vacancies. With increasing
temperature, nonequilibrium vacancies migrate to
sites which can be internal or external crystal surfaces or dislocations.

VACANCION
A quasi-particle emerging from a vacancy in
a crystal lattice as a result of quantum tunneling
(see Tunneling phenomena); a particular case of a
defecton.
VACANCY (fr. Lat. vacans, empty)
Point defect in a crystal: an unoccupied atomic

site of a crystal lattice.
Under increased temperature (T ) crystals contain equilibrium numbers of vacancies that appear
due to thermal uctuations by local evaporation
of atoms to or from the surface or interstitial positions. The vacancy concentration C V is determined by the energy of their formation E V in accordance with the expression




S
EV
,
exp −
C V = exp
kB
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VACANCY–DISLOCATION INTERACTION

The forces of attraction or repulsion acting on a
vacancy arising from elastic and (in ionic crystals)
electrostatic ﬁelds created by a dislocation. Vacan-

cies cause elastic distortions of the lattice characterized by a dilatation V of the order of an atomic
volume, and in ionic crystals a vacancy can carry a
charge, so some forces that affect vacancies come
from dislocation ﬁelds. In a cylindrical coordinate
system r, ϑ associated with an edge dislocation
(ϑ is measured from the slip plane)

where S is the difference in entropy of the crystal in the presence of and the absence of the vacancy. Near the melting temperature C V is of
the order of 10−3 . Excessive nonequilibrium vacancies for a given temperature can be obtained
by quenching, deformation, irradiation by highenergy particles, or by ultrasound. The presence of
vacancies in a crystal can considerably affect its
physical properties. Vacancies are centers for the
current carrier scattering. In non-metallic crystals
the electrically active vacancies inﬂuence the concentration of mobile charge carriers. The introduction of vacancies leads to the appearance of
light absorption bands and luminescence, and depending on the presence of unpaired electrons, it
leads to the appearance of EPR lines, etc. Vacancies can facilitate the transfer of atoms between
lattice points. Diffusion controlled processes of alloy ordering, alloy aging, creep, homogenization,
sintering, etc., are associated with vacancy motion.

P=

1 + ν sin ϑ Gb
,
1 − ν r 3π

so the energy W = P V of the elastic vacancy–
dislocation interaction at point (r, ϑ ) is
W=

sin ϑ
Gb 1 + ν
V
,
3π 1 − ν
r

where G is the shear modulus, ν is Poisson ratio, and b is the Burgers vector. The vacancy is
attracted to the compressed region near the dislocation (ϑ ≈ π/2), and it is repulsed from the
stretched region (ϑ ≈ 3π/2). At r = b the value
of W is usually a fraction of an electronvolt, so
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that at the distance r > r0 = (3–5)b it is comparable to the thermal energy of lattice vibrations at room temperature, and the atmosphere
of vacancies is washed out. From r < r0 the
equilibrium concentration of vacancies c(r, ϑ) =
c0 exp[W (r, ϑ)/(k B T )], where c0 is the concentration of vacancies far from the dislocation. The
electrical interaction is weaker (with the exception of charged vacancies in ionic crystals) near
charged dislocation steps.
Under an excess concentration of vacancies in
the bulk of the crystal (e.g., after irradiation by fast
particles), a drift diffusion ﬂow of vacancies to dislocations is established. In the dislocation core the
vacancies are connected to the edge of the extra
plane, which causes creeping-over of the dislocation. For a sufﬁciently high vacancy oversaturation
the formation of vacancy pores at a dislocation is
possible. Since in the isotropic theory of elasticity, a helical screw dislocation possesses no dilatation ﬁeld, a single vacancy does not interact with
it elastically. The elastic dipole moment of a divacancy interacts with the tangential stresses of a
screw dislocation. At split dislocations, in addition
to the elastic interaction of vacancies with partial
dislocations, there is also their chemical interaction with the surface of a stacking fault, with energies of fractions of an electron volt.
VACUUM ELECTRONICS, emission electronics

Branch of physics covering the studies and
practical applications of physical phenomena related to the emission by a solid or liquid of electrons, ions, or neutral particles through a vacuum
or gaseous medium (see Particle emission).
VACUUM EVAPORATION

A method of applying a coating to the surface
of a product in vacuo. It consists of evaporating
the coating material at high temperatures and under pressure below 1 Pa (usually 10−2 –10−3 Pa),
with subsequent condensation on a cold surface.
Heating is performed by electric current running
along the vaporizer heating coil, its turns including small pieces or thin short wires (up to 8 mm
in length) of the material to be evaporated. Depending on the vaporizer power, the wire diameter varies from 0.2 mm to 0.8 mm. The thickness
of the applied layer is determined by the amount

of evaporating material, and by the distance from
the coated surface to the vaporizer. To obtain especially pure lm s, the evaporation is carried out in
vacuo at the pressure 10−7 –10−8 Pa. Advantages
of this method are its applicability to any material
of a product or coating, its operation at low voltage (10–20 V), and the possibility of emitting the
material on either side from the vaporizer.
VACUUM STATE OF A SYSTEM

Ground state of a macroscopic quantum system, i.e. the state with the minimum possible energy.
The vacuum state of a system can be degenerate (see Degeneracy). Systems with a continuous parameter describing a degenerate state are of
special interest, such as superconductors, superﬂuid helium (see Super uidity), ferromagnets and
antiferromagnets in the exchange approximation
(parameters are polar and azimuthal angles). The
spectrum of quasi-particles in continuous order
parameter systems has as many nonactivated (gapless) branches as there are continuous order parameters (see Goldstone theorem), if the interactions
between the quasi-particles act at short range.
VALENCE (f. Lat. valens, strong)
Ability of an atom to form chemical bonds with

one or more neighboring atoms. The valence of
an atom depends mainly on the structure of its
outer electronic shell because the inner shell electrons do not take part in forming chemical bonds.
Ionic bonds involving the transfer of electrons are
formed between cations that are monovalent (e.g.,
Na+ , K+ ), divalent (e.g., Mg2+ , Ca2+ ), trivalent
(e.g., Al3+ ) or higher in valency with anions that
are monovalent (F− , Cl− ), divalent (e.g., O2− ) or
higher in valency. The charge of an ion is called its
oxidation state. Covalent bonds involve the sharing of electrons between atoms. Carbon, which has
a valence of four, can form covalent bonds that
are single (e.g., CH4 ), double (e.g., CO2 ) or triple
(e.g., acetylene C2 H2 ). Some chemical bonds are
partly ionic and partly covalent in character. There
are also cases of coordination compounds which
do not ﬁt the above simple models, and an example
is the anion [CCo8 (CO)18 ]2− in which the carbon
atom is bonded to eight atoms of cobalt.

VAN DER WAALS FORCES

VALENCE BAND
Energy band of a crystal ﬁlled with valence
electrons of the constituent atoms. In insulators
and semiconductors the valence band in the ground

state is completely ﬁlled with electrons, which are
thus not capable of taking part in electron transport
phenomena. However, thermal, electromagnetic,
and other excitations, or the presence of lattice defects (acceptors) can create holes in the valence
band, which provides for hole conduction. The
overlapping of hole bands, observed in some semiconductors, can play an important role. In metals the valence band is full, and the high electrical conductivity arises from delocalized electrons
in the conduction band which lies above the band
gap.
VALENCE, INTERMEDIATE
See Intermediate valence.
VALENCE, VARIABLE
See Variable-valence pair.
VANADIUM, V

A chemical element of Group V of the periodic system of elements; with atomic number 23, atomic mass 50.9415. Natural vanadium
consists of stable isotopes 51 V (99.75%) and
50 V (0.25%). Electronic conﬁguration of external
shells 3s 2 3p6 3d 3 4s 2 . Successive ionization energies are, respectively, 6.740, 14.66, 29.32, 46.71,
65.2 eV. Atomic radius is 0.134 nm, radius of V2+
ion is 0.072 nm; of V3+ ion 0.067 nm; of V4+
ion 0.061 nm; of V5+ ion 0.04 nm. Oxidation
state is +2 to +5. Electronegativity is ≈1.7. In
a free form vanadium is a silvery-gray metal. It
has a body-centered cubic lattice with parameter
a = 0.30282 nm; density 6.11 g/cm3 (at 20 ◦ C);
T melting = 2190 K, T boiling = 3580 K; coefﬁcient
of thermal conductivity is 30.99 W·m−1 ·K−1 at
373 K and 36.84 W·m−1 ·K−1 at 773 K; speciﬁc heat is 462.5 J·kg−1 ·K−1 at 250 K; heat
of melting is 345.4 kJ/kg; heat of evaporation
is 9002 kJ/kg. Cross-section for thermal neutron
capture is 4.5 barn/atom. Mechanical properties
depend considerably on the presence of impurities, and depending on contents of additions it is
possible to get vanadium from brittle and hard to
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plastic and soft. Brinell hardness is 628 MPa. Ultimate strength is 118 MPa. Relative elongation depending on purity 17 to 45%, cross-section reduction 25 to 75–85%. Bend angle without destruction of pure vanadium is 180◦ . Elasticity modulus
is 137 GPa, rigidity is 46.4 GPa, compressibility
modulus is 542.7 GPa. Adiabatic elastic moduli
of vanadium: c11 = 230.98; c12 = 120.17; c44 =
43.76 (GPa) at 300 K. Resistivity of vanadium of
99.9% purity is 0.226 μ·cm (299 K). Work function is 3.79 eV. Vanadium is a superconductor below the transition temperature of 5.3 K. Paramagnetic properties are characteristic for vanadium.
Vanadium alloys are widely used. The A15 compound with gallium V3 Ga has the superconducting transition temperature of 14.5 K. Vanadium is
used in nuclear power and electronic engineering.
VANADIUM ALLOYS
Alloys based on the element vanadium. They
have low density, high corrosion resistance in
liquid alkali metals, good technological effec-

tiveness (processability, weldability), high lowtemperature plasticity, small cross-section for the
capture of thermal and fast (0.1–1.0 MeV) neutrons. According to speciﬁc strength in the range
500–1000 ◦ C, vanadium alloys exceed titanium alloys, iron alloys, nickel alloys, cobalt alloys and niobium alloys. Vanadium alloys with gallium and silicon exhibit superconductivity. They are prospective materials for the ﬁrst wall of thermonuclear
reactors. Vanadium alloys with niobium and titanium are the basis for complex triple and multicomponent alloys. Vanadium alloys are obtained
by induction or arc melting in vacuo, or in a protective atmosphere. After primary hot pressing or
forging the majority of vanadium alloys can be
subjected to rolling without heating.
VAN DER WAALS FORCES (J.D. van der Waals,
1873)
Forces of interaction between atoms, ions,

molecules, aside from the basic ionic, covalent,
and other bonding interactions. They arise from
the mutual inﬂuence of interacting particles causing distortions of their electronic shells even when
a direct overlap of electron wavefunctions is negligible. By carrying out a multipole expansion
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(r, r  ) for the elecof the Coulomb interaction V
trons and nuclei (e.g., of two atoms without intrinsic dipole, quadrupole or higher moments) terms
proportional to 1/R 3 , 1/R 4 , 1/R 6 , are obtained,
where R is the distance between nuclei. Correction to the energy in the second order of perturbation theory has the form
E=

 |V0i |2
,
E0 − Ei
i

where E0 , Ei are the energies of the ground and
excited states of two noninteracting atoms, and
 beV0i are matrix elements of the interaction V
tween the states 0, i. Thus the interaction energy
of the atom is reduced to a sum of terms C/R 6 ,
C  /R 8 , C  /R 12 . In some approximation for two
identical atoms C = (3/2)α 2 I , where α = α1 =
α2 is the polarizability of the atoms, and I is their
ionization potential.
VAN HOVE SINGULARITIES (L. Van Hove, 1953)
Singularities in the density of states g(E) of

solids, associated with inﬁnities of the derivative
dg(E)/dE at certain values of energy E = En .
For solids

dS
,
g(E) =
ωj (p)=E |vj (p)|
j

where ωj (p) is the energy of a quasi-particle of
j th type with quasi-momentum p; and vj (p) =
∂ωj (p)/∂p is the group velocity (assume  = 1).
The integration is performed over an isoenergetic
surface ωj (p) = E in momentum space, with dS
being its differential area element inside the Brillouin zone. The values En = ωj (p n ) correspond
to such p n at which v(p n ) is equal to zero. The
existence of Van Hove singularities is connected
with the fact that ω(p) in solids is a periodic
function of p. These singularities occur at points
of change in topology of an isoenergy surface
ωi (p) = E (transition from a closed to an open
surface with a change of E, etc.). At E values
close to En the density of states g(E) is described
by the expression
g(E) − g(En ) ∼ (m1 m2 m3 )1/2 |E − En |1/2 ,
where m1 , m2 , m3 are the diagonal components
of the effective mass tensor of the quasi-particle.

The signiﬁcance of Van Hove singularities is determined by the role of the density of states g(E)
in the thermodynamic and kinetic properties of
solids. These singularities inﬂuence the scattering cross-sections of neutrons and gamma rays in
solids, the light absorption and ultrasound absorption, and the formation of bound states of quasiparticles. Van Hove singularities of the electronic
density of states determine several phenomena in
solids, such as anomalities of the speci c heat and
compressibility at the transition of order 2 12 (Lifshits transition) in a metal in the normal state, the
nonlinear dependence of the temperature of the superconducting transition (see Superconductivity),
and of the dependence of the critical magnetic
ﬁelds of a superconductor (see Meissner effect) on
the pressure and the concentration of impurities.
Van Hove singularities can be enhanced if one or
more of the effective masses becomes inﬁnite simultaneously with v(p n ) = 0.
VAN VLECK MECHANISM, Kronig–Van Vleck
mechanism (J.H. Van Vleck, R. Kronig, 1939)
One of the effective mechanisms for spin–
lattice interactions of magnetic ions in condensed

matter.
The Van Vleck mechanism arises from modulation of the crystalline electric ﬁelds (see Crystal
e ld) at the magnetic ion sites due to lattice vibrations. The ﬂuctuating electric ﬁeld inﬂuences the
spins due to the spin–orbit interaction, and induces
transitions between the spin states of the magnetic
ions. In the limit of low concentration the spin–
phonon interaction constants, which serve as measures of the efﬁciency of the Van Vleck mechanism, do not depend on the concentration. For
ions of the iron group typical values of these spin–
phonon constants are in the range from 0.1 to
10 cm−1 . The Van Vleck mechanism is used for
the quantitative description of spin–lattice relaxation of paramagnetic ions in nonmetallic crystals,
of acoustic paramagnetic resonance, and of pressure effects in the spectra of electron paramagnetic
resonance.
VAN VLECK PARAMAGNETISM (J.H. Van Vleck,
1932)

Polarizational paramagnetism, magnetism of
atoms (ions) arising from the magnetic polarization of their excited states by an applied magnetic

VARIBAND SEMICONDUCTORS

ﬁeld. Van Vleck paramagnetism is commonly observed in ions which have no magnetic moments in
their ground states, and materials of this type are
called Van Vleck paramagnets. Unlike the usual
orientational spin paramagnetism, the Van Vleck
type is practically independent of the temperature.
A theoretical expression for the magnetic susceptibility χ associated with this paramagnetism has
the form
 |(0|M
z |n)|2
,
χ≈
(En − E0 )
where the summation is performed over the exz
cited states n, En is the nth energy level, M
is the operator of the magnetic moment projection, and n = 0 is the ground state term. Materials containing atoms of rare-earth elements with
z |0) = 0 are particular examples of Van
(0|M
Vleck paramagnets.
VAPORIZATION
The phase transition from a condensed state of
matter (either liquid or solid) to the gaseous state.
Vaporization takes place as a rst-order phase
transition. Vaporization is called evaporation, if it

occurs at the free surface of a liquid, whereas vaporization, which takes place at a solid surface, is
called sublimation; vaporization in the bulk liquid
is called boiling.
VARACTOR, also called varactor diode
(B.V. Wool, 1954)
A semiconductor device with a capacitance

which depends on the applied voltage, that can
be used in parametric semiconductor ampliﬁers
of extra-high frequency oscillations. These parametric ampliﬁers exhibit a low noise level at the
condition f0  f , where f0 is the operating frequency, and f is the upper bound of the frequency
region, within which the varactor exhibits negative resistance. Modern varactors produced from
gallium arsenide exhibit f ∼ 103 GHz, which
provides parametric semiconductor ampliﬁers of
noise temperature TN = 30–50 K without cooling, and TN = 10–30 K when cooling the diodes
with liqueﬁed nitrogen over extra- and ultrahigh
frequency wave bands.
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VARIABLE-VALENCE PAIR
A pair of charged defects in chalcogenide
glasses (see Chalcogenide materials) which are

produced by a change of the coordination number
of the chalcogen atom due to the use of unshared
electron pairs for the generation of new bonds.
VARIANCE (fr. Lat. vario, am changing)

Number of degrees of freedom of a thermodynamic system, i.e. the number of independent system parameters (pressure, temperature, concentration of components, etc.) which can be changed
(varied) within some limits without changing the
phase equilibrium (see Gibbs’ phase rule).
Another deﬁnition of variance used in mathematical statistics is the expression
 (yi − ym )2
n
i

taken in the limit n → ∞, where ym is the mean
value of yi .
VARIBAND SEMICONDUCTORS
Crystals whose energy band structure parameters (band gap, inter-valley energy distances in
the conduction band, of spin–orbit splitting in the
valence band), effective masses of carriers and
the dielectric constant vary smoothly along one or

more directions within the crystal. Gradients of
applied pressure, smoothly varying internal mechanical stresses, temperature gradients, and positional dependent solid solution composition can
be the causes of the change. Variband semiconductor are sometimes called variband structures
or smooth heterojunctions.
The structures GaAs–Alx Ga1−x As with gradually changing x and therefore with a gradient of
the electron af nity and of the band gap E g are
typical examples of variband semiconductors. Due
to the presence of a built-in quasi-electric ﬁeld
in these regions the drift distance of nonequilibrium carriers can exceed the diffusion length L.
This difference is especially pronounced for high
radiation recombination efﬁciency when the contribution of photon drift is added to the transport
of carriers. Variband structures have been utilized
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in optoelectronics, and a variband layer has been
inserted between the emitter and active area in
double heterostructures of light emitting diodes.
Photoelectric transformers based on variband structures have enhanced values of the collection coefﬁcient and of efﬁciency due to reduction of
surface (see Surface recombination) and volume
recombination losses. Photodiode structures with
an illuminated variband layer of width d < L
where the value of Eg changes from Egmax to Egmin
function as wide-band receivers sensitive in the
L the
spectral range from Egmax to Egmin . At d
selective photoreceivers are obtained. Avalanche
photodiodes with a smoothly varying multiplication coefﬁcient, injection photodiodes with a controllable area of spectral photosensibility, magnetodiodes with enhanced voltage sensitivity are also
examples of variband structure applications.
Since the positions of different maxima in the
conduction band with respect to the top of the valence band can change with the composition, there
can be a change of the absolute energy minima in
the conduction band at some point within the crystal. So, in Alx Ga1−x As at x < 0.4 the minimum
energy corresponds to a Γ -valley, whereas at x 
0.4 the X-minimum is absolute (so-called Γ –X
junction). In other words, the direct-gap type band
structure is replaced by an indirect-gap variety,
and this introduces a coordinate dependence of the
absorption coefﬁcient, of edge luminescence intensity, and other effects. In the area close to a
Γ –X transition the redistribution of carriers between Γ - and X-valleys occurs. The other important effect of the spatial dependence of a conduction band extremum is the variation with the coordinate of the depths of impurity levels associated
with different valleys, relative to the band edge.
In variband semiconductors there exist built
in quasi-electric and quasi-magnetic ﬁelds. They
are realized under the following conditions: the
position of a dispersion curve minimum depends
on the coordinate, for example, it shifts from
the center of the Brillouin zone to its boundaries
upon changing the composition of the solid solution, and isoenergetic surfaces are ellipsoids of
rotation. The built-in quasi-electrical ﬁelds cause
the diffusion-drift character of the motion of the
unbalanced carrier in variband semiconductors,
which brings about the change of efﬁciency of the

drift length, and also of the surface recombination
rate.
This establishes the advantages of these materials in band engineering and optoelectronic devices. Variband semiconductors are also favorable
for highly-sensitive strain gauges and photoreceivers with internal ampliﬁcation (see Optical radiation detectors).
VARICAP (fr. variable and capacity)
Semiconductor device utilizing non-linear
properties of the barrier capacitance of a diode.

Upon application to the p–n transition layer of a
direct bias voltage to an semiconductor junction
(n–p junction with the positive potential on the
side of the p-region) the width of the bulk charge
layer is reduced and its capacity increases. Upon
application of a reverse bias the capacity of the
junction decreases. Varicaps are widely used as
variable capacitors (in the range 10−2 to 102 pF)
and as nonlinear capacitors (see Varactor).
VARICOND (fr. variable and condenser)
Ferroelectric capacitor (see Ferroelectric ceramics) with a pronounced non-linear dependence

of the capacity on the intensity of the applied electric ﬁeld resulting from the non-linearity of the
dielectric constant (solid solutions of Ba (Ti, Zr,
Sn) and (Ba, Sr)TiO3 are commonly used) in the
vicinity of the Curie point in both the ferroelectric as well as the paraelectric phases. Variconds
are manufactured in bulk and ﬁlm form, they have
a high speciﬁc capacitance (10–103 pF/mm3 ),
small dimensions (1–10 mm3 ) and control voltages, and a wide range of operational frequencies. Nominal values of the capacitance of variconds lie in the range from several pF to several
μF and change by a factor of 1.5–20 (depending
on frequency and temperature) for a control voltage of several tens of volts. Variconds are characterized by high mechanical strength, stability to
vibrations, moisture resistance radiation stability,
and almost unlimited operational life. But time
and temperature instability of their capacity and
unacceptable dielectric losses restrict their practical applications. Variconds are used in automatics, electronics, UHF engineering (including hybrid integral circuits) – for contactless remote control, for parametric power ampliﬁcation, also for
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current and voltage stabilization, frequency phase,
and signal transformation, etc.
There is a need for developing new ferroelectric ceramics and ﬁlms which combine high nonlinearity with low dielectric losses over a wide frequency range, together with stabile properties.
VARISTOR (fr. variable and resistor)
A two electrode semiconductor resistor, whose

electrical resistance is a non-linear function that
drops with an increase of the applied voltage.
A varistor is a semiconductor in the form of a powder (usually silicon carbide) pressed into a resin
or a liquid glass. The contact resistance between
grains is determined by phenomena at the random network of semiconductor junctions being
formed.
VAVILOV LAWS (S.I. Vavilov, 1927)

The laws which establish the relationships between the luminescence energy yield (see luminescence yield), and the mutual spectral positions of
the exciting monochromatic light and the emitted
luminescence light. The ﬁrst law states that the
absolute value of the photoluminescence energy
yield can not exceed one unit. The second law asserts that for excitation of the Stokes’ type (see
Stokes’ rule) the photoluminescence energy yield
is proportional to the wavelength (quantum yield is
constant), it saturates at the approach to the region
where the exciting and irradiated spectra overlap
(see Anti-Stokes luminescence), and then sharply
decreases beyond this point. The lower the temperature, the sharper the decrease in yield.
VEGARD RULE (L. Vegard, 1928)

Relationship between the composition of a
solid solution and the dimensions of its crystallo-

graphic unit cell. In the ﬁrst approximation the dimensions of the unit cell (or the interatomic distances) vary according the linear law a = xa1 +
(1 − x)a2 , where x is the mole fraction of the
solvent, and a1 and a2 , respectively, are the dimensions of the unit cell of the solvent and the
dissolved matter. The measured parameters of the
unit cell often differ from those calculated according the Vegard rule, and ordinarily they are smaller
than the calculated ones. This has been attributed
to the chemical afﬁnity of the solid solution com-

ponents, their elasticity parameters, and their thermodynamic properties. In spite of this, the Vegard
rule helps to establish the concentration limits over
which solid solutions exist, and the change in solubility with reduction in the temperature.
VELOCITY LIMIT OF DOMAIN WALL
See Domain wall velocity limit.
VENER SPOTS

Appearance on a screen of spots formed by
particles emitted from the sputtered surface of a
monocrystal. They result from the increased yield
of atoms (ions) which under ion bombardment escape from the crystal in directions with low Miller
indices. The appearance of Vener spots is associated with the propagation of focusons. In addition, due to the energy losses, the crystal surface
is reached mostly by low-energy atoms (ions) that
can either recoil in the direction along a channel (e.g., 100 in a cubic crystal), or knock out
an atom from the surface layer of the crystal by
a head-on collision (e.g., in the 111 direction),
which also can induce the formation of Vener
spots.
VERDET CONSTANT (M. Verdet), speci c
magnetic rotation

A coefﬁcient V characterizing the magnitude
of the angle of rotation θ of the plane of polarization of linearly polarized light propagating a
distance d through a medium parallel to the direction of an applied magnetic ﬁeld B. The Faraday effect equation is θ = V Bd. For non-magnetic
transparent crystals V has a value from 10−2 to
103 rad·T−1 ·m−1 , and depends on the temperature, on the current carrier concentration and on
the radiation wavelength. For low magnetic ﬁelds
B < 10 T as a rule it does not depend on B.
VERTEX DISLOCATIONS
A version of a partial dislocation in a face-

centered cubic structure. Vertex dislocations are
formed as a result of dislocation splitting, accompanied by the transition of one of the partial dislocations to the adjacent slip plane, or as a result of
reactions between the split dislocations moving in
the intersecting slipping planes. Since the Burgers
vector of a vertex dislocation does not lie in a slipping plane, it is immobile and plays an important
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role as a barrier for the motion of other dislocations.
VERTICAL TRANSITIONS
See Direct transitions.
VESICULAR MATERIALS
See Nonsilver photography.
VIBRATIONAL SPECTRA of solid solutions

These spectra characterize the dynamics of
crystals that have a conﬁgurational disordering in

one or more sublattices. The vibrational spectra
appear in the form of narrow bands with about
the same width as those in ideal crystals (although
frequency shifts with concentration in solid solutions are not small). This permits one to describe
the vibrational spectra of solid solutions in terms
of a small number of effective oscillators, the latter transforming in limiting cases into the longwave optical vibrations of the corresponding perfect crystals.
The nature of the optical lattice spectrum of
a solid solution depends upon the degree of difference in masses and in force constants. If these
quantities are not appreciably different then the
response of a solid solution to an external electromagnetic ﬁeld corresponds to that of a crystal
with the parameters averaged over its composition (virtual crystal). The optical spectrum has the
same number of active bands as the spectrum of
each of its constituent components. When the relative concentrations change the bands shift from
the position of one component to that of the other.
Exemplifying this behavior are the phonon spectra of ABx C1−x solid solutions that can be fairly
well described in terms of a single effective oscillator (single-mode spectral behavior). If the parameters differ substantially then the spectrum consists of several bands, each of them corresponding
to one of the constituent components, and having
an intensity deﬁned by the component content in
the solid solution (multi-mode spectral behavior).
When the content of a corresponding component
decreases sufﬁciently then its band turns into the
band of local vibrations of an impurity atom.
The following methods are employed to compute the vibrational spectra of solid solutions: virtual crystal model, cluster approximation, coherent
potential method, averaged t -matrix method, etc.

VIBRATIONS

Repetitive changes with time, t , of some quantity, for instance, a coordinate and velocity (e.g.,
vibrations of atoms in solids, including those
giving rise to sound, mechanical vibrations of
rods and plates, oscillations of electric and magnetic ﬁeld intensities, electromagnetic oscillations,
etc.). An important class is periodic oscillations,
for which the changes of magnitude of a variable u
recur over a particular time interval T which is
termed the oscillation period: u(t + T ) = u(t).
The reciprocal quantity ν = 1/T is called the frequency and ω = 2πν is called the angular frequency. The oscillation amplitude is its maximum
magnitude, and its phase is the value of the argument of a periodically changing function counted
with respect to an arbitrarily chosen origin of coordinates. Of particular importance are harmonic
oscillations described by a sinusoidal function:
u(t) = A sin(ωt + ϕ0 ),

(1)

where A is the amplitude and ϕ0 its phase at the
initial time t = 0. Any variations of the quantity u,
including random ones, within an arbitrary ﬁnite
time interval t , can be represented by a superposition of harmonic oscillations with different ω, ϕ0
and A values. Two oscillations having closely similar frequencies and phases are termed coherent
oscillations. Actual oscillations may not conform
to Eq. (1), but sometimes can be approximated by
this equation, with ϕ0 slowly changing with time
(changes during the time T should be small compared to π). For longer times τ
T , when the
change of ϕ0 becomes of the order of π , the coherence of the oscillation becomes disrupted. The
particular time interval τ0 , when ϕ0 approaches or
reaches π , is termed the coherence time.
The rate of vibration damping in the presence
of friction is determined by the logarithmic decrement that equals the natural logarithm of the ratio
of two successive maxima of the oscillating quantity. If the system vibrations occur with what is
termed negative friction (which is possible in the
presence of external factors, e.g., when the system parameters are oscillating), the decrement is
negative, with its absolute value called an increment. Oscillations can be excited in systems under the action of external forces (termed forced
vibrations), or due to system parameters which
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change periodically (parametric vibrations), and
vibrations may also occur in autonomous systems (with no outside agents acting). In conservative systems periodic vibrations are only
possible if one neglects small energy transfers.
In non-conservative systems, called dissipative
systems, in which dissipative forces of friction
are acting, the amplitude of the vibrations is
damped, and the only possible stationary state is
the state of rest. Self-oscillations are possible in
non-conservative nonlinear systems. The nature
of possible vibrations of a system depends upon
the individual system parameters (masses, coordinates, and forces of interaction in a system composed of atomic particles; density, elastic modulus,
shape and size of an elastic medium; inductance,
capacitance, and resistance of an electric circuit,
etc.). A certain set of free (intrinsic) vibrations of
a system exists called eigenfrequencies (“natural”
frequencies); the system performs vibrations at
such frequencies in the absence of external forces,
provided that it receives an initial impulse. For instance, free vibrations of a string with ﬁxed ends
are such that an integer or half-integer number
of wavelengths ﬁts into the length of the string,
and all frequencies of free vibrations are multiples of the minimum one termed the fundamental frequency. Free oscillations in linear systems
are called normal modes (see Normal vibrations).
If the frequency of an external force coincides
with a system eigenfrequency then a pronounced
ampliﬁcation of forced vibrations occurs (resonance). The free vibrations of bound systems are
called bound vibrations (e.g., interacting systems
possessing a single degree of freedom each).
VIBRATIONS, INTRAMOLECULAR
See Intramolecular vibrations.
VIBRATIONS, LOCAL AND QUASI-LOCAL
See Local vibrations, Quasi-local vibrations.
VIBRATIONS, NORMAL
See Normal vibrations.
VIBRATIONS OF CRYSTAL LATTICE
See Crystal lattice vibrations, Acoustic vibrations, Anharmonic vibrations, Antisymmetric vibrations, Bending vibrations, Optical vibrations,
Silent lattice vibrations, Totally symmetric vibrations, Zero-point vibrations.

VIBRATIONS OF RODS AND PLATES

The main types of free vibrations that can exist in rods are: stretching vibrations (along the
rod axis), bending vibrations (perpendicular to the
axis), and torsional vibrations (around the axis).
In all these cases, an integral number of halfwavelengths ﬁts into the length, l, of a rod with
either ﬁxed or free ends: l = nλ/2, where n =
1, 2, . . . . The natural frequencies of vibration, ωn ,
form a discrete spectrum. For stretching vibrations
of small amplitude, ωn = (πn/ l)(E/ρ)1/2 , where
E is Young’s modulus, and ρ is the density. For
larger n, dispersion corrections should be taken
into account; thus, for a round rod of radius R  l,
a factor 1 − (I πνR/λ)2 (ν is Poisson ratio) should
be added to the expression for ωn . For torsional vibrations, ωn = (πn/ l)[D/(ρI )]1/2 (D is the rod’s
torsional rigidity), where I is the moment of inertia of the cross-section with respect to the center of mass; in particular, ωn = (πn/ l)(μ/ρ)1/2
for a round rod (μ is the shear modulus). In the
case of bending vibrations, the frequencies ωn
do not make a harmonic series because of strong
dispersion (the velocity of bending waves is proportional to ω1/2 ), but rather depend non-linearly
on n: ωn = (An / l 2 )[EI0 /(ρS)]1/2 (A1 = 133,
A2 = 339, . . . ; S is the cross-section area, and
I0 is the moment of inertia of the cross-section
with respect to the neutral axis lying in the crosssectional plane, see Flexural waves).
In thin plates (ﬁlms), both longitudinal extension–contraction vibrations and transverse bending vibrations can occur, with displacements parallel and perpendicular to the plane of the plate,
respectively. The vibrational spectrum and the distribution of displacements depend explicitly on the
shape of the plate, and on the boundary conditions.
For instance, for a square plate having hingesupported edges, the eigenfrequencies of longitudinal vibrations oriented along one of the plate
sides will be: ωn = (πn/ l)[E/ρ(1 − ν 2 )]1/2 , and
the frequencies of transverse vibrations will be:
ωmn = (m2 + n2 )(π 2 h/S){E/[12ρ(1 − ν 2 )]1/2 },
m, n = 0, 1, 2, . . . . Corresponding to each eigenfrequency there is a particular conﬁguration of
nodal lines along which the displacements vanish.
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VIBRATIONS OF SURFACE ATOMS

Vibrations which differ from those of atoms
within the bulk crystal by their amplitudes (rootmean-square displacements), Debye temperature,
and frequency spectrum. For instance, the ratio of
the root-mean-square displacements of atoms in
the ﬁrst two surface layers to the corresponding
values in the crystal bulk, as determined by lowenergy electron diffraction, amounts to the following values for several crystals: Nd, 2.65; Pb, 2.43;
Bi, 2.42; Ag, 2.16; Pt, 2.12; Pd, 1.95; Cr, 1.8;
Ni, 1.77; Ir, 1.63; V, 1.52; Rh, 1.35. Similar values exist for the ratio of the Debye temperature in
the bulk of a crystal to its value at the surface. The
phenomenon of increased amplitudes of surface
atom vibrations was discovered by V.E. Lashkarev
and G.A. Kuzmin (1934), and by S.G. Kalashnikov and O.I. Zamsha (1939). Enhanced amplitudes of surface atom vibrations were also found
for simple chemical compounds. The initially conjectured “softening” of the frequencies of surface
vibrations was not always conﬁrmed by subsequent investigations. For instance, the force constant for the Ni (001) surface plane equals or exceeds by 20% that in the bulk, according to a
number of reports. Changes of the energy of surface atom vibrations have an important bearing on
some technological processes such as sintering and
crystal melting.
VIBRONIC ANHARMONICITY

Terms of higher order than quadratic in the
potential for nuclear displacements in a vibrating solid lattice. The usual adiabatic potential contains only quadratic terms that result in harmonic
linear displacements of the atoms through the vibronic interaction. Vibronic anharmonicity contributes to thermal expansion, coupling between
different phonons, thermal resistivity, and other effects.
VIBRONIC EFFECTS IN OPTICS

Effects in the spectroscopy of the optical region
which occur as a result of vibronic interactions.
Due to the complex spectrum of vibronic states
the observed optical spectra of electronic transitions which arise from electronically degenerate or pseudo-degenerate terms contribute to the
n e structure and the lineshape of broad bands

(envelope of the elementary transitions). For example, for an A → E transition which produces
two peaks, the distance between them increases
with increasing Jahn–Teller effect stabilization energy, and the depth of the dip decreases with increasing contribution of fully-symmetrical oscillations. For other types of transition the line shape
is more complex; but it never coincides with the
single-peak curve of a transition between nondegenerate terms. The ﬁne structure repeats the spectrum of the vibronic state. It is possible to observe
the splitting of phononless lines which are due
to inversion splitting, and also the appearance of
local resonances and pseudo-resonances for the
impurity states in crystals as a result of a polymode Jahn–Teller effect. With the help of the moment method for investigating optical spectra inﬂuenced by external effects it is possible to determine the vibronic constants and other parameters
of the system. Qualitatively new optical properties
occur since electronic degeneracy and pseudodegeneracy can cause the polyatomic system electron distribution to be lower in symmetry than that
of the nuclear frame. Highly symmetrical systems
can acquire an abnormal anisotropy of polarizability and of hyper-polarizabilities which manifest
themselves through abnormal depolarization of
the Rayleigh scattering of light and hyper-Rayleigh
scattering of light, through birefringence in external ﬁelds (anomalous Kerr effect and anomalous
Cotton–Mouton effect), and through purely rotational absorption and Raman scattering of light by
molecules.
VIBRONIC EFFECTS IN RADIO-FREQUENCY
SPECTROSCOPY
Effects of the vibronic interaction found in

radio-frequency spectroscopy which are especially
important in electron paramagnetic resonance
(EPR).
In the case of weak vibronic interactions (small
vibronic constants) when the inversion splitting δ is
high, an EPR at sufﬁciently low temperature corresponds to the ground vibronic state (dynamic spectrum) for which the orbital part of the g-factor,
g2 is multiplied by the vibronic reduction factor.
In the case of the E–E problem of the Jahn–
Teller effect (ground vibronic doublet 2E) in cubic
systems g± = gs + g2 ± qg2 f , where gs is the
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Vibronic effects in radio-frequency spectroscopy, showing the comparison of an experimental CaO:Cu2+ EPR spectrum
(above) with a calculated spectrum (below).

spin part, f = [1 − 3(l 2 m2 + l 2 n2 + m2 n2 )]1/2
(l, m, n are the direction cosines of the applied
magnetic ﬁeld B) and the vibronic reduction factor q varies from 1 (neglecting vibronic interactions) to 1/2 (limit of strong vibronic interactions). In the limiting case g2 βB
δ (β is Bohr
magneton) the magnetic ﬁeld mixes the ground
doublet with a vibronic singlet and shifts the system into one of its minima so that EPR corresponds to the Jahn–Teller static deformation g =
gs + 2g2 ; g⊥ = gs + g2 /2. Additional splittings
of the vibronic doublet under the inﬂuence of random crystalline lattice distortions Δ together with
the effects of spin relaxation make the EPR spectrum more complex. As a result, at low temperature for g2 βB/δ < 0.1 and Δ/δ < 0.1 a dynamic
spectrum is observed. At g2 βB/δ  5 or Δ/δ  5
the spectrum becomes static. In the intermediate
range (0.1 < g2 βB/δ  5 or 0.1 < Δ/δ  5) one
of the dynamic spectral peaks is broadened and
displaced, the angular dependence acquires a special character, and the hyper ne structure for an
arbitrary direction of B is very complicated. With
increasing temperature the increase in δ is accompanied by a transition from a static to a dynamic

spectrum, and the occupation of the excited orbital
singlet plus relaxation gradually reduce the whole
spectrum to a single isotropic line. The ﬁgure compares the experimental EPR spectrum (above) of
the CaO:Cu2+ system for B  [111] (arrows indicate forbidden quadrupole lines) measured at T =
1.3 K and ν = 8.7 GHz with a calculated spectrum (below) which takes into account vibronic
effects with Δ/δ = 0.67 and q = 0.5. Transitions
between the lowest vibronic states lead to the absorption of microwaves.
VIBRONIC INSTABILITY
Absence of an adiabatic potential minimum of

a polyatomic system with a highly-symmetrical
conﬁguration Q0 of atomic nuclei in the direction
of symmetrized displacements Q, arising from appreciable mixing of one electronic state with another under the inﬂuence of vibronic interactions
(see Jahn–Teller effect, Renner effect). For a nondegenerate ground state a maximum of the adiabatic potential along the Q direction can appear
only as a result of vibronic mixing with excited
electronic states. This can be a source of dynamic
instability of polyatomic systems, and predicts the
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existence of stable excited states. Vibron instability in the direction of symmetrized nuclear displacements Q along which the highly symmetric polyatomic system is deformed with the formation of dipole moments is commonly called a
dipole instability. Usually this instability brings
mutually compensated dipole moments to several
equivalent minima of the adiabatic potential. The
observed properties of such a system depend on
how its parameters are related to the dipole moments averaged over all the minima. In gases and
liquids the dipolar instability can be displayed in
the anomalies of the temperature dependence of
the polarizability, in the purely rotational radiation absorption: in Rayleigh scattering of light and
hyper-Rayleigh scattering of light, in the Kerr effect and the Cotton–Mouton effect; in intermolecular interactions. The ordering of dipole-unstable
centers can bring about in a crystal spontaneous
polarization and ferroelectricity (see Vibronic theory of ferroelectricity).
VIBRONIC INTERACTIONS

A part of the electron–nuclear interaction
V (r, Q) in the Hamiltonian of a polyatomic system, corresponding to the displacements of nuclei
Q from their initial positions Q = Q0 , most often from a point of high symmetry (r are the coordinates of the electrons, Q are the symmetrized
nuclear coordinates). If V is expanded in a series
with respect to small displacements Q − Q0 :
 ∂V 
(Qα − Aα0 )
V (r, Q) = V (r, Q0 ) +
∂Qα 0
α
+

1
2





∂2V
∂Qα ∂Qβ 0
α,β

× (Qα − Aα0 )(Qβ − Qβ0 ) + · · · ,
then the expansion terms, except for the zero-order
one, represent linear, quadratic, etc., vibronic interactions. When the electronic energy (obtained
from zero-order term V (r, Q)) is degenerate then
the inﬂuence of the these interactions is especially important, and it introduces some new effects. Similar effects appear in the absence of
degeneracy when the mixing of electronic states
of different energies is sufﬁciently pronounced.
The vibronic constant, introduced as a vibronic

interaction parameter, designates the electronic
matrix element (diagonal or off-diagonal) coefﬁcients (∂V /∂Qα )0 , (∂ 2 V /∂Q2α )0 , etc., in the corresponding terms of the vibronic interaction (similarly diagonal or non-diagonal, linear, quadratic,
etc.). A non-diagonal vibronic constant is a measure of the mixing of electronic states of the corresponding interactions. The diagonal linear vibronic constant (∂Vii /∂Qα )Qα =Qα0 is equal to
the force with which the electrons at the ith electronic state deform the nuclear conﬁguration under consideration Qα0 to the direction of the symmetrized displacement Qα . From the diagonal matrix elements it is possible, with the help of group
theory, to select the force constant, as well as the
vibronic constant corresponding to the symmetry. The quantum theory of polyatomic systems
in which (unlike the simple adiabatic approximation) both diagonal and off-diagonal matrix elements are taken into account, is called vibronic
interaction theory. In the case of electronic degeneracy, or pseudodegeneracy, the vibronic interaction theory displays a range of new effects and regularities in the physics and chemistry of molecules
and crystals (see Jahn–Teller effect, Vibronic theory of ferroelectricity, Vibronic effects in optics and
Vibrionic effects in radio-frequency spectroscopy,
inversion splitting, etc.).
VIBRONIC REDUCTION, Ham–Bersuker effect
(I.B. Bersuker, F.S. Ham)

Effect of reduction (suppression) by the vibronic interaction of low-symmetry electronic
excitations, which remove the degeneracy of a
Jahn–Teller ground state (see Jahn–Teller effect),
compared to level splitting in the absence of vibronic coupling. This is described by the so-called
vibronic reduction factors which are coefﬁcients
of matrix elements of electron operators acting on
degenerate electronic states. These reduction factors show to what extent external perturbations of
the electronic ground state become less effective
when vibrations are taken into account. These reduction factors are determined by the parameters
of the Jahn–Teller effect, are constant for a given
system, are independent of the nature of a disturbance, and depend only on its symmetry. Vibronic
reduction factors of ﬁrst- and second-order perturbation theory are distinguished.

VICALLOY 1459

VIBRONIC STATES

Discrete electronic-vibrational states of a polyatomic system deﬁned by taking into account the
mixing of electronic states of the same degenerate term, or of other terms, with the help of the
vibronic interaction.
In order to determine the vibronic states, instead of conﬁning ones attention to one oscillation
level of the adiabatic approximation, it is necessary
to solve a system of coupled equations (depending
on the number of mixed electronic states). It is typical for this system of equations that basic vibronic
states are obtained which have the same symmetry
and multiplicity as the source electronic state, i.e.
for the electronic E-term the vibronic state should
be a doublet, for the T -state a vibronic triplet, etc.
Wave functions of the vibronic states are called vibronic functions. If f electronic states contribute
and the wavefunctions ϕi are extensively mixed
then the vibronic function Ψ (r, Q) has the form
of a linear combination
Ψ (r, Q) =

f


ϕi (r, Q)χi (Q),

i=1

where the coefﬁcients χi (Q) are functions of nuclear coordinates determined from the solution of
the system of f coupled equations. In the absence
of mixing f = 1 and (r, Q) = ϕ(r, Q)χ(Q), a
result conforming to the adiabatic approximation,
with χ(Q) here playing the role of the vibrational
wave function. The spectroscopic properties of a
polyatomic system arising from vibronic states are
called vibronic spectra (see Vibronic effects in optics and Vibronic effects in radio-frequency spectroscopy).
VIBRONIC THEORY OF FERROELECTRICITY

Microscopic theory of the origin of spontaneous polarization (see Ferroelectricity) and ferroelectric (and other) structural phase transitions,
based at the assumption of the dipolar instability
(vibronic instability) of the corresponding crystal
centers and their interaction (see Jahn–Teller effect). In various versions the spontaneous polarization appears as a result of the vibronic instability of the lattice with respect to the corresponding
longitudinal optical oscillations. The wave vector

dependence of the frequency ωq of these oscillations is
ωq2 1 + Πq (ωq ) ,
ωq2 = 
where 
ωq is the frequency without taking account
of the vibronic interaction (i.e. of the electron–
phonon interaction), and Πq is the polarization
operator in the Dyson equation for the phonon
Green’s function D = D0 + D0 ΠD. When calculated by taking into account the mixing of the
states of the valence band and conduction band
by the vibronic interaction, the values of Πq (ωq )
decrease with changing temperature (soft mode).
For some q at low temperatures 1 + -q < 0, so
ωq2 can be negative, and the lattice loses its stability with respect to the corresponding nuclear
displacements so the structural phase transition
occurs. It has been shown that 
ωq2 > 0, so that
2
zero and negative values of ωq can occur due to
the vibronic interaction. The latter is the origin
of structural phase transitions in crystals. These
same vibronic interactions in higher orders (see Vibronic anharmonicity) lead to the positivity of ωq2
at higher temperatures, and also provide stability
to the the paraelectric phase. In the language of
the adiabatic potential, e.g., for BaTiO3 taking into
account the pseudo-Jahn–Teller effect in the sublattice of Ti4+ ions, it is possible to explain the
origin of the the observed ferroelectric phase transitions, to evaluate the temperatures of the transitions, and also the magnitude of the polarization.
The theory predicts that only the low-temperature
rombohedral phase should be completely ordered,
the orthorhombic and tetragonal phases should be
disordered in one or two directions, respectively,
and the paraelectric phase should be completely
disordered. These conclusions are conﬁrmed by
precise experiments of electron paramagnetic resonance at impurities, and by diffuse scattering of
X-rays. The theory provides descriptions of some
additional features of ferroelectrics.
VICALLOY
High coercivity alloy based on the Fe–Co–V

system. The high coercive state is achieved after
quenching and tempering vicalloy-1 (10% of V),
and also after hardening, cold deformation and
tempering vicalloy-2 (12–14% of V). Before tempering the alloys are deformable, afterwards they
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possess high hardness. Magnetic properties can be
improved by thermomechanical treatment (these
properties are given in Table 1 of Hard magnetic
materials).
VICINAL SURFACES (fr. Lat. vicinalis, adjacent,
near)

Surfaces that are close in their orientation to
faces with low crystallographic indices. Vicinal
surfaces retain their gently sloping sections above
the main face formed during the growth of crystals
(see Crystallization) and they are called vicinals.
Different forms of vicinals correspond to various
faces which conform to crystal symmetry directions. There are two points of view concerning the
nature of vicinal surfaces: (1) they are planes with
high indices forming small angles (up to several
degrees) with low-index faces; (2) they are faces
with low indices which have deviated from their
ideal position in the crystalline lattice. Especially
prepared atomically pure vicinal surfaces of crystals usually consist of terraces of low-index faces
connected by atomic steps which are one or more
interplanar distances high. In some cases vicinal
surfaces consist of facets. At atomically pure vicinal surfaces (110) of germanium some reversible
reconstructions of these surfaces relative to step
ones with terraces can be observed.
VILLARI EFFECT (E. Villari, 1865)

Magnetoelastic effect or variation of magnetization M in magnetically ordered materials under the effect of external elastic stresses. Thermodynamically it is the inverse of magnetostriction, and it is caused by the relative variations of
the spin–orbit interactions, magnetic dipole interactions and exchange interactions at deformations of
the crystal. In some magnetic materials the magnetoelastic effect changes sign at a particular value
of the magnetic ﬁeld B (Villari point). At the Villari point the magnetostriction λ, to which magnetoelastic effect is connected with the following
expression:




∂λ
∂M
=−
,
∂σ B,T
∂B σ,T
also changes its sign, where σ designates unilateral elastic stress acting in the direction of the
measured magnetostriction.

VIRTUAL CRYSTAL
A crystal, the values of whose parameters

(lengths of interatomic bonds, ionic character of
bonds, atomic potentials, masses, etc.) coincide
with the average values of the corresponding substitutional solid solution. Replacement of the real
crystal by the virtual one corresponds to the virtual
crystal approximation (random statistical ﬂuctuations are not taken into account). This approximation permits one to ﬁnd the regions of the spectrum
where excitations in the crystal might occur, but
it is not suitable for the description of elementary
excitation spectra of disordered solids near boundaries or edges (see Anderson model).
VIRTUAL FERROELECTRICS
Materials which remain paraelectric down to

the temperature of 0 K (in the absence of external effects) but have a dielectric constant which
increases with the decrease in temperature.
As is the case with true ferroelectrics, these materials are characterized by an abnormally high dielectric constant, which depends on the temperature, and is associated with the presence of phonon
soft modes, occurring due to the partial compensation of forces of long-range attraction of ions
in different unit cells (polarization forces), and by
forces of short-range repulsion of ions which belong to the same unit cell. Compensation of the
polarization and repulsive forces in virtual ferroelectrics, unlike real ones, is never complete, so
the soft mode frequencies do not tend to zero at
any temperature, and no ferroelectric phase transition takes place. The properties of virtual ferroelectrics are similar to those of true ferroelectrics
in the paraelectric phase. For example, the dielectric constant at high temperatures satisﬁes the
Curie–Weiss law, but with increasing temperature
the dependence ε(T ) becomes greater, and it tends
to a ﬁnite limit at T → 0. The presence of quantum effects or zero-point vibrations, which bring
lattice atom displacements to a ﬁnite value (unlike classical theory) and, more speciﬁcally, to the
ﬁnite value consistent with the repulsive forces
even at the lowest temperatures (see Barrett formula), provide a physical mechanism to explain
the stabilization of the paraelectric phase with decreasing temperature. Virtual ferroelectrics can be

VISCOSITY

transformed to real ferroelectrics by the application of external pressure which changes the interaction constants of the atoms, as is the case with
KTaO3 and SrTiO3 upon application of axial pressure. On the other hand, uniform compression can
produce an increase of the soft mode frequency,
and in some cases it transforms a true ferroelectric
into a virtual one, as happens, for example, in crystals of potassium dihydrogenphosphate KH2 PO4 .
It is also possible to induce the ferroelectric phase
transition in virtual ferroelectrics by the introduction of impurities (see Ferroelectricity induced by
impurities).
VIRTUAL PHONONS

A term used for the quantum-mechanical description (according to perturbation theory) of the
interaction of quanta of crystal lattice vibrations
(phonons) with one another or with some other elementary excitations (e.g., with conduction electrons). In this interaction process the energy conservation law may not hold. Virtual phonons, with
postulated momentary existence, can contribute to
the renormalization of the frequency spectrum due
to the anharmonic vibrations of a crystal, and also
to the formation of collective quasi-particle oscillations in the crystal (see Collective excitations).
It is often convenient to represent quasi-particles
in the crystal as a complex of an initial (bare) elementary excitation in an ideal lattice and a cloud of
virtual phonons. The concept of virtual phonons is
also convenient for describing the indirect interaction of elementary excitations caused by their coupling to the lattice vibrations. In particular, the exchange of virtual phonons can bring about the attraction between two conduction electrons which
leads to the formation of a Cooper pair (see Superconductivity).
VIRTUAL TRANSITION

A concept relating to (possibly hypothetical)
intermediate quantum states in perturbation calculations of the probability of a system to tundergo
a transition due to a perturbation V from an initial
quantum state i to a ﬁnal state f .
First-order perturbation theory involves the direct matrix element Vif , whereas second- and
higher-order perturbation approximations involve
pairs of matrix elements Vmf and Vim , where m is
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any possible (“intermediate”) state of the system,
sometimes called a virtual state. The intermediate
transitions Vmf and Vim that enter the calculation
are referred to as virtual transitions. Unlike an actual transition, the energy conservation law does
not hold for an individual virtual transition, but
it is valid for the totality of all virtual transitions
leading to the actual transition i → f . In solidstate physics the quantum states of the unperturbed
system are often described by the numbers of participating particles and quasi-particles of different
types (photons, phonons, free electrons and holes,
plasmons, etc.), while transitions between different states are described in terms of the creation
and annihilation of particles. The same description
is valid for virtual transitions. Non-conservation
of energy under virtual transitions implies a short
lifetime of the virtual particles in conformity with
the uncertainty relation, E · t ≈ . In Feynman diagrams the lines having no unattached ends
correspond to virtual particles. For example, the
probability of an electron jump under the inﬂuence of the electron–phonon interaction between
two closely located impurity atoms with energies
E1 and E2 = E1 + E in the ﬁrst order of perturbation depends on the creation of an actual phonon
with energy E ph = E. In the second order of
the perturbation the jump can be represented as a
process involving two virtual phonons (one virtual
phonon with energy Ea is created, and the other
with energy Eb is annihilated) subject to the energy condition Ea − Eb = E.
VISCOSITY

A tendency of a ﬂuid to resist the motion of
one part of it with respect to other parts, or with
respect to a boundary surface. Newton’s basic law
of viscous ﬂow is τ = η dv/dz, where τ is the tangential stress, causing the shear of layers with respect to one another, η is the (dynamic) viscosity
(measured in Pa·s), and dv/dz is a gradient of ﬂow
velocity in the direction perpendicular to the plane
of laminar ﬂow. The reciprocal 1/η is called ﬂuidity. The kinematic viscosity is determined as η/ρ,
where ρ is the material density. Kinematic viscosity is measured in m2 /s. In liquids and solids
viscosity depends on the interaction force and on
the mobility of the molecules and atoms. In gases
the distances between molecules are considerably
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greater than the radius of action of the intermolecular forces, and the viscosity arises from the molecular exchange between the layers with different
speeds of motion. In solids viscosity can be considered as the resistance to plastic deformation expressed in terms of work per unit cross-section or
per unit volume during the deformation process.
In solids undergoing impact tests the toughness
as well as the fracture thoughness or crack resistance are often estimated. For determining the viscosity of liquids and gases special devices called
viscometers are often used. In solids at high temperatures the viscosity arises from diffusion mechanisms of ﬂow, and at lower temperatures by different mechanisms of plastic ﬂow, e.g., by dislocational plasticity in crystalline bodies, by growth,
and also by movement of the free volume in amorphous metallic alloys (see Plastic deformation of
amorphous metallic alloys). With the onset of ﬂow
in a solid the value of dv/dz in Newton’s law is
equal to the velocity of the shearing deformation
∂ε/∂t ≡ ε̇ and τ = ηε̇. This law is approximately
satisﬁed for diffusion ﬂow of solids, in this case
η ∝ d α k B T /(ωD), where d is the dimension of a
grain, α = 1 to 3, ω is the atomic volume, D is the
coefﬁcient of volume self-diffusion or of boundary
diffusion (see Diffusion), depending on the mechanism which determines the ﬂow. In the presence of
dislocational mechanisms of ﬂow the relation between τ and ε̇ is non-linear, i.e. Newton’s law is
not satisﬁed.

recorded, and illumination at the screen is generally proportional to the deviation angles, so the regions with variable refraction index are displayed.
In the phase contrast method when the phasemodulated light beam passes through a quarterwave plate the amplitude modulation which occurs
provides a visual image.
Surface acoustic waves can be visualized in
various ways: by scanning the light beam over
the investigated surface using a beam diameter
which is less than the acoustic wavelength; by
varying the angle of light reﬂection from the surface crimped under the effect of sound; by transforming the light intensity modulation with the
help of a shadowing wedge; by recording the distribution of the electrical ﬁelds which accompany
the surface waves in piezoelectric materials; by the
use of optical holographic interference, when several optical holograms of an oscillating body are
recorded at the same photoplate (see Holography
in solid media). Interference bands appear at the
reconstructed image corresponding to the distribution of the oscillation amplitudes at the surface.
VITREOUS STATE OF MATTER, glass
The solid state (see States of matter) of an

amorphous material attained by cooling the melt
(see Amorphous state). The transformation of a
supercooled liquid into a glass occurs within a narrow temperature interval Tg as shown in Fig. 1,

VISCOSITY, DIELECTRIC
See Dielectric viscosity.
VISUALIZATION OF ACOUSTIC FIELDS

Totality of methods for acquiring visual pictures of the spatial distribution of values characterizing sonic ﬁelds.
Two methods have been widely used for acoustic ﬁeld visualization in solids, namely mechanical
or electronic scanning of the surface under investigation by a sound receiver or buffer; and recording
the light ﬂux phase modulation which occurs when
light passes through a region where the index
of refraction changes under the inﬂuence of the
sound wave. For example, in the thermal Tepler
method (A. Tepler, 1864) only deviated rays are

Fig. 1. Dependence of the speciﬁc volume of glass on
the temperature for a slower cooling rate (curve 1), and
a faster cooling rate (curve 2). A typical crystallization
plot (curve 3) is also shown.
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where curve 2 is for more rapid cooling than
curve 1. Thus the width Tg and location of the
vitrifying point Tg < Tmp both depend upon the
rate of cooling. The process of transformation of
a melt into a glass is referred to as vitri ca tion,
and the temperature Tg , at which this transformation occurs, is given the name vitriﬁcation temperature. A typical crystallization behaviour (curve 3)
is shown for comparison. Materials which form
melts capable of transforming into glasses are spoken of as vitrescent (glass-forming) materials. The
vitriﬁcation process is treated as a phase transition, with the name liquid–glass transition (see Vitri ca tion). An amorphous solid, which may turn
into a supercooled liquid on cooling, is obtainable
not only from a melt, but also by the amorphization
of crystalline solids, or by precipitation of molecular, atomic, or plasma ﬂows on substrates. Therefore, the materials conventionally referred to as
glasses are amorphous solids exhibiting a liquid–
glass transition, regardless of the method of preparation. The structure and properties of a material in
the vitreous state depend on the method of preparation (see Fig. 1).
The vitreous state of matter is found in elements (C, S, Se, As, etc.), oxides (SiO2 , B2 O3 ,
GeO2 , V2 O5 , etc.), aqueous solutions of H3 PO4 ,
HClO4 , H2 SO4 , etc., chalcogenides (see Chalcogenide materials) of various elements (As, P,
Ge, etc.), certain halides and carbonates, various
metal alloys. There exists also a broad class of
organic and polymeric glasses, which are composed mostly of high molecular weight compounds
(see High molecular weight glasses). In terms
of electronic properties, glasses are classed into
three groups: insulators (the majority of oxide,
organic and polymeric glasses), semiconductors
(see Amorphous semiconductors), and metals (see
Metallic glasses).
A supercooled liquid is metastable and exists
within the stability region of a crystalline solid.
Therefore, vitriﬁcation may occur only if the temperature of the melt (below the crystallization temperature) decreases so rapidly that the melt does
not have enough time to crystallize during cooling to the temperature below Tg . Each type of vitrescent compound features a characteristic critical rate of cooling such that the vitriﬁcation is

possible only above this temperature. For the majority of metallic alloys, the critical rate of cooling ranges from 105 to 106 K/s, and silicate
glasses are characterized by critical cooling rates
of 10−2 K/s.
Certain high molecular weight compounds,
with molecular structures incompatible with translational symmetry (like the case of noncrystalline
clusters), do not exist in crystalline states. The
spatial distributions of atoms in the supercooled
liquid and in the glass differ only slightly from
one another, as shown by structure studies. The
principal distinction between these spatial distributions is that the supercooled liquid exhibits an ergodic structure, and glass a nonergodic one. The
structure is spoken of as ergodic if the physical
quantities (dependent on coordinates and velocities of atoms) assume equal values when averaged
over time and over phase space. In particular, the
time average of the correlation of positions of a
certain population of n atoms is equal to the ensemble average of conﬁgurations of all populations involving n atoms at a ﬁxed instant of time.
The nonergodicity (frozenness) of a glass structure
is indicative of the rarity of thermally activated
atomic migrations. Therefore, substantial reconﬁgurations do not occur over macroscopically long
times.
The atomic structure of glasses, which is not
easily observable by direct methods, still remains
unknown in many respects. Several models of the
structure of vitreous state of matter have been devised. These models include: (a) a random continuous network with covalent bonds; (b) random
close-packing model; (c) model of interpenetrating
molecular globules, used for describing macromolecular glasses; (d) the polycluster model (see
Polycluster amorphous solids, Lebedev crystallite
hypothesis). The glass structure is not in equilibrium, and becomes rearranged within limits speciﬁed by the diffusional mobility of the atoms.
Subjecting glasses of complex structure (including high molecular weight polymer glasses) to
isochronal annealing brings about, as a rule, several stages of structural relaxation, each stage related to a reconﬁguration of certain types of structural members. Each stage of structural relaxation is characterized by a temperature Tk and
relaxation time τk (index k = 1, 2, . . . enumerates relaxation stages). The most severe structural
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Fig. 2. Characteristics of the relaxation volume V of glass arising from the lack of equilibrium: (a) nonlinearity of
relaxation rate, (b) asymmetry of relaxation, (c) memory effect, and (d) hysteresis for cyclic heating–cooling.

changes in glasses take place in the neighborhood of Tg . Atomic rearrangements responsible
for these changes have been given the name alpha motions, and the related relaxation is spoken
of as alpha relaxation. The irreversible rearrangements at T < Tg have been called beta relaxations.
Microscopic models of α- and β-rearrangements
are at present inadequate. Experimental data indicate that the temperature dependences of relaxation times follow the form of an Arrhenius law.
The phenomenological description of the relaxation of macroscopic quantities under annealing in
terms of several “elementary” relaxation processes
is provided by a set of equations of the form

Vk ,
V =
k

d Vk
1
=−
dt
τk

Vk ,

τk = τk (T V ),

where V is the relaxing volume of a body,
Vk is the partial change of volume due to relaxation rearrangements of the k type. Equations
similar to those above are also speciﬁed for other
macroscopic quantities. The coefﬁcients in these
equations are phenomenological, and determined
by correlation with experimental data. The microscopic theory of relaxation phenomena in glasses
is still far from completion. Stretched exponential
relaxation behaviour has also been observed.
Processes of structural relaxation in glasses
from an initial nonequilibrium volume Vi to a ﬁnal
quasi-equilibrium volume VE at a temperature T
display several general features which are independent of the type of glass and the details of its
structure, and Fig. 2 presents some of these regularities. Fig. 2(a) shows how the deviation Vi of
a nonequilibrium volume Vi from VE relaxes back
to the value VE in a non-exponential manner (i.e.
it is nonlinear on a semilogarithmic plot). Fig. 2(b)

VOIGT EFFECT

illustrates the asymmetry of the relaxation, i.e. the
difference in behavior of the kinetic curves approaching quasi-equilibrium from nonequilibrium
volumes that are smaller V− and larger V+ than
the value VE which is designated by the dashed
line. Fig. 2(c) illustrates the memory effect, which
is representative of the sensitivity of the relaxation process to the prehistory of the sample, and
Fig. 2(d) presents a typical hysteresis plot of the
variation of V (T ) during a temperature cycle.
Glasses share a number of common distinctive properties, which include: lower density compared to their crystalline analogues: this difference in density amounts to 1–3% for metallic
glasses and reaches 15% in the case of nonmetallic ones; enhanced microhardness and strength;
low-temperature anomalies of speci c heat, thermal conductivity, and sound absorption, which are
due to the existence of two-level systems (see
Low-temperature anomalies); high value of internal friction. Due to the lack of translational
structural symmetry, glasses show electron and
phonon properties that differ signiﬁcantly from
those of crystalline solids (see Anderson localization, Amorphous semiconductors, Metallic glasses,
Elementary excitation spectra of disordered solids).
Glasses ﬁnd applications in many areas of engineering and manufacturing.
VITRIFICATION, liquid–glass transition

The transformation of a supercooled liquid into
a glass, a process accompanied by an abrupt increase of the viscosity and density, a decrease of
the temperature coefﬁcient of expansion, and an
abrupt change of the speci c heat, all of which occurs within a narrow temperature range. The temperature Tg , at which the vitriﬁcation takes place,
is referred to as the vitriﬁcation temperature. The
glass forming process resembles a second-order
phase transition, but does not formally constitute
this type of transitions, as evidenced, in particular, by the violation of the Prigogine–Defay criterion (I. Prigogine, R. Defay), whereby for secondorder transitions the abrupt changes of heat capacity cp , the thermal expansion coefﬁcient α,
and compressibility coefﬁcient k are related by
an equation of the form
cp k
( α)2 T V

=1
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(T is temperature, V is sample volume). Besides that, the liquid–glass transition is not totally reversible due to the complicated relaxation
processes in the temperature region of the transition (see Vitreous state of matter), and the nature of the transition depends strongly on the rate
at which the temperature changes. The vitriﬁcation process has been described in the context of
the free volume model, the polycluster model (see
Polycluster amorphous solids), and by the application of various phenomenological approaches.
VOIGT AVERAGING of elastic constants

Approximate method of calculating elastic
moduli of single-phase isotropic polycrystals in
terms of elastic moduli of monocrystals. The calculation is performed by expressing the elastic
modulus tensor of the monocrystal in a random
coordinate system, and averaging the result over
all the possible orientation of its crystalline axes.
For the bulk modulus K the Voigt averaging
leads to KV = (1/9)[(c11 + c22 + c33 ) + 2(c12 +
c23 + c31 )], and for the shear modulus μ we obtain μV = (1/15)[(c11 + c22 + c33 ) − (c12 + c23 +
c31 ) + 3(c44 + c55 + c66 )], where cik are elastic
moduli of the monocrystal in the Voigt notation.
These relations are valid for all the crystal symmetry classes. Actual values of the K and μ moduli
for polycrystals are, as a rule, to some extent lower
than those calculated by Voigt averaging, that is
K < KV and μ < μV , so KV and μV may be
considered as limiting (maximum) values of the
K and μ moduli.
VOIGT EFFECT (W. Voigt, 1899)
Birefringence in an optically isotropic material

located in a magnetic ﬁeld B for propagation of
radiation in a direction, perpendicular to the direction of B. It was investigated in collaboration
with E. Wiecher for the D-lines of sodium vapor. The Voigt effect was also observed by K. Majorana (1902) in colloidal solutions of iron, and
in 1907 E. Cotton and H. Mouton established
the magnetic birefringence for organic materials
(Cotton–Mouton effect). The phase difference δ
of the components of radiation, polarized along
and perpendicular to the direction B, is proportional to B 2 , and increases linearly with the sample thickness. Measured values of δ are relatively
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low. In semiconductors the Voigt effect of free current carriers is small compared to the Faraday effect, δ/θ ∼ 10−2 , where θ is the Faraday rotation
angle. In optically isotropic semiconductors with
anisotropic isoenergetic surfaces the Voigt effect
of free carriers is anisotropic and, as is the case of
cyclotron resonance, may be used for determining
the anisotropy of the effective mass of charge carriers. Due to the smallness of δ, the Voigt effect is
only studied in certain favorable semiconductors
(Ge, InAs, InSb).
VOIGT NOTATION (W. Voigt, 1910)

Notation of the components of elasticity theory tensors, whereby to each pair of tensor indices (ij ), the designated Cartesian coordinates ij
correlate with the corresponding Voigt index k according to the following rule: (11) → 1, (22) → 2,
(33) → 3, (23) = (32) → 4, (31) = (13) → 5,
(12) = (21) → 6. The strain tensor uij , stress tensor σij and elastic modulus tensor cij kl of threedimensional x, y, z Cartesian space appear, respectively, in the six-dimensional Voigt notation
space as the corresponding vectors uα , σα and matrix cαβ . Due to its compactness the Voigt notation is widely used in elasticity theory, although
it does have some drawbacks. In particular, in order to replace the tensor designation according to
Cartesian indices (e.g., in Hooke’s law, or in the
expression for the strain energy) by one according
to Voigt indices, it is necessary to introduce additional multipliers (e.g., 2). Besides this, the Voigt
formulation indices are not invariant under rotations of the coordinate system.

does not exceed 0.1%). The method of hydrostatic weighing involves the subsequent weighing of
the sample in two media: in air and in the operating liquid. The accuracy of the determination
of the speciﬁc volume of the sample depends essentially on the accuracy of measuring the media
densities, which depend on pressure and temperature. For careful thermostatic control of the media and sample the accuracy reaches 0.01%. The
method of differential weighing is more accurate:
the small changes of speciﬁc weight are measured
by subsequent weighing of two samples (reference and investigated ones) in two media simultaneously. For a controled temperature difference
between the samples the measurement attains the
accuracy 0.001%. The ﬂotational method is based
on the ﬂotation of the body, submerged in a liquid, when through a change in the contents or
temperature their speciﬁc volumes are equalized.
The ﬂotation method, which is simple to carry
out, requires a highly accurate determination of
the temperature dependence of the working liquid density for each composition, and it is not applicable to solids with speciﬁc volumes less than
0.25 cm3 /g. The accuracy of this method is 0.01
to 0.001%. For solids interacting with working liquids, the isotropic speciﬁc volume changes which
occur during the course of different processes can
be measured with the help of a dilatometer. For
solids with anisotropic properties the dilatometric measurements should be performed along three
orthogonal axes.
VORTEX FILAMENTS
See Abrikosov vortices.

VOLUME FORCE
See Bulk force.

VORTEX, JOSEPHSON
See Josephson vortex.

VOLUMETRY (fr. Lat. volumen, volume, and
Gr. μετρεω , am measuring)

VORTEX LATTICES in superconductors
Lattices formed by Abrikosov vortices in a su-

Methods for measuring the speciﬁc volume
and its variations, accompanying different chemical processes.
The following methods are applicable for
solids: pycnometric, hydrostatic, ﬂotational and
dilatometric. The pycnometric method is based
on the determination of the volume of a liquid,
displaced from a special vessel (pycnometer) as
the solid sample is submerged into it (accuracy

perconductor placed in an external magnetic ﬁeld.
Vortex lattices exist in bulk type II superconductors, superconducting ﬁlms in perpendicular
(two-dimensional vortex lattice) and parallel (onedimensional vortex lattice) magnetic ﬁelds, in the
surface layer of a superconductor, in an oblique
magnetic ﬁeld (Kulik’s vortices), and in superconducting tunnel contacts (Josephson vortices). Typical vortex lattices are two-dimensional arrays of

VORTEX PINNING
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Fig. 3. Oblique vortices in a superconductor.
Fig. 1. Abrikosov vortex lattice.

Fig. 4. Josephson vortices.

Fig. 2. Vortex state within a thin ﬁlm.

points; and tracing around one of them changes
the order parameter phase by 2π , while the ﬂux
through each lattice unit cell is equal to the u x
quantum Φ0 = h/2e.
The most important case of a vortex lattice is
the mixed state in type II superconductors which
exists in the interval of applied ﬁelds between the
lower critical eld (B c1 ) and upper critical eld
(B c2 ). In this case the vortices form the regular triangle lattice shown in Fig. 1 with a spacing which
depends on the magnetic ﬁeld through the quantization of ux condition B = nΦ0 , where n is the
density of vortices (reciprocal area of vortex lattice unit cell). Very thin superconducting ﬁlms in
a perpendicular ﬁeld are always in the mixed state
(B c1 ∼ 0) with a triangular Abrikosov lattice. In
the case of a ﬁlm in a parallel ﬁeld the periodic distribution of B is in the form of a one-dimensional
chain of vortices as shown in Fig. 2, which appears at a thickness d < 1.6ξ , where ξ is the coherence length of the superconductor. In a ﬁeld
exceeding B c2 , where the bulk material goes normal, superconductivity persists near the surface in
the form of a surface layer (see Surface superconductivity), pierced by the oblique vortices shown in

Fig. 3 which are arranged at the vertices of of nonequilateral triangles oriented in the direction of the
projection of the ﬁeld to the surface. In the case
of a contact between two superconducting metals,
separated by a thin insulating layer (tunnel junction) and placed in a magnetic ﬁeld parallel to the
surface, in the junction plane there appears a onedimensional chain of Josephson vortices, as shown
in Fig. 4.
In the absence of an externally applied current the vortex lattice is stationary, i.e. immobile
in space. When transport current of density J is
caused to ﬂow perpendicular to the ﬁeld B (i.e.
vortex direction) the Lorentz force J × B on the
vortices starts the lattice moving in a direction perpendicular to both J and B (if the sample is nonuniform, then for small currents the lattice can
remain immobile due to the vortex pinning). The
moving vortex state is called the resistive state because it corresponds to the appearance of electric
ﬁelds and a ﬁnite resistance in the superconductor.
In the case of a tunnel junction the energy dissipation through the motion of vortices is very low, and
various dynamic phenomena can take place (see
Josephson effect).
VORTEX PINNING

The phenomenon of pinning of Abrikosov vortices at inhomogeneities of chemical composition
or imperfections (defects) of crystal structure in
type II superconductors. The bulk pinning force
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F p determines the critical current density in magnetic ﬁelds and balances the Lorentz force, which
acts on the vortex lattice as the transport current
passes through the superconductor: F p = j c × B,
where j c is the critical current density, B is the
magnetic ﬂux density. The bulk pinning force is
the sum of elementary interactions of isolated vortices with defects. With allowance made for collective interaction of the vortex lattice with the
ensemble of random pinning centers, the equation for the bulk pinning force takes the form
Fp = [np fp2 /Vc ]1/2 , where np is the number of
pinning centers, fp is the value of the unit pinning force, and the angle brackets denote averaging over the correlation volume Vc , within which
the vortex lattice retains short-range order. In the
context of linear elasticity theory, the dimensions
of the correlation volume are expressed via the
elastic moduli of the vortex lattice.
In the event of a strong interaction with a pinning center, the short-range order of the vortex lattice within the correlation volume is violated, and
the collective pinning becomes a single-particle
type process. Three varieties of interaction between vortices and defects, which lead to the pinning of vortices, are distinguished: elastic interaction, interaction with the vortex core, and magnetic interaction.
The elastic interaction is due to the change of
volume and elastic moduli of a material in the
process of a normal-to-superconducting transition.
As a result of this change, the normal vortex core
becomes more dense and stiff compared to the
superconducting regions of the body. Therefore,

elastic force ﬁelds arise around the vortex core,
which are capable of effectively interacting with
the stress ﬁelds of various crystal lattice defects.
The interaction with the vortex core is determined by the local changes of energy of the superconducting condensate in the neighborhood of the
defect, and is characteristic of the pinning of vortices at grain boundaries, micropores, pile-ups of
dislocations (dislocation walls), and second-phase
inclusions.
The magnetic interaction is most pronounced
in those superconductors, where the dimensions of
pinning centers considerably exceed the London
penetration depth of magnetic eld, and is related
to the abrupt change of the magnetic ﬂux density or magnetic moment at the transit of a vortex
across the interface between two regions (e.g., the
pinning of vortices at a superconductor surface).
Flux ﬂow can involve vortices moving past
weakly pinning centers, or past other vortices
that are already pinned. This ﬂow can take place
at higher temperatures where the thermal energy
overcomes pinning forces.
VORTEX, QUANTUM
See Quantum vortices, Dynamics of quantum
vortices.
VORTEX STATE
See Mixed state.
VORTICES, INCLINED
See Inclined vortices.

Ww
to γ (B0 + μ0 M0 ), where μ0 is the magnetic permeability of vacuum, γ the is gyromagnetic ratio,
B0 is the value of the constant external magnetic
ﬁeld, M0 is the saturation magnetization. The uniform precession of magnetization is one of the
types of Walker modes. Walker modes are experimentally observed as resonance lines of electromagnetic energy absorption of a sample located
in the nonuniform magnetic ﬁeld of a microwave
waveguide or resonator (cavity).

WAKE POTENTIAL

A potential which is produced by a charged
particle moving in a medium, and which appears
behind in the region already traversed by the particle (in its “wake”) due to the medium polarization.
The corresponding electric charge is referred to as
the wake charge. The emergence of the wake potential affects the passage of a beam of charged
particles through a medium, since each particle is
acted upon by the wake potential generated by preceding particles. That inﬂuences, e.g., the characteristics of the dissociation due to their ionization
when a molecular beam passes through a material.
Oscillations of the wake charge density result in
an additional ionization added to that directly produced by the charged particle. This secondary ionization proceeds along the whole track axis for a
certain period of time after the particle has passed,
but it is retarded with respect to the primary ionization. Because of the wake potential the track of
a charged particle appears to be a linear source of
secondary electrons. The difference between the
dielectric constant in the particle track and that of
the surrounding space or medium results in the Raman scattering of light from the wake charge oscillations.

WALKER SOLUTION (L.R. Walker, 1953)

The exact one-dimensional solution of the
Landau–Lifshits equation involving Gilbert’s re-

laxation term. The Walker solution describes a
planar magnetic domain wall, which is set in motion at a speed v under the action of an external
magnetic ﬁeld B, the direction of the latter being
parallel to the easy magnetization axis. The solution holds true for a ferromagnet with a magnetic
anisotropy of the form Wa = −βMz2 /2 + β  Mx2 /2.
The Walker solution is deﬁned by the equations


x − vt
Mz
,
= ± tanh
M0
Δ(ϕ0 )
ϕ0 = ϕ0 (v) = const, where tan ϕ = My /Mx ,
M0 is the saturation magnetization, Δ(ϕ0 ) =
Δ/(1 + ε cos2 ϕ0 )1/2 , ε = (4π + β  )/β, Δ is the
thickness of the wall at rest. The relationship between ϕ0 , v and B is given by the equations

−1/2
v = γ M0 Δε sin ϕ0 cos ϕ0 1 + ε cos2 ϕ0

WALKER MODES (L.R. Walker, 1953)
Natural magnetostatic oscillations of a satu-

rated isotropic ferromagnetic sample that is spheroid-like in shape. Walker modes are named after
L.R. Walker who was the ﬁrst to calculate them.
These modes are characterized by three indices
that are descriptive of the radial and azimuthal dependencies of the magnetostatic potential amplitude, and the shrinkage of magnetization along the
spheroid rotation axis. The spectrum of Walker
modes for a slightly anisotropic magnetic substance lies within the frequency range from γ B0

or
v=




 2 1/2 −1/2
ε
B
γ BΔ
1+
1± 1−
,
α
2
Bc

where Bc = αβεM0 /2 is the Walker critical ﬁeld.
In the case of π/4 < ϕ0 < π/2 and a plus sign, the
above equations describe the motion of a stable
1469

1470

WALLER MECHANISM

Bloch wall, whereas the condition 0 < ϕ0 < π/4
for the former equation and a minus sign in the latter equation correspond to an unstable Néel wall.
At B = Bc , ϕ0 assumes the value ϕ0 = π/4 and
v = vc = εβΔM0 /2 is the Walker critical velocity. For a nondissipative medium, the Walker solution holds true at B = 0 and describes the simplest magnetic soliton, with the velocity v the free
parameter of the solution; the value of velocity in
this case is bounded by the Walker limiting velocity vW = γ M0 (αβ)1/2 ((1 + ε)1/2 − 1) (it should
be noted that vW > vc ). The domain wall in real
magnetic materials is multidimensional because of
domain wall twisting, the presence of Bloch lines,
etc., and therefore, the Walker solution often provides an inadequate description of experimental
data (in particular, the velocity does not reach the
critical value vc , see Domain wall peak velocity).
The agreement between the Walker solution and
experiment is better, the stronger the anisotropy in
the basal plane.
WALLER MECHANISM (I. Waller, 1932)

One of the channels of magnetization relaxation in paramagnets (see Magnetic relaxation).
The Waller mechanism is determined by the
coupling of spins with phonons, which occurs due
to changes of the magnetic dipole interactions between paramagnetic ions and lattice vibrations.
The selection rules for the Waller mechanism allow relaxation transitions between Zeeman sublevels (see Zeeman effect) of a single paramagnetic ion or several ions, with some processes
involving the simultaneous ﬂipping of two spin
moments. In the case of a dilute paramagnetic
spin, the rate of relaxation due to the Waller
mechanism is proportional to the paramagnetic
ion concentration n, and for sufﬁciently small n
it gives way to the more effective concentrationindependent relaxation processes. In concentrated
paramagnetic salts, the Waller mechanism can
appear together with other mechanisms, caused
by spin–spin interactions of a nonmagnetic nature (typically, by exchange interactions). In most
cases other relaxation processes such as the Van
Vleck mechanism are more dominant than the
Waller mechanism, so the latter is rarely invoked.

WANNIER FUNCTIONS (G. Wannier, 1937)

Wave functions ϕ(r) in the coordinate space
deﬁned in terms of an expansion of Bloch functions kn (see Bloch theorem) ψkn :
1  −ikR
e
ψkn (r),
ϕn (r − R) = √
N k
where the summation is over all the allowed quasiwave vectors k. The inverse transformation permits Bloch functions to be expressed in terms of
Wannier functions:
1  ikR
e ϕn (r − R),
ψkn = √
N k
where R designates sites of the direct lattice (Bravais∗ lattice). Wannier functions are orthonormal:
ϕn (r)ϕn (r) dτ = δnn , and they are convenient
for the expression of electronic wave functions in
the presence of various perturbations of a periodic
potential.
WANNIER–MOTT EXCITON (G. Wannier,
N. Mott, 1937)

Weakly bound state of electron and hole in
semiconductors and insulators occurring when the
interparticle distance of an exciton is far greater

than the lattice constant. The energy of a bound
Wannier–Mott exciton, in contrast to that of the
strongly bound Frenkel exciton, is determined by
the structure of the conduction band and valence
band, as well as by the dielectric properties of the
medium. The electron and hole are bound by the
Coulomb force of attraction. If they are so widely
separated that the background atomic lattice structure variations can be neglected, then the interaction potential can be written in the form
V (r) = −

e2
,
εr

(1)

where r is the distance between the electron and
hole, e is the charge, ε is the macroscopic highfrequency (short wavelength) dielectric constant.
In this case the exciton problem is similar to the
problem of a hydrogen-like atom (Wannier, 1937);
the factor ε−1 was introduced by Mott (1938).
The potential (1) produces an inﬁnite series of
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hydrogen-like exciton bound states (Rydberg series) with the energies:
Enex (k) = −

ε4 μ
2 k 2
+
,
2
2
2
2Mex
2 ε n

(2)

where n = 1, 2, . . . is the principal quantum number, μ and M ex are respectively the reduced (optical) mass and the mass of the translational exciton
motion, and k is the momentum of the center of
mass. The bound exciton state thus has a continuous energy spectrum associated with the translational motion of the exciton as a free particle.
This motion transfers energy but does not transfer charge. The energy level scheme of a Wannier–
Mott exciton (2) is shown in the ﬁgure.
The wave function of a Wannier–Mott exciton
with n = 1 without including the normalization
factor has the form


r
,
(3)
ψ(k, R, r) ≈ exp ikR −
aex
where R is the coordinate of the center of mass,
and a ex = ε2 /(μe2 ) is the exciton Bohr radius.
For excited states exp(−r/a ex ) in Eq. (3) should
be replaced by the corresponding Coulomb wave
function Fnlm (r/a ex ) where l, m are orbital and
magnetic quantum numbers. The bound energy of
a Wannier–Mott exciton with n = 1 is counted
down from the continuum energy band (n = ∞)
where the states of the exciton are dissociated (see
the shaded area in the ﬁgure); this value is often
called the excitonic Rydberg energy:
Eex =

μe4
22 ε2

=

e2
2εaex

=

2
2
2μaex

.

(4)

The energy E ex in semiconductors can be very
small, e.g., E ex ≈ 4 meV in GaAs for which
μ ≈ 0.06m0 (m0 is free electron mass), ε ≈ 12,
a ex ≈ 10 nm. A Wannier–Mott exciton can appear
at any critical point of the band structure, and the
criterion for its existence is ∇k Ee = ∇k Eh , i.e. the
equality of the group velocities of the electron and
hole. Excitons can be created during optical transitions, with particular energies and features that
follow from the conservation law of energy and
momentum. Discrete hydrogen-like spectra of excitons are observed at the direct photon absorption
(see Fig.) in semiconductors with a direct energy
gap. This absorption spectrum was initially found

Hydrogen-like energies in a semiconductor with a direct
energy gap E g . Wannier–Mott excitons are excited upon
absorption of photons with energies hν = Eg − Enex (0).

and investigated in Cu2 O crystals. If the extrema
of the conduction and valence bands in momentum
space are separated as, for example, in crystals of
Ge and Si, Wannier–Mott excitons are excited by
light in an indirect manner, namely with the participation of phonons. These excitons play an important role in explaining optical, magnetic, photoelectric, collective and other properties of semiconductors and insulators.
WATSON SPHERE (R.E. Watson, 1958)

A sphere surrounding a fragment of a crystal lattice used for calculations in the cluster approximation, or surrounding a molecule under consideration using the method of scattered waves.
Within the Watson sphere the potential is selected
in the form of a muf n-tin potential, and outside the
sphere the potential vanishes. When calculating
charged clusters, a compensating charge is placed
on the Watson sphere.
WAVE DIFFRACTION
See Diffraction of waves.
WAVE FRONT

The surface generated by all of the points
where a wave has the same phase at a particular
moment of time. Wave propagation occurs in the
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direction normal to the wave front, and can be regarded as wave front motion through the medium.
Spherical, plane and other waves are differentiated
according to the shapes of their wave fronts. This
is a basic notion in crystal optics and holography
(see Wave front reversal).
WAVE FRONT REVERSAL

Generation of a conjugate wave beam. Two
wave beams E1 and E2 are conjugate (E2 ∼ E1∗ )
or possess mutually reversed wave fronts, if the
beams propagate toward each other and their
fronts coincide. Wave front reversal of coherent

beams takes place in nonlinear media: in induced
light scattering, and in multiple beam parametric
interaction when synchronism conditions are satisﬁed (see Optical parametric oscillator). For the
case of stimulated scattering (e.g., Brillouin scattering) the wave E1 induces oppositely scattered radiation E2 in a nonlinear medium 1 (Fig. (a)). Incident wave E1 passes through nonlinear medium 3
and has its wave front distorted. Their interference
ﬁeld records shifted dynamic (real time) holograms 2; owing to diffraction from these holograms, the scattered radiation is ampliﬁed. Here,
the component with wave front reversal E2 ∼ E1∗

Wave front reversal.

WAVE VECTOR GROUP

is ampliﬁed with the largest gain by virtue of its
large overlap with E1 .
In the case of multiple beam interactions
(Fig. (b)), two conjugate pump waves E4 ∼ E3∗
are used, mostly with planar wave fronts, as
shown. Signal waves E1 with E3 and/or E4 in
nonlinear medium 1 record dynamic hologram 2
(and/or 2 ), while E4 (and/or E3 ) transforms by
diffracting on these holograms into a wave with
wave front reversal E2 ∼ E1∗ . Nonlinear solids,
e.g., photorefractive crystals (see Holography),
ber glass, and semiconductors bring about an
efﬁcient wave front reversal of continuous and
pulsed laser beams, especially, in a holographic
laser. These devices are called wave front reversal
mirrors, since they not only “reﬂect” the incident
wave, but also compensate the optical inhomogeneities in its path during the ﬂyback (Fig. (b), 3).
This unique property of wave front reversal ﬁnds
applications in laser devices, homing systems, for
image transmission through the atmosphere, in
multimodal optical ﬁbers, and so on.
WAVEGUIDE, ACOUSTIC

See Acoustic waveguide.
WAVE-LIKE MODULATION in liquid crystals

Formation of a conﬁguration of periodically
bent or curved liquid-crystalline layers (in smectic liquid crystals and cholesteric liquid crystals)
due to external effects, such as mechanical uniform
strain, electric or magnetic ﬁelds; wave-like modulation appears as a result of instability of the layer
system towards disturbance of macroscopic uniformity. Thus, upon stretching a smectic sample
perpendicular to the layers, when a deformation
γ0 achieves the critical value γ c there arises a disturbance in the form of a periodical bending of the
layers with wave vector q ∼ (λd)−1/2 , where d
is the thickness of the sample, λ = (K/B)1/2  d
is the characteristic length, and K and B are elasticity coefﬁcients (see Elasticity of liquid crystals).
These layers try to ﬁll the free space with the help
of the wave-like modulation in order to preserve
the value of their thickness and reduce the elastic
stretching energy.
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WAVE PACKET REPRESENTATIONS OF WAVE
FUNCTIONS
Complete sets of wave functions of quasiparticles in crystals, which are derived from the

original basis (e.g., the wave functions in the momentum representation, |κ) through the so-called
wave packet transformation

|x, k =
A(κ · x)|κ,
κ∈Vk

where Vk is a certain volume in the Brillouin zone
in the neighborhood of the wave vector k, which
includes n states κ , A(κ · x) is the weighting function of the wave packet transformation, x is the
radius-vector of the wave packet center. The completeness of the set of wave functions |x, k means
that k assumes N/n values (N is the number of
unit cells) and x assumes n values at the sites of
the lattice, which is the reciprocal of the k lattice
(see Reciprocal lattice). The wave packet itself can
be a pulse-like or localized travelling waveform
consisting of very rapid, short-wavelength, oscillations enclosed by an envelope shape function, e.g.,
a Gaussian:


(k  − k0 )2
,
exp −
2( k  )2
several or many wavelengths wide. In the case of
free particles, the wave packet representation of
wave functions leads to wave packets of the de
Broglie and Gaussian form, and in the case of n =
NA ∝ eiκ·x this representation of wave functions
is identical to the site representation of wave functions. Since |x, k are states of ﬁnite uncertainty
in coordinates and momenta, the wave packet representation may serve as a convenient basis for the
description of inhomogeneous systems in the context of the quantum kinetic equation. Various versions of the wave packet representation method
of wave functions are used in theoretical studies
of localized particles such as excitons, electrons,
phonons.
WAVES, SURFACE
See Surface waves, Surface acoustic waves,
Surface drift waves.
WAVE VECTOR GROUP

The totality of elements of a space group, that
leave the wave vector invariant. The wave vec-
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tor group is an important subgroup of the spatial
symmetry group, because through it the dynamics
of carriers in separate valleys of the energy band
structure of a crystal are connected. With the help
of the wave vector group the Bloch functions are
formed (see Bloch theorem) for the effective mass
Hamiltonian, the selection rules for optical transitions are established, and reactions to external
disturbances are taken into consideration. Theoretically it is often possible to neglect translations,
and then instead of the wave vector group the term
factor-group can be used.
WAVE VECTOR STAR

A set of gk vectors, where g is an element
of the point group of a space group, and k is a
wave vector. A wave vector star establishes the
symmetry of an energy band (see Band theory)
since E(k) = E(gk). Star vectors in semiconductors may indicate possible equivalent regions of increased density of states (valleys; see Many-valley
semiconductors), but their speciﬁc position depends on the particular crystal (compare n-Ge and
n-Si). See also Wave vector group.
WEAK FERROMAGNETISM
See Antiferromagnetism.
WEAK LOCALIZATION

Group of phenomena involving quantum interference of conduction electrons in solids with
a ﬁnite electrical conductivity σ at T → 0. We
are dealing with a wide class of systems (amorphous metals and metallic alloys, disordered metals, degenerate semiconductors, various two-dimensional conducting structures) at temperatures
sufﬁciently low so that σ is determined by electron
scattering off static random potentials localized,
e.g., at randomly distributed impurities. With sufﬁciently strong disorder, quantum interference results in localization of electronic states (see Anderson localization). Weak localization occurs in the
 where
presence of weak disorder when pF l
pF is the electron Fermi momentum (see Fermi
velocity), and l is the mean free path. The interference results in a quantum correction for σ which is
small relative to the parameter /pF l, but with an
unusual dependence on the temperature and external ﬁelds. The physical basis of weak localization

is the interference of probability amplitudes of an
electron which returns to a given point after passing along the same path in different directions (see
Quantum interference phenomena).
If magnetic ﬂux Φ penetrates a hollow metal
cylinder then the difference in wave phases passed
through for a transit n times along the same path
in different directions is equal to 2πnΦ/Φ0 where
Φ0 = π/e is the magnetic ﬂux quantum. Therefore σ (Φ) is an oscillating function of the ﬂux
with the period Φ0 . The anomalous magnetoresistance has the same nature. The magnetic ﬁeld
B effects the interference of those paths through
which the ﬂux is Φ0 . Since the magnitude of the
ﬂux differs along different paths, instead of oscillations there is a noticeable monotonic dependence σ (B) at such small B values where classical effects are negligible. The magnitude and the
sign of weak localization effects are determined
by inelastic relaxation processes, as well as by
the spin–spin relaxation and spin–orbit relaxation
(see Spin–orbit interaction) of electron spins, and
this enables one to study these processes quantitatively.
WEAK SUPERCONDUCTIVITY

A number of phenomena and effects in spatially nonuniform superconducting systems containing weak superconducting contacts (weak
links or tunnel junctions, superconducting microbridges, etc.). The basis of weak superconductivity is Josephson effects which appear not only in
tunnel contacts, but also in any superconducting
system where the order parameter is attenuated
over short distances L  ξ(T ) (ξ is the coherence
length). Weak superconducting contacts or weak
links (both individual and grouped) are widely
used in superconductor electronics. The simplest
systems are independent contacts and superconducting quantum interference devices (SQUIDs)
containing one or two weak links. In weak superconductivity a basic feature is the space and time
phase coherence of the wave functions of superconducting electrons at macroscopic distances and
times, specifying the quantization of ux and quantum interference. This provides the opportunity to
study the quantum behavior of macroscopic systems in the presence of dissipation, in particular of
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macroscopic quantum tunneling, and also (at sufﬁciently low temperatures) the quantum electrodynamics of superconducting circuits. Josephson
media are of special interest. Thermodynamic and
kinetic properties of such media have been intensively studied from the viewpoint of topological
transitions, of localization of electrons in superconductors, Coulomb effects, percolation theory.
Under certain conditions these systems undergo
random quantum uctuations, macroscopic quantum tunneling and interference, in particular Bloch
oscillations in spatially periodic lattices. These oscillations display a new effect, the appearance of
voltage steps at current values Im,n = 2νe(m/n),
where m, n are integers, on the current–voltage
characteristic of the contact in the presence of
direct and alternating currents with frequency ν.
Along with Josephson effects and the quantum
Hall effect, the new macroscopic interference effect creates the “metrology triad” related to each
other through universal constants of current, voltage and frequency.
Also referred to as weak superconductivity is
an extensive class of effects in spatially homogeneous superconducting systems (ﬁlms, ﬁlaments),
such as resistive state mechanisms, nonequilibrium and nonlinear effects arising in regions with
small direct and alternating currents and voltages,
and representing great scientiﬁc and practical interest.
WEAR

A change of dimensions (size, shape, mass)
of a solid and of the condition of a solid surface because of strain and failure of the surface
layer under the action of external friction. The wear
of a solid can result from interaction with another solid during their relative displacement under compression load, or from interaction with
a moving liquid or gas (e.g., cavitation wear).
The main kinds of wear in interactions between
solids are abrasive wear and contact-fatigue wear.
Types of wear processes are repeated deformation at elastic or plastic contact, microcutting, and
deep tearing. At elastic contact, a failure results
from slow crack growth during fatigue. At plastic
contact, the stress concentrators (see Stress concentration) form cracks due to repeated nonuniform plastic deformation in the subsurface layer,

accompanied by nonuniform heat emission. Crack
merging causes the separation of wear particles.
Microcutting arises when a solid particle, viz., an
abrasive or peened (see Strain hardening) wear
particle, is embedded deeply enough into the surface. Deep tearing out occurs when rubbing surfaces fasten due to molecular interactions. As a
rule, several processes are concurrent during wear;
their relative role depends on the friction conditions (load, speed, lubrication, type of frictional
contact) and the properties of the friction pair
components. Of greatest importance among them
are hardness (strength), plasticity, failure mechanism, structure, phase composition, thermal conductivity, the chemical interaction between one another and with the environment (see Corrosion).
Worn surfaces develop speciﬁc nonequilibrium
structures. The wear process is often described in
the context of nonequilibrium thermodynamics.
WEAVON (fr. weave)

Stable motion of a charged particle in the
regime of planar channeling. In channeling along
planes an atomic plane is “perceived” by the channeling particle as a continuous charged plane. The
averaged potential of the plane atoms depends
only on a single coordinate, the distance from
the plane. The structure of the energy levels of
the transverse motion of electrons is shown in
the ﬁgure. In the potential wells there are several
quasi-discrete levels with negative energy of transverse motion (“transverse” energy). The broadening of the lower levels due to the periodicity of
the plane potential (band broadening) is exponentially small while, e.g., the uppermost negative
level may spread into a wide band. The separate
bands with positive transverse energy are welldeﬁned only at small transverse energies, at large
energies they form a continuum spectrum. With
increasing total particle energy the number of discrete levels grows proportional to γ 1/2 , where γ is
the Lorentz factor (ratio of total energy to rest energy). For non-relativistic electrons there is only
one level of quasi-bound transverse motion, for
electrons with energy E ∼ 50 MeV the number
of such levels N ∼ 10, for E ∼ 5 GeV, N ∼ 100,
etc. A weavon can be regarded as a state of a one-
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WEDGE-SHAPED CRACK

Potential wells and energy levels associated with a weavon.

dimensional atom. A negatively charged particle
sort of “weaves” itself into a crystalline plane.

WEISS THEORY (F. Weiss, 1907)

A theory explaining the magnetic properties of
ferromagnets.

WEDGE-SHAPED CRACK
A sharp-pointed crack with an opening con-

verging to an interatomic distance. The concept of
a micro-crack as a starting point of a subsequent
material failure was ﬁrst introduced in the Grif th
theory. Still the crack had the shape of an ellipse
in that theory, since at that time one could only
compute the elastic energy for such a shape. The
concept of a wedge-shaped crack having an opening meeting at an interatomic distance was ﬁrst
introduced by P.A. Rebinder in the 1930s. Nowadays the notion of wedge-shaped nucleating microcracks is universally accepted. A reﬁned determination of the shape of a wedge-like crack using
the formulation of elasticity theory was made by
K.H.G. Ashbee, G.I. Barenblatt, and some other
researchers. The crack proﬁle was computed, and
its edges were shown to have a curved pattern near
the opening. During a perfectly brittle failure (see
Brittle failure of solids) the crack point (tip) remains sharp at the atomic level. In other cases the
point gets blunted, which brings about a growth of
breaking stress. See also Failure.
WEIGERT EFFECT
See Polarization holography.
WEISS INDICES
See Crystallographic indices.

It is based on two hypotheses. According to
the ﬁrst one, in the temperature range from 0 K
to the Curie point θC in ferromagnets there exists spontaneous magnetization which depends on
the temperature T , attains maximum values at
T → 0 K, decreases with increasing T , and vanishes at T  θC . The temperature θC is called the
ferromagnetic Curie point, and above it the Curie–
Weiss law χ ∼ 1/(T − θC ) of paramagnetism is
obeyed by the susceptibility. Its value is determined mainly by the exchange interaction, and in
different ferromagnets it varies from fractions of a
kelvin to several hundred kelvin. The existence of
spontaneous magnetization in ferromagnets is explained by the molecular eld theory proposed by
Weiss. The absence of macroscopic magnetization
of ferromagnets in the natural state (without an external magnetic ﬁeld) is explained by the presence
of domains in the sample (second hypothesis). According to this hypothesis, the effect of an applied
magnetic ﬁeld on a ferromagnet lies in the redistribution of the fractions of positively and negatively
oriented domains. This can occur by the motion
of domain walls between individual domains, and
also by the ﬂipping or rotation of the magnetization within individual domains. These two basic
processes determine the character of the nonlinear
magnetization curve of ferromagnets, and the ex-
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istence of a hysteresis loop. Both hypotheses have
been completely substantiated.
WELDING

A technical process for producing single-piece
(welded) joints of homogeneous metallic and nonmetallic (plastics, ceramics, glass) materials, as
well as combinations of heterogeneous materials
(steel–aluminum, titanium–ceramics, etc.). A joint
produced by welding is characterized by continuous structural bonding and monolithic formation.
Atomic (molecular) bonding between the elementary particles of the connected pieces forms these
joints. To weld pieces together, they should be
brought into direct contact, i.e. to within distances
of the order of an atomic radius (10−8 cm). The
surface atoms of the two solids may interact directly, with chemical bonding accompanied by diffusion taking place.
The existing techniques of welding may be divided into two basic groups: fusion welding (welding in a liquid phase), and pressure welding (welding in a solid phase). During fusion welding, the
material of the joined pieces forms a single structure. That happens without application of any external forces, by way of melting, mutual mixing,
and further crystallization of the metal in the seam.
During solid phase welding, pieces are joined together without melting by the application of considerable pressure (compression). Welding that
combines both processes is also possible. Considering the basic features of the process of forming a welded joint, such as the form of energy
used as well as the technical and technological
features of welding, one may divide the available forms of welding into three classes. They are
thermal (electric arc, solar radiation, electroslag,
electron-beam, laser, thermite, etc.), thermomechanical (contact, diffusion, pressure gas, furnace
pressure, etc.), and mechanical (cold, explosion,
ultrasonic, etc.). More than a hundred different
techniques of welding are currently available, and
new technological developments and upgrades of
technologies to produce welded joints continuously appear with the passage of time.
Welding makes it possible to join metal pieces
of widely varying thickness: from several micrometers to 2 m and more in a single operation. The
ambient media used to weld separate pieces or

whole units also varies widely: beside the common terrestrial environment, welding may be carried out in outer space under the conditions of zero
gravity and deep vacuum (see below), as well as
underwater, at depths of 60 m and more. Outer
space offers the best environment for electronic
beam, solar radiation, diffusion and cold welding.
Metals underwater are mainly welded by an electric arc using a melting electrode.
From the operational point of view existing
welding techniques may be divided into manual,
mechanical (semiautomatic) and automatic. Currently, welding robots are used more and more
widely. Welding gave birth to the techniques of
cladding when layers of substances with differing physical and mechanical properties are built
up onto the surfaces of various pieces and units
at high temperatures and pressures. This is the socalled welding-on technology that is similar to the
techniques for covering pieces with protective and
hardening coatings.
To heat pieces during welding, one needs to
utilize speciﬁc energy sources, such as slag baths,
electronic beams, plasma arcs, etc. Welded seams
feature certain speciﬁc micrometallurgical properties. These particularities were combined together
to launch a new branch of high-quality metallurgy
– electric metallurgy.
Currently the processes of electric arc fusion
welding and contact welding are the leading techniques in producing welded joints. The scope and
application range for the new special welding
techniques (e.g., by electronic beam in vacuo, by
laser beam, by diffusion, friction, etc.) are also on
the rise.
Welding or permanently joining together metals in a vacuum such as in an outer space environment may proceed in a solid phase (diffusion
welding, pressure welding, or explosion welding),
in a liquid phase (fusion welding, soldering), and
by evaporation and condensation of material on
to a solid substrate (coating). All these processes
result in strong bonding between the atoms and
molecules of the pieces joined, so that a physical boundary between the attached pieces vanishes
or acquires the properties of an intercrystalline
boundary in polycrystalline bodies. The speciﬁcs
of welding in outer space immediately follow from
the environmental conditions one ﬁnds there: lack
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of gravity, plus a deep vacuum that is accompanied by an extremely high evaporation rate. It was
as early as the 1960s when S.P. Korolyov and
B.E. Paton proposed the idea of industrial scale
welding in outer space as a means to assemble
and repair large space station constructions. The
ﬁrst experiments were conducted by the cosmonauts V.N. Kubasov and G.S. Shonin on board
the “Soyuz-6” spacecraft (October 1969). They
successfully tested electronic beam (see Electron
beam technologies) and electric arc fusion welding (see Laser technologies) on titanium and stainless steel.
WELDING DIFFUSION
See Diffusion welding.
WENTZEL–KRAMERS–BRILLOUIN
APPROXIMATION (WKB)
See Quasi-classical approximation.
WERTHEIM EFFECT (C. Wertheim)
The development of a torsional strain in a con-

ductor carrying an electric current and located in
a longitudinal magnetic ﬁeld. It can be considered
as a Joule effect (longitudinal magnetic striction)
involving the interaction of the magnetic ﬁeld of
the current with the applied magnetic ﬁeld. The
Wertheim effect attains particularly high values in
alloys of rare-earth elements. It is the basic principle behind highly sensitive emitters and receivers
of ultrasound. It is also known as the Wiedemann effect and was discovered in ferromagnets
by G. Wiedemann (1858).
WETTING

A set of processes which determines the properties of a liquid–solid, or a liquid–liquid interface
(surface contact). Wetting is caused by intermolecular interaction forces on the phase interface, and
is the effect of adhesion at a surface. One can
distinguish contact wetting and immersion wetting. The contact type means wetting at a threephase boundary, e.g., solid, liquid and gas (vacuum or some other liquid). In this case the wetting
is characterized by an edge angle value θ0 . When
0  θ0  π/2 the liquid is called a wetting liquid (lyophilic), and when π/2  θ0  π it is nonwetting (lyophobic) (see Lyophilic and lyophobic

behavior). In the case θ0 = 0 the wetting is called
absolute (full) wetting, and if θ0 = π it is absolute
non-wetting. Wetting is called immersional when
the solid (or other liquid) is fully dipped into the
liquid. If the solid is smoothly lifted out from the
wetting liquid the solid surface remains covered
with a liquid layer, but if the liquid is non-wetting
then the solid is not so covered.
The contact angle changes due to diffusion
processes, the formation of chemical bonds at the
contact, and so on. Young’s equation (T. Young,
1805) is satisﬁed during the equilibration of a
liquid drop on a smooth, homogeneous, nondeforming plane: cos θ0 = (σsg − σsl )/σlg , where
σsg , σsl , σlg are respectively the surface tension
(interphase) coefﬁcients (see Surface tension) on
the boundary solid–gas, solid–liquid, and liquid–
gas.
WETTING ANGLE
The same as Edge angle.
WHISKERS
See Thread-like crystals.
WIDMANSTÄTTEN STRUCTURE
(A. Widmanstätten, 1808)
A structure of alloys characterized by the crys-

tallographically oriented arrangement of secondary phase crystals within the main matrix.
A Widmanstätten structure is detected on the
surface of an etched sample by the appearance
of ﬁgures of various geometric shapes: squares,
triangles, rhombi, etc. It was originally observed
by W. Tompson in the course of etching of Pallas iron (1804), by A. Widmanstätten in iron–
nickel meteorites (1808) and by N.T. Belyaev in
carbon steels. This structure forms under accelerated cooling of cast or strongly overheated steel
with coarse austenite grains (see Austenite). In
this case the primary products of austenite decomposition are preferentially located along crystallographic planes, conditioned by the crystallogeometrical correspondence between the lattices
of decomposition products and that of the Widmanstätten structure matrix; and as a rule it depends on the carbon content and the cooling rate.
In pre-eutectic steels (less than 0.8% C) a Widmanstätten structure is formed from the free ferrite extracted along and within grain boundaries in
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the form of plates and needles, and in over-eutectic
steels as a result of the deposition of secondary
cementite plates. Steels with a course-grained
Widmanstätten structure are distinguished by low
impact strength and by increased brittleness (see
Alloy brittleness) which are to a large extent
eliminated by phase recrystallization. A Widmanstätten structure is also formed upon the decomposition (see Alloy decomposition) of an
oversaturated solid solution, and at a diffusionless martensitic transformation when the martensite crystals are oriented along deﬁnite crystallographic planes of the matrix phase. The analysis
of the conditions of Widmanstätten structure occurrence clariﬁes the phase transition mechanisms
involved in the heat treatment of alloys.
WIEDEMANN EFFECT
See Wertheim effect.
WIEDEMANN–FRANZ LAW (G. Wiedemann,
R. Franz, 1853)
Correlation connecting the electronic thermal
conductivity κ and the electrical conductivity σ in

solids.
The law states that for metals κ/σ = LT where
L is a constant and T is the absolute temperature.
L. Lorenz found (1882) that L is a universal constant LO called the Lorenz number, which according to the electronic theory of metals has the value
LO = (π 2 /3)(k B /e)2 = 2.45·10−8 W··K−2 .
The Wiedemann–Franz law is valid under the condition of elastic electron scattering (no change in
magnitude of electron energy upon scattering). In
non-cubic crystals the Wiedemann–Franz law is
satisﬁed individually for every pair of the corresponding tensor components of electrical conductivity σik and of electronic thermal conductivity
κik . For non-elastic scattering the Wiedemann–
Franz law does not hold.
This law has been experimentally conﬁrmed
for the majority of metals at high (room temperature and above) temperatures, when the scattering of electrons by crystal lattice vibrations is sufﬁciently elastic, and at the low temperatures when
elastic scattering off impurities prevails. There are
some exceptions (Be, Mn) without any adequate
explanation.
In semiconductors the Wiedemann–Franz law
is subject to some modiﬁcation since in most cases
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the carriers are non-degenerate so all free carriers participate in the transport processes (in metals
only those located at the Fermi surface contribute).
The presence of more than one type of charge
carrier is possible. In the case of bipolar conduction performed by conduction electrons and holes,
most of the heat transfer arises from the generation
of electron–hole pairs at the hot end of the sample
and their recombination at the cold end. As a result κ/σ = LO T , and there is an effective Lorenz
number L which depends on the mechanism of
carrier scattering. Besides, for bipolar conductivity L depends also on the band gap width E g , on
the temperature, and on the partial conductivities
of electrons and holes σn and σp (σn + σp = σ ).
For non-degenerate semiconductors under elastic
scattering L is

 2 
kB
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r+
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e
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E g 2 σn σp
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+ 2 r+
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kB T
σ2
where r is the power in the power law dependence
of the scattering time on the carrier energy, e.g.,
for scattering by acoustic phonons r = −1/2, and
for scattering by ionized impurities r = 3/2 (see
Brooks–Herring formula). The formula assumes
the same scattering mechanism for electrons and
holes, if this is not the case then it becomes even
more complex. For the case of inelastic scattering of carriers (in particular, scattering off optical
phonons at low temperatures), and also for an arbitrary degeneracy of carriers, the quantity L has
a complex dependence on the temperature. Nevertheless, in many cases these factors do not change
the order of magnitude of L so it is generally feasible to use the Wiedemann–Franz law for estimating the electronic thermal conductivity from measured values of the electrical conductivity.
WIGNER CRYSTAL (E.P. Wigner, 1934)

Crystalline state of a system of electrons within
a uniformly distributed, neutralizing positively
charged medium. Suppose that there are n electrons in a unit volume, neutralized by a uniformly
distributed positive charge (jellium model). If each
electron is localized within the volume 1/n the energy lost per electron is proportional to n2/3 ; while
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the gain in correlation energy is proportional to
n1/3 . At low electron density the latter is dominant and makes localization of the electrons energetically favorable. A highly-doped semiconductor
as well as a compensated semiconductor, in which
the Bohr radius is large compared with the distance between centers, can serve as good approximation to such a situation. An electronic crystal
is considered as a collection of equal-sized spherical cells with one electron localized in each, and
negligible interactions between cells. Experimentally the Wigner crystal was originally observed
by Grimes and Adams for electrons on the surface
of liquid helium (see Levitating electrons).
WIGNER–SEITZ CELL
A primitive unit cell which has the symmetry of
the point group of the crystal Bravais lattice.

A Wigner–Seitz cell is a polyhedron within
which all points are closer to its center than they
are to any other crystal lattice point. To construct
the Wigner–Seitz cell around a particular lattice
point called its center, straight line segments are
drawn from the center to all closest neighbor

lattice points. Then one constructs perpendicular
planes through the midpoint of each line segment,
and these planes intersect to enclose a volume V O
called the Wigner–Seitz cell (see Fig.). It is a polyhedron of minimum volume V O = V TOT /N TOT
where the overall crystal volume V TOT contains
N TOT lattice points. The remaining Wigner–Seitz
cells of the crystal can be obtained from this constructed one by translations via a lattice vector. For
a cubic Bravais lattice with a high point group of
symmetry (FCC or BCC) the Wigner–Seitz cell
is often replaced by a sphere of the same volume (Wigner–Seitz sphere). The subdivision of a
crystal into Wigner–Seitz cells allows one to take
into account the lattice symmetry in the best possible manner. These cells are used in calculations
of electronic structure and bond energies of metals (see Wigner–Seitz method), in the theory of
electronic crystallization (see Wigner crystal), and
also for the study of other problems of solid-state
physics. For systematization of electronic states
and for a band structure description one makes
use of the Wigner–Seitz cell in reciprocal space
(k -space) where it is called the ﬁrst Brillouin zone.
In theoretical crystallography a Wigner–Seitz cell
is sometimes called a Voronoi–Dirichlet domain
(see Two-dimensional crystallography).
WIGNER–SEITZ METHOD (E. Wigner, F. Seitz,
1933)

Wigner–Seitz cell: (a) for a two-dimensional oblique
Bravais lattice, and (b) for a three-dimensional bodycentered Bravais lattice (truncated octahedron).

A method for calculating the energy spectrum, wave functions and bonding energy of electrons in alkali metals. It was originally used to
calculate the bottom of the conduction band of
metallic sodium. In the Wigner–Seitz method the
metal is considered as a collection of Wigner–
Seitz cells, the centers of which coincide with the
sites of the crystal lattice. To obtain the wavefunction the Shrödinger equation (with proper boundary conditions) is solved within a unit cell, and
then extended to the whole crystal using the Bloch
theorem: k (r + R) = eikR Ψk (r). This singleelectron Schrödinger equation is based on the following assumptions. (1) There is a single conduction electron within each cell. (2) Wigner–
Seitz cells are overall electrically neutral, so the
Coulomb interaction between electrons from
neighboring cells can be neglected. (3) The potential U (r) within the cell is assumed to be spherically symmetric; it is small outside the ionic shell
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and coincides with the ion potential within the
ionic core. As a result, for the Bloch function of
the electron k (r) = uk (r)e−ikr an equation is
obtained which at k = 0 coincides with the free
atom Shrödinger equation



(p + k)2
+ U (r) uk (r) = Ek uk (r).
2M

The solution of this equation will be the true wave
function of the electron in a crystal if the requirement is met that the normal derivative of k (r) be
zero at the cell boundary: 
n ·∇k (r)|boundary =
0. This condition plays a principal role in the
Wigner–Seitz method. It provides the band character of the spectrum and reduces the energy relative
to that of a free atom. This equation with the prescribed boundary condition is solved (at k = 0) using standard methods by expanding the wavefunction u(r) in terms of spherical harmonics u(r) =
lm Ylm (θ, ϕ)χl (r). When explicit calculations
are carried out the Wigner–Seitz cell is often approximated by a sphere of equal volume. In this
case, the boundary condition has the simple form
∂u0 /∂r|r=rS = 0, and only the term with l = 0 remains in the expansion of u(r). The Wigner–Seitz
method does not take into account electron correlations, exchange, or Coulomb effects in metals.
Nevertheless, the method provides results which
agree well with experiment for the calculation of
the cohesion energy and other electronic properties of alkali metals which have almost spherical Fermi surfaces (Na, K). The method was also
used by Wigner for electronic crystallization theory (see Wigner crystal).
WIND OF PHONONS

See Phonon wind.
WITTKE–GARRIDO GROUPS (O. Wittke,
I. Garrido, 1959)

Groups which map the dependence of a property (color) of a system on a group element. They
describe the symmetry of crystallographic polyhedra with colored facets. This group is determined
by its subgroup, which preserves the ﬁxed color
(property). Wittke–Garrido groups along with the
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usual ones also contain the set of colored symmetry elements (see Colored symmetry).
There are 279 colored symmetry groups which
is equal to the number of all the subgroups of the
32 point symmetry groups. Thirty two of them
are uncolored, and of the remaining 247 colored
groups there are 35 which are determined by the
color-preserving non-equivalent subgroups, distinguished only by the rotational symmetry elements through an angle of 30◦ or 45◦ around the
common axis. Of 211 + 1 (classical group C1 ),
139 groups are determined as invariant, and 73 are
noninvariant subgroups of the symmetry groups
(proper Wittke–Garrido groups). Of the 139 invariant groups, 58 of them are two-colored (Shubnikov groups), 18 are polycolored (Belov groups),
etc. The Wittke–Garrido groups can be used in the
investigation of the distribution of defects in crystals, in the study of phase transitions, etc.
WKB APPROXIMATION

See Quasi-classical approximation.
WORK FUNCTION

The energy expended to remove an electron
from either a solid or liquid material into a vacuum
with zero kinetic energy. When an electron enters
a solid from the vacuum, an energy equal to the
work function is released and converted into kinetic energy of the remaining particles. The work
function from a metal equals the difference between the electron energy in vacuo and its Fermi
energy. In semiconductors and insulators, it is usually measured from the bottom of the conduction
band (the internal work function). If it is measured
from the Fermi energy it is called the external
work function. Part of the work function value results from the presence of an electric double layer
at the outer boundary of the solid that forms because of the different environments in which the
surface atoms ﬁnd themselves on the side of the
solid and on the side of the vacuum or other contacting medium. The double layer forms in metals due to the shift of the center of gravity of the
electron clouds of atoms in the surface plane of
the solid with respect to the positions of their nu-
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clei. The depth of the electric double layer in semiconductors and insulators signiﬁcantly exceeds the
atom-to-atom distance. The dipole moment of a
surface double layer plays a major role in determining the value of the work function.
The work function is a characteristic of a solid
surface. Faces of the same crystal formed by different crystallographic planes or covered by different atoms feature differing work functions. For example, the work function from the tungsten (110)
face is 5.3 eV, while that from the (111) face is
4.4 eV.
The work function may change signiﬁcantly
due to adsorption of various atoms and molecules
at the surface. Atoms of metals with low ionization
energy (e.g., Cs) acquire a dipole moment pointed
toward the vacuum during the process of adsorption. In certain cases this may lower the work function by ∼1 eV.
The absolute value of the work function is measured by the amount of heat that must be brought
to the body to keep its temperature constant when
a thermionic current is being emitted. Other evaluations use the temperature dependence and the
total value of the thermionic current. When dealing with metals and degenerate semiconductors
the same evaluation may be done using the concept of the red limit (low-energy limit) of photoelectron emission.

of its construction material strength. Work hardening proper and phase work hardening are distinguished: phase work hardening is caused by external loads (e.g., by rolling, drawing) or by phase
transitions. Heating a metal that has been exposed
to work hardening causes dehardening (restoration
of crystals, polygonization, recrystallization). Work
hardening often leads to an increase of strength
and a decrease of plasticity of a metal. Work hardening ﬁnds application in metal working, e.g., in
operations of surface ﬁnishing, hardening through
cold rolling, drawing, etc.

WORK HARDENING, cold hardening
Hardening of metals and alloys (see Hardening) with the help of plastic deformation, accompa-

dω = σe dεe + 3σ dε,

nied by changes in physical and mechanical properties and, sometimes, in phase composition of the
materials. An indicator of work hardening is the
value of the latent energy that characterizes an increase of the internal energy of a metal because
of structural changes in the material of the matrix,
and other phases. An increase of internal energy
in pure metals and solid solutions takes place due
to the increase of the defect density, which also can
be accompanied by a proportionate increase of the
speciﬁc volume. Under aggravated strain this proportionality may fail because of the formation of
submicrocracks, pores, ssu res, etc., i.e. because
of overpeening. Overpeening is the main cause of
embrittlement of a deformed metal, and reduction

WORK OF DEFORMATION

Work performed by external forces during deformation of a solid. In general the work of deformation dω of a unit volume of solid is
dω = σij dεij ,
where σij are components of the stress tensor,
and dεij are the components of the strain tensor. During single axis extension under load p,
dω = p dε, where dε is the relative elongation of
the specimen. In the case of pure shear one has
dω = τ dγ where τ and γ are the shear stress and
strain, respectively (see Shear strain). For a complex state of stress the work of deformation may
be expressed via the invariants of stress and strain
(see Invariants of elasticity theory):

where the ﬁrst term is the work of changing the
specimen shape which can be expressed via the
invariants of shear stress σe and strain εe . The latter two have the following appearance in Cartesian
coordinates:
1
σe = √ (σxx − σyy )2 + (σyy − σzz )2
2
+ (σzz − σxx )2
 2
2 + σ 2  1/2 ,
+ 6 σxy
+ σyz
zx
√
2
(εxx − εyy )2 + (εyy − εzz )2
εe =
3
+ (εzz − εxx )2
 2
2 + ε 2  1/2 .
+ 6 εxy
+ εyz
zx
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The second term corresponds to the work of
changing the specimen volume, and is expressed
via the average (hydrostatic) pressure
1
σ = (σxx + σyy + σzz )
3
and the relative change of the specimen volume
ε = (εxx + εyy + εzz ).
If the volume does not change during deformation (dε = 0) and the deformation diagram is
known (σe = f (εe )), the speciﬁc work for uniform
strain may be calculated by integrating the deformation curve:
ε1
ωn =

σe dεe .
εe

The above expressions hold for elastic strain (see
Elasticity) and for plastic deformation. The work of
elastic deformation is unambiguously deﬁned by
the points of the displacements of the deformed
specimen, while the work of plastic deformation
also depends on the path of the deformation.
In the course of doing elastic deformation
work, the energy from external forces transforms
into potential energy of the deformed specimen.

The energy per unit volume of an isotropic elastically deformed specimen (see Isotropy of elasticity) is


E
v
2 +
2 ,
εij
ω=
εkk
2(1 + ν)
1 − 2v
where E and ν are Young’s modulus and the Poisson ratio. For an anisotropic crystal specimen (see
Anisotropy of elasticity) we have for the energy
1
ω = cij kl εij εkl ,
2
where cij kl are the elastic moduli of the crystal. When the external load is lifted, this energy transforms into elastic vibrational energy,
and subsequently, as a result of damping, it dissipates as heat. During plastic deformation a far
greater part of the energy (90–95%) transforms
into heat during the process of deformation itself,
and the remainder is absorbed by defects (dislocations, disclinations, point defects, residual elastic
stresses at grain boundaries, etc.), formed during
deformation. That latter energy is called accumulated (stored) energy from the deformation. A very
small amount of energy is released as acoustic
emission (sound) during the process of deformation.
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tural instability of superconductors is studied. The
investigation of liquid crystal structure is a speciﬁc
branch of X-radiography in a magnetic ﬁeld; the
role of the magnetic ﬁeld in these investigations
involves the orientation of the molecules in a speciﬁc direction.

X-RADIOGRAPHY

Totality of methods for investigating solids,
and also amorphous substances and liquids, associated with the application of X-rays. X-radiography can be subdivided into X-ray structure
analysis, X-ray spectrum analysis (including Auger
spectroscopy, X-ray electronic spectroscopy, etc.),
X-ray defectoscopy (see Defectoscopy). See also
High-temperature X-radiography, Low-temperature
X-radiography, X-radiography in a magnetic eld.

X-RAY ACOUSTIC RESONANCE
Resonance suppression of the anomalous passage of X-rays by a transverse ultrasonic wave
with wavelength λ which is equal to the extinction length lE . The direction of ultrasound prop-

X-RADIOGRAPHY AT HIGH TEMPERATURES
See High-temperature X-radiography.

agation divides the angle between the direct and
reﬂected X-ray beams in half. In a perfect crystal
under the conditions of Bragg diffraction two X-ray
Bloch states with different values of the absorption
coefﬁcient are formed. The state with an absorption coefﬁcient close to zero reaches the output
surface of a sufﬁciently thick crystal. Scattering
into the second state from the ultrasonic displacements occurs, as a result of which the absorption
coefﬁcient of the anomalously transmitted wave
increases. The condition of resonance λ = lE follows from the quasi-wave vector conservation law
for such scattering. Typical resonance values of
λ = 10 to 100 μm. At resonance the sensitivity to
acoustic deformations increases by 2 to 3 orders
of magnitude (deformations of ∼10−9 reduce the
intensity of an X-ray beam by several times). See
also Diffraction of radiations in ultrasonic eld.

X-RADIOGRAPHY AT LOW TEMPERATURES
See Low-temperature X-radiography.
X-RADIOGRAPHY IN A MAGNETIC FIELD

X-ray diffraction methods for studying the
problems of solid state physics and physics of
magnetic phenomena associated with the effect of
an applied magnetic eld. X-radiography is applied in magnetic ﬁelds up to several tesla, generated with the help of permanent magnets, electromagnets, and superconducting magnets. One of
the main tasks of X-radiography is the investigation of thermodynamic, kinetic and morphologic
aspects of ﬁrst-order and second-order magnetic
phase transitions, and plotting the results on ﬁeld
versus temperature plots (B–T diagrams) of magnetic substances. Also investigated is the forced
magnetostriction of ferro-, antiferro- and ferrimagnets, and also the evolution of processes of magnetic domain structures in magnetic ﬁelds. Studies have been made concerning the deformation of
magnetic structures of magnetically ordered solids
under the effect of a magnetic ﬁeld. With the help
of precision methods of X-radiography in a magnetic ﬁeld the inﬂuence of the ﬁeld on the struc-

X-RAY ANOMALOUS PASSAGE
See Anomalous passage of X-rays.
X-RAY CAMERA

A device used in X-ray structure analysis for
the photographic recording of the diffraction pattern of X-rays scattered from a sample. Common
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structural elements of an X-ray camera are the following: the device forming the primary beam, a
sample holder with an alignment mechanism, and
a photographic cassette. An X-ray camera is used
to obtain X-ray diffraction patterns from monocrystalline, polycrystalline, amorphous, and vitreous
materials. In an X-ray camera both the characteristic radiation and that of the continuous spectrum are used. Several types of X-ray cameras may
be distinguished: those for investigations at ordinary temperatures and pressures, high- and lowtemperature cameras, those for investigations under high pressure, etc.
X-RAY DEFECTOSCOPY

See Defectoscopy.
X-RAY DIFFRACTION

The phenomenon of the coherent scattering of
X-rays (photons) within crystals (see Bragg diffraction, Laue diffraction), liquids and other condensed media under the conditions where the photon wavelength is comparable with the average
distance between the atoms (molecules) of the
medium. X-ray diffraction is the basic method
for investigating the atomic structure of materials
(see X-ray structure analysis, X-radiography, X-ray
spectrum analysis, X-ray topography).
X-RAY DIFFRACTION ANALYSIS

See X-ray structure analysis.
X-RAY DIFFRACTION PATTERN, X-rayogram

A photographic image of a diffraction pattern
of scattered X-rays ﬁxed at a light-sensitive ﬁlm
or plate. In an X-rayogram, the diffraction picture
appears at a noticeable solid angle with the simultaneous recording of a large number of reﬂections.
X-rayograms allow analyzing diffraction patterns
with a complex scattering geometry. According to
the degree of blackening of the X-rayogram lines,
one can judge the intensity of corresponding diffracted X-rays. An X-rayogram is used for X-ray
structure analysis, and for the X-ray spectrumanalysis of materials. See also Asterism.

X-RAY DIFFRACTOMETER

A device for measuring the intensity distribution of X-rays scattered in different directions with
respect to the primary incident X-ray beam. It is
used for the X-ray structure analysis of crystalline,
amorphous, and liquid materials. High accuracy in
determining the angular coordinates and the intensities of the X-rays scattered in various particular
directions is characteristic of such devices (compared to X-ray cameras). The basic elements of
an X-ray diffractometer are as follows: source of
X-rays (e.g., X-ray tube), X-ray goniometer where
the sample under investigation is located; recording system which consists of the X-ray detector (scintillation, proportional and semiconductor
counters), and the electronic units which process
the information provided by the detector; as well
as sensors of the angular position of the sample
and detector. The measurement of the angular radiation distribution diffracted at the sample is carried out by varying the relative positions of the
X-ray source, sample and detector (see Fig. in
X-ray diffractometry), and thereby establishing the
diffracted beam direction and intensity with the
help of the recording system. See also Texture diffractometer, X-ray diffractometry.
X-RAY DIFFRACTOMETRY

Basic method of recording the diffraction pattern in X-ray structure analysis based on the use
of an X-ray detector. A Geiger–Müller counter,
scintillation counter, proportional counter, etc., are
used as a detector. Recording of the diffraction
pattern is carried out through sequential motions
of the detector. Position-sensitive detectors are
used to ﬁx simultaneously the intensities and positions of several reﬂections.
An X-ray diffractometer is a device for carrying out X-ray diffractometry. To obtain reﬂections
from atomic planes with different crystallographic
indices hkl with the aid of monochromatic radiation, the detector and the sample are simultaneously rotated in order to fulﬁll the Bragg law. In
most cases use is made of the Bragg–Brentano
geometry of measurements (W.L. Bragg, J.C.M.
Brentano) (see Fig.), whereby the detector rotation
angle 2θ is twice the sample rotation angle θ .
Sometimes Bragg reﬂections with different interplane distances dhkl are obtained with polychromatic X-rays using X-ray recording with the
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Sketch of the Bragg–Brentano geometry of measurements using an X-ray diffractometer. The symbols designate: A, restricting slit at the detector; D, detector; F , focus of the X-ray tube; K, collimator restricting the primary beam; O, sample; θ , sample rotation angle.

help of a multichannel amplitude analyzer
(energy-dispersion X-ray diffractometry). At ﬁxed
detector positions, the intensity distribution is presented as a function of wavelength λ with maxima
used to calculate the corresponding dhkl from the
Bragg law.
According to their purpose, X-ray diffractometers are subdivided into the following types:
those of general purpose (study of both poly- and
monocrystalline samples); monocrystal ones (determining new structures and reﬁnement of known
structures, investigating structural variations in
monocrystals during external inﬂuences); polycrystalline devices; texture diffractometers
(investigation of sample structure); those intended
for the investigation of thin lms . In the latter case
the ampliﬁcation of the reﬂection intensity, the
survey geometry with a ﬁxed sample having an
operating surface (the plane of ﬁlm) subtending a
small angle (1 to 10◦ ) to the primary beam, and
collimation of the diffracted beam are performed
by two systems of restricting slits (so-called Soller
slits), horizontal and vertical.
The main tasks of X-ray diffractometry. Using
phase analysis, particular crystal phases are identiﬁed (qualitative phase analysis) and their concen-

tration in the sample is determined (quantitative
phase analysis). Identiﬁcation is based on the comparison of interplane distances dhkl and intensities
of reﬂections Ihkl in the X-ray diffraction pattern of
the sample with the dhkl and Ihkl in X-rayograms
of reference materials which are tabulated in Xray diffractometry card ﬁles. Quantitative phase
analysis is based on the proportional dependence
of the integrated intensity of the reﬂections on the
concentration of speciﬁed phases. Phase analysis
is used for investigating phase transitions (polymorphous transformations, transitions from the
crystalline to the amorphous state); phase size effects (phase transformations caused by the smallness of the particle dimensions); for the analysis
of source materials before carrying out physicochemical studies.
Unit cell parameters are determined from the
dhkl values of the diffraction patterns. The relative
measurement error is δd/d = − cot θδθ , where δθ
is the error of Bragg angle evaluation. In solid
state physics, X-ray diffractometry is used to identify the terms of isomorphous series; to calculate
concentrations of isomorphous inclusions in solid
solutions (commonly the Vegard rule is used); to
investigate phase transitions (accompanied by an
abrupt change of volume); to determine heat expansion tensors and elastic tensors, etc.
The determinations of coherent scattering regions and of structural microdistortions are carried out according to the diffraction proﬁles of the
reﬂections. The coherent scattering region size Λ
(in the direction perpendicular to the crystallographic plane of the reﬂection) is calculated with
a knowledge of the half-width of the reﬂection
2 θΛ , when the broadening arises from the smallness of dimension Λ, according to the formula
Λ = Kλ/(2 θΛ cos θ), where K is a coefﬁcient
close to 1 which depends on the shape of the coherent scattering region. Broadening of the reﬂection caused by the scattering along the interplane
distances d/d caused by the microdistortions
of structure, by nonuniformity of the sample, by
the internal macrostresses, is 2 θ d/d = f tan θ ,
where f depends on concentration and on the type
of defects, on the structure of the crystal, and on
the crystallographic reﬂection plane. The width of
the diffraction proﬁle at half-height is assumed to
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lie under the half-width of the reﬂection. The dimensions of the coherent scattering region, functions of its distribution according to the sizes and
microdistortions of structure, are calculated with
the help of harmonic analysis of the reﬂection diffraction proﬁle. Information about static and dynamic displacements of atoms with respect to their
ideal geometric lattice sites within the structure is
obtained by the weakening of the integrated intensities of reﬂections due to the line broadening coefﬁcient (Debye–Waller factor), and also by taking
into account the diffuse scattering of X-rays.
The investigation of the sample texture proceeds by obtaining the distribution (at the sphere)
of the densities of normals to crystallographic
planes (so-called pole gure). It is used to determine the preferable orientation of the crystallites
for the plastic treatment of metals, of crystallization in orienting ﬁelds, and during the course of
spraying thin ﬁlms.

X-RAY EXCITONS
The core excitons or high-energy excited states
of solids formed by a hole in some internal (core)

atomic electron shell, with an electron bound to
the resultant ion (atom in this excited state). X-ray
excitons decay mainly by radiation or by an Auger
process (see Auger effect), and optical excitons as
well as trions can be found among their decay
products. Due to their short lifetime (on the order of 10−13 to 10−10 s) determined mainly by
the probability of an Auger process, and due to
weak overlap of the wave functions of the inner
shells of adjacent atoms in solids, these excitons
are practically immobile. X-ray excitons are identiﬁed by a narrow band in the X-ray absorption
spectra in solids, located at energies somewhat below the ionization energies of the corresponding
inner electron shells, and also by speciﬁc decay
products (photons, Auger electrons of particular
energy, trions).
X-RAY FINE STRUCTURE
See Fine structure of X-ray absorption spectra.

X-RAY DIFFRACTOMETRY WITH ENERGY
DISPERSION

See Energy-dispersion X-ray diffractometry.

X-RAY EMISSION SPECTROSCOPY

The ﬁeld of X-ray spectroscopy associated
with investigations of X-ray characteristic radiation which appears at the transitions of electrons
from outer ﬁlled levels of atoms (or molecules)
to vacancies in their deep-lying levels. Due to
the selection rules the investigation of the intensity distribution in X-ray emission bands (transitions from the valence band to inner shell levels of
atoms within the crystal) allows the study of partial densities of states. The method possesses high
sensitivity with respect to the environmemt of the
given radiating atom, and allows establishing the
local symmetry of atomic sites, the constituent elements, and the types of chemical bonds. From
the chemical shift of lines that arise from transitions involving ﬁlled levels, it is possible to determine the form of charge transfer between the
atoms of the components of the alloy or chemical
compound.

X-RAY GONIOMETER

A device to determine or establish simultaneously the direction of a diffracted X-ray beam at
a sample under investigation, and also the angular
orientation of the sample with respect to the direction of the primary incident beam; this device
is a basic component of X-ray diffractometers. An
X-ray goniometer equipped with a ﬁlm cassette is
an X-ray camera intended for obtaining X-ray diffraction patterns, where it is possible to establish
the sites of a reciprocal lattice of the crystal under
study. There are X-ray goniometers that allow ﬁxing the sites of the reciprocal lattice lying in one
plane (X-ray goniometers of the Weissenberg design, cameras for reciprocal lattice photography)
and also special-purpose X-ray goniometers (e.g.,
a texture type).
X-RAY INTERFEROMETRY

Application area of solid state physics where
X-ray interference patterns are obtained with the
aid of interferometers and other phase sensitive devices, and investigations are carried out with them.
Coherent beams for X-ray interferometers are obtained by the reﬂection of X-rays from atomic
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Fig. 1

Fig. 2

planes of crystals. Different types of X-ray interferometers are known: there are double- and
triple-monocrystal interferometers where, respectively, two or three blocks are cut out of the
same crystal without their separation, based on the
same mounting, as shown in Figs. 1 and 2; there
are also triple-block, double-crystal interferometers, the two latter crystalline blocks of which are
monocrystalline and have the same basis, and the
ﬁrst one is separated, as indicated in Fig. 3, etc.
X-ray interferometers are also distinguished
according to the type of reﬂection: Laue reﬂection (L) or Bragg reﬂection (B). Fig. 1 shows
an LL-interferometer, Figs. 2 and 3 present interferometers with LLL-reﬂections; Fig. 4 shows a
BBB-interferometer, and Fig. 5 illustrates an interferometer with mixed LBL-reﬂections. Many interferometers of novel types have been created,
including multiblock ones (with four or more
blocks) and also multiwave ones. The principle
of operation of X-ray interferometers will be explained using the examples of the LLL- (see
Fig. 2) and LL-interferometers (see Fig. 1).
Fig. 2 shows a triple monocrystal X-ray interferometer with the reﬂecting planes of all the

Fig. 3

crystals perpendicular to the surfaces of the input
and output X-radiation. The primary wave with the
wave vector K i0 is incident at crystal I at the Bragg
reﬂection angle. The waves with wave vectors K 0
and K h emerge from crystal I and fall at crystal II
in the directions of incidence and reﬂection. From
crystal II the waves with wave vectors K 00 , K 0h ,
K hh and K h0 emerge and fall in the same directions but at the surface of crystal III. The waves
with wave vectors K 0h and K hh superimpose and
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Fig. 4

ter is not fulﬁlled the conditions of parallelism of
the wave vectors are violated, and there appear periodic distributions of intensity called Moiré patterns. With the help of those, it is possible to detect
even insigniﬁcant bends of the reﬂecting surfaces
and variations of the interplane distance.
Fig. 1 shows the ray diagram in the two-crystal
LL-interferometer. Two-block monolith system
can function as an interferometer only when the
incident beam is sufﬁciently broad and the distance between the crystals is so small that the
waves emerging from crystal I superimpose with
one another at the input surface of crystal II. If
the reﬂecting planes of the last crystal of the interferometer are rotated to the small angle α around
the axis perpendicular to the input surface, with
respect to the planes of the other crystals, or the
interplane distances of this crystal are changed to
d, then in the beams coming out of the interferometer Moiré pictures appear with respective periods
Δε =

Fig. 5

interfere, and therefore, further on there are waves
which are a result of this interference which will
be considered like these waves. Due to the superimposition of these waves the waves with vectors
K hh0 , K 0h0 , K 0hh and K hhh emerge from crystal III. In ideal interferometers where orientations
of the reﬂecting planes and interplane distances
between the crystals are strictly the same (l1 = l2 )
the conditions K hh0  K 0hh and K 0h0  K hhh
are satisﬁed, and therefore, the intensities of interference beams emerging from the ideal interferometer have a uniform distribution. If at least one
of the requirements of ideality of the interferome-

d
ε

and

Δd =

d2
cos θ,
d

where θ is Bragg angle (see Bragg law). The minimum measured value of the angle ε and relative variations of interplane distance d/d are restricted by the maximum achievable value of the
Moiré picture period, which in its turn is restricted
by maximum attainable cross-section of the primary coherent beam (Δε = 1 cm corresponds to
ε ≈ 10−8 rad, and Δd ≈ 1 cm to d/d ≈ 10−8 ).
Devices have been created and X-ray interferometry methods have been developed for the performance of metrology investigations with ultrahigh
accuracy: X-ray length meters (ångström-meters),
refracrometers (see Refractometry). Combinations
of X-ray and optical interferometers for absolute
measurement of the lattice constants, and of the
other fundamental constants to the accuracy of
hundredth parts of ångström units, are especially
effective.
X-RAY LASER, raser

A device for the generation and ampliﬁcation
of coherent X-rays; a raser (Roentgen ray Ampliﬁcation by Stimulated Emission of Radiation). An
X-ray laser based on free electrons involves the
stimulated radiation of relativistic free electrons
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A scheme of the X-ray free electron laser showing the
undulator, mirrors and electron beam.

undergoing, together with their forward motion,
an additional vibrational movement brought about
by the pumping action of space-periodic magnetic (magnetostatic pumping) or electric (electric
pumping) ﬁelds, or of an intense electromagnetic
wave incident on an electron beam (electromagnetic pumping). Pumping of the ﬁrst type occurs
in undulators and “ubitrons”, pumping of the second type may take place during the channeling of
electrons in crystals. Electromagnetic pumping is
used for the transformation of high-power longwave SHF radiation to short-wave radiation (IR,
optical, UV) through its scattering by a relativistic
electron beam. One may make use of “wigglers”
of different types (multipole or spiral “snakes”)
(see Fig.).
Multipole “snakes” may have a ﬂat or spiral
form. Thus, the trajectories in undulators may be
divided into two classes: (1) ﬂat ones, the simplest
example of these being sinusoidal trajectories, and
(2) trajectories close to a helical form. Both types
serve to provide high intensities in a narrow spectral region (see Fig.).
A typical feature of X-ray lasers using free
electrons, which distinguishes them from the devices of classical electronics, is that the use of relativistic effects provides a possibility for the generation of short-wave radiation in macroscopic systems, and also a possibility of a smooth adjustment
of the frequency over a broad range with the help
of the variation of macroscopic parameters: such
as the electron beam energy, or the period of the
magnetic ﬁeld of pumping.
An X-ray laser with nuclear pumping consists of a cylindrical system of thin metallic ﬁbers
surrounding a nuclear explosion device. Thermal
X-radiation which results from the nuclear ﬁssion
stimulates X-ray emission from the atoms of ﬁbers

during several seconds. The formation of the directed X-ray laser radiation is brought about by the
choice of a cylindrical geometry for the radiating
rods. The divergence of the beam is determined
by the ratio of the ﬁber dimensions d/L (L is rod
length, d its diameter), and by diffraction effects
in accordance with the expression

 2
d
λ2
,
+
θ2 ∼
L2 d 2
where λ is the laser radiation wavelength. The divergence can be quite modest, e.g., at a distance of
4000 km an X-ray laser illuminates a spot with a
200 m diameter. It is possible for such a device to
generate a pulse of soft X-rays at energies of about
1 keV.
The idea of creating a gamma ray laser (gaser)
requires the presence of comparatively long-lived
metastable quantum levels of the excited nuclei.
The conserved energy from the pumping action
is stored at these levels. The energy “drop” is
brought about by the excitation of transitions from
metastable levels to closely spaced upper levels
with the subsequent transition of the nucleus back
to its ground state. Additional excitation can be
carried out by electromagnetic radiation (of radio
frequency or X-ray range). Gaser is a term taken
from the American literature, it is an acronym
for the expression “Gamma-quantum Ampliﬁcation by Stimulated Emission of Radiation”, which
is similar to the rationale for the terms maser, laser
and raser.
There is a speculation that a gamma laser could
possess tremendous radiation power; e.g., using
the metastable excited state of the 57 Fe nucleus
it could generate hard electromagnetic radiation
with λ ∼ 0.1 nm. It shall be noted that a developed gamma laser would be an ampliﬁer of spontaneous radiation, but the problem of creating resonator mirrors for a true laser has yet to be solved
for both gamma radiation and X-rays.
X-RAY LUMINESCENCE
Luminescence that arises from the action of

X-rays. X-ray luminescence is usually associated
with recombination of the charge carriers created
within the material upon the absorption of X-rays.
Impurity atoms and ions, as well self-localized
carriers (usually holes), can also be luminescent
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centers. X-ray luminescence is used for the detection of X-rays, and for the visualization of
images created by X-rays. The most often used
X-ray luminophors are: CaWO4 , ZnS·CdS-Ag,
Ba3 (PO4 )2 -Eu, CsI-Na, NaI-Tl.
X-RAY MICROSCOPY

Totality of methods of investigation of the microstructure of materials with the help of X-rays.
A device for applying the methods of X-ray microscopy is called an X-ray microscope. The basic elements of the microscope are as follows:
source of X-rays (X-ray tube, generator of synchrotron radiation); system of X-ray optical elements (X-ray mirrors, diaphragms, zone plates,
etc.); image recording system (photographic ﬁlm,
ﬂuorescent screen, image transformer, device for
image processing and computer display). The image in X-ray microscopy is obtained according
to the diagram (see Fig.): S is the source of
X-radiation, O is the object, D is the image detector, CZP is condenser zone plate, MZP is microzone plate.
Depending on the method of forming the image, the following methods of X-ray microscopy
can be distinguished:
• Contact X-ray microscopy, Fig. (a), is based on
obtaining a shadow image the natural size of the
object in contact with the photographic plate.
The image reﬂects the difference in the adsorption of the X-radiation at various positions of

the object. Resolution is limited by the degree
of granularity of the photographic material, and
can reach 0.1 μm. It is used mainly for investigations of biological specimens.
• Projection X-ray microscopy, Fig. (b), is based
on image formation by a divergent beam of
X-radiation passing through the object and
emerging from the microfocus (diameter 0.1 to
1 μm) of the X-ray tube in combination with the
point diaphragm. The mechanism of image formation is the same, but due to the divergence of
the X-ray beam it is possible to achieve a signiﬁcant enlargement of the image.
• Diffraction X-ray microscopy, Fig. (c), provides
natural size images of sufﬁciently perfect crystalline samples via X-radiation diffracted by a
system of reﬂecting planes. Diffracted radiation usually carries information, not necessarily on the object itself (e.g., on a structural defect) but on its ﬁeld of long-range deformations,
which displace the diffracted beam from accurate Bragg positions, and this serves as a source
of contrast (see X-ray topography). Diffraction
X-ray microscopy is used in solid state physics
and in materials science to observe separate
structural defects, to monitor the structural perfection of the crystals, to investigate deformed
surface layers, etc.
• In reﬂection X-ray microscopy, Fig. (d), image A of the point of object A is formed by an
X-ray beam reﬂected from one or several X-ray
mirrors or concave reﬂectors operating at total

Types of X-ray microscopy: (a) contact, (b) projection, (c) diffraction, (d) reﬂection, and (e) image transmission.
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external re e ction at grazing incidence, or from
curved perfect monocrystals. Magniﬁcation of
the reﬂection X-ray microscope may reach 105 .
Its resolution strongly depends on the quality of
the mirror polishing, and in the soft X-ray region (λ = 0.4 to 40 nm) it may reach the diffraction limit; present reﬂection X-ray microscopes
have a resolution of the order of 1 μm.
• X-ray microscopy with image transmission is
based on the use of zone plates which serve for
focusing and enlargement of the image, Fig. (e).
Magniﬁcation reaches 103 , exposure time when
utilizing powerful sources is several seconds,
resolution is about 0.1 μm.
• In scanning X-ray microscopy the object is
scanned by the X-ray beam sharply focused
with the help of the condenser zone plate. The
spatial resolution, determined by the size of the
focal point, reaches about 50 nm (in principle it
may be taken down to 10 nm).

X-ray microscopy is used to supplement the
techniques of optical and electron microscopy.
Methods of X-ray microscopy allow the observation of individual defects, the investigation of surface processes, obtaining holographic images of
microobjects, etc.
X-RAY MIRROR

A device for reﬂecting and focusing X-rays.
Existing X-ray mirrors are based mainly on total
external re e ction. In the range of frequencies ω
for which the absorption of X-rays in the material
is not high the refractive index has the form n =
1 − ωp2 /(2ω2 ), where ωp is the plasma frequency
of electrons in the solid. Total external reﬂection
is observed at grazing incidence of the beams at
the mirror surface at angles θ < θc = ωp /ω. For
photons with energy from 1 to 10 keV, the angle
θc ≈ 10−2 to 10−3 rad. Therefore, the X-ray mirror, e.g., in X-ray telescopes, is made in the shape
of a ring section of an oblong conic or parabolic
surface with its axis directed to the source, and it
focuses its radiation to the detector.
Another type of X-ray mirror is a sufﬁciently
perfect crystal. When radiation at the wavelength
λ is incident at the ﬂat surface of the crystal under
diffraction conditions, then in the narrow range of
angles near the Bragg angle (see Bragg law) there
is interference ampliﬁcation of the waves scattered

by these planes, and almost the entire reﬂected part
of the incident beam emerges in the direction of
reﬂection. The focusing of radiation by such an
X-ray mirror is brought about by the uniform bend
of the crystal.
In addition to the above cases, a separated
atomic plane (two-dimensional crystal) may possess the properties of an X-ray mirror for a series
of frequencies close to the resonance frequencies
of its atoms. In this case the incident and scattered
waves are mutually extinguished, and all the energy is passed on to the reﬂected beam.
X-RAYOGRAM
See X-ray diffraction pattern.
X-RAY SCATTERING

Change in the characteristics of X-ray ﬂux (intensity, direction of propagation, frequency, polarization) during its interaction with matter. X-ray
scattering is largely independent of the state of
matter of various physical bodies, being controlled mainly by the interaction between the
X-ray photons and electrons. Incoherent X-ray
scattering by a weakly bound electron is determined by the Compton effect. The scattering amplitude f (s) for an individual atom is given by
f (s) = ρ(r) exp(−isr) dr, where s = 2π/λ is
the diffraction vector. Its value is calculated via
a Fourier-transform of the electron cloud density,
ρ(r). When the photon frequency ν is close to
the natural frequencies, ν0i corresponding to core
level (inner electron) transitions, the effects of
anomalous dispersion must be taken into account,
e.g., the dependence of the real and the imaginary
parts of f (s) on ν.
To describe X-ray scattering by solids, which
are mostly crystalline in structure, various other
factors that inﬂuence the intensity are introduced
beside f (s), such as structural, thermal, absorption, polarization, etc., types. The ﬁrst of these (see
Structure amplitude) accounts for the phase shifts
generated by various periodicities in the solid.
The thermal factor describes the effect of phonons
that weaken the diffraction maxima, their angular position, θ , being prescribed by the Bragg law:
2dhkl sin θ = λ, where dhkl is the interplanar distance.
Two principal approaches are used to account
for the intensity of X-ray scattering by crystalline
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atomic lattices. The ﬁrst or kinetic approach based
on the ﬁrst Born approximation (neglect of scattered wave amplitude) is applicable to small and
strongly perturbed crystals (see Elastic scattering
of radiation). Such an approach is used to interpret
X-ray scattering by polycrystalline targets containing structural perturbations of the ﬁrst and second kind (after Krivoglaz). To describe the effect of the latter upon the intensity of the IR (θ)
maxima a static Debye–Waller factor is introduced,
of the form exp(−W ), which varies within the
interval 0  e−W < 1 for perturbations of the
ﬁrst kind, while the corresponding factor tends to
zero for perturbations of the second kind. Defects
weaken and displace the scattering maxima, and
also result in the diffuse scattering of X-rays, its
anomalies yielding information on the nature of
the perturbations and on their spatial distribution.
The second or dynamic approach (C.G. Darwin, 1913; P.P. Ewald, 1917; M. Laue, 1925) assumes an interaction between the incident and
the reﬂected rays to form wave ﬁelds in an ideal
crystal that “adjust” to the medium periodicity
dhkl itself. In the simplest case the wave ﬁeld
represents a Bloch wave, D = D1 exp[ik0 r] +
D2 exp[−i(k0 + bh )r], where D1 and D2 are
the respective amplitudes of the incident (wave
number k0 ) and the reﬂected waves, and bh =
2π/dhkl . Two types of wave ﬁelds may form, one
of them having its crest at atomic sites, and the
other between the lattice sites. The second ﬁeld
is responsible for the Borrman effect (see Anomalous passage of X-rays) during which the absorption factor for X-rays sharply drops. The dynamical theory of X-ray scattering also explains the effect of pendulum beats of the two wave ﬁelds (see
Pendular oscillations of intensity) that serves as the
basis of the most accurate state-of-the-art techniques for determining f (s). The dynamic scattering of X-rays is extremely sensitive to weak perturbations of the medium periodicity, and is used
both to obtain images of different structures in reﬂected beams (diffraction topography), and to extract the integral characteristics of the structural
perfection of monocrystals. The theory of X-ray
scattering by perturbed crystals serves as the basis
for perfecting detailed experimental techniques for
identifying weak structural perturbations of various origins in solid bodies. It has been found that

Krivoglaz’ ideas on the effects of defects of the
ﬁrst and second kind upon X-ray scattering retain
their overall validity during dynamical scattering
as well.
X-RAY SCATTERING, SMALL-ANGLE

See Small-angle scattering of X-rays.
X-RAY SOURCES

Converters of various kinds of radiation into
the electromagnetic type in the spectral range between γ - and ultraviolet sources within the wavelength range from 10−3 to 102 nm. The principal
X-radiation source with wavelength λ ∼ 0.1 nm
for X-ray structure analysis and other solid state
physics methods is an X-ray tube. This is a highvoltage electron tube (diode or triode) where the
radiation is generated by the braking of accelerated electrons (Bremsstrahlung) in the target material (anode of the tube). In hot cathode tubes
(electron X-ray tubes) free electrons appear due to
thermionic emission; in cold cathode tubes (ionic
X-ray tubes) they appear due to eld electron emission. Depending on the anode material and the
accelerating voltage, the X-ray tubes can serve
as sources of both a continuous (“white”) and a
characteristic (discrete) X-ray spectrum. Used as
powerful continuous X-radiation sources are electron circular accelerators (synchrotrons, etc.) and
storage rings of electron accelerators. In them,
an electron with energy E moving in a circular orbit of radius R radiates a quasi-continuous
electromagnetic spectrum with the intensity maximum at the wavelength λmax ∼ R/E 3 (at E =
1 GeV, R = 0.3 m, λmax ∼ 0.07 nm). The synchrotron radiation thus obtained is polarized in
the plane of the orbit of the electron motion,
and directed along a tangent to the orbit. Radioisotope X-radiation sources use the phenomenon of K-capture radioactivity, with the characteristic lines of the element appearing as a result
of the decay of a particular radioactive nuclide
(e.g., 55 Fe).
X-ray defectoscopy uses, in addition to X-ray
tubes, linear accelerators of electrons and betatrons as sources of short-wave X-radiation.

X-RAY SPECTRUM

X-RAY SPECTROGRAPH

A device for recording emission and adsorption X-ray spectra by a light-sensitive ﬁlm or plate.
The main elements of a spectrograph are: source
of X-rays (X-ray tube); dispersing element that decomposes the radiation of the X-ray tube into a
spectrum of spread out frequencies; cassette for
the light-sensitive ﬁlm at which the spectrum is
recorded. A monocrystalline plate or diffraction
grating may serve as a dispersing element. All the
components of the spectrograph are positioned to
satisfy the requirements established by the conditions of X-ray diffraction (see Bragg law).
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counter, ﬂow-through proportional counter, scintillation counter, semiconductor counter or photocathodes with a secondary electron multiplier of
the open type or with a channel multiplier. For
the solution of special problems a synchrotron can
serve as a source of X-rays. For X-ray structure
analysis diffraction-free spectrometers are used
where X-rays of the sample are recorded directly,
and analytical lines of the spectrum are separated
by a single- or multichanneled amplitude pulse analyzer (see Fig.). See Crystal diffraction spectrometers.
X-RAY SPECTRUM

X-RAY SPECTROMETER

A device that is similar to an X-ray spectrograph but uses ionization recording of the X-ray
spectrum. A schematic diagram (see Fig.) of an
X-ray spectrometer provides the relative positions
of the basic elements (source of X-rays, dispersing
element, and detector) which satisfy the requirements of the Bragg law. The following types of
counters are commonly used as detectors: Geiger

Ray diagrams of three X-ray spectrometers: (a) focusing spectrometer with crystal-analyzer K; (b) focusing
spectrometer with diffraction grating G; (c) spectrometer
with a ﬂat crystal K and a Soller collimator (C1 and C2 ).
The symbols designate: D, detector; f , focal circumference; M, secondary electron multiplier; O, center of
circumference along which the crystal is curved, or the
center of the concave surface of the lattice; O  , center
of circle f ; P , photocathode; S, radiation source; S1
and S2 , slits.

Dependence of the intensity of X-radiation
on its wavelength (i.e. on the photon energy).
The X-ray emission spectrum appears during the
interaction of accelerated charged particles or
X-ray photons with inner electron shells of atoms.
When a charged particle decellerates in the target material there appear X-rays with a continuous
(Bremsstrahlung or braking) spectrum and with a
sharp short-wave boundary λ0 = hc/(eV ), where
e is the charge of the bombarding particle, and V is
the potential difference across the particle. The intensity of the continuous spectrum is proportional
to the energy of the particles and to the atomic
number of the target atoms, and it is inversely proportional to mass of the bombarding particles.
X-rays with a discrete characteristic spectrum
appear superimposed on the continuous Bremsstrahlung background, and arise from transitions
of atoms from an initial higher energy state Ei
to a ﬁnal lower energy state Ef . At each such
individual transition an X-ray quantum with energy hν = Ei − Ef is emitted. State Ef (corresponding to a missing electron) may be created by
a charged particle (primary spectra) or by a photon (secondary or ﬂuorescent spectra) of sufﬁcient
energy. If both states are characterized by the absence of an electron at one of the inner electron
shells of the atom, the transition leads to the appearance of the so-called internal X-ray emission
lines. The positions of these internal X-ray spectrum lines depend on the atomic number of the
target. The intensity Iif of the energy emitted by
these lines is determined by a number of factors:
by the probability of ionization Pi of ith level of
the atom, by the populations ni and vacancies nf

1496

X-RAY SPECTRUM

of levels i and f , respectively, by the probability
Pif of inducing the transition Ei → Ef , and by
the energy hν of the photon that is emitted as a result of this transition: Iif ∝ Pi ni nf Pif hν. In the
case of a massive target the intensity also depends
on the properties of the anode material, on the angle of incidence the bombarding beam at the target
surface, and on the output angle of the X-rays.
The charge of the emitting atom and the geometry of its surroundings inﬂuence the energy state
and the structure of the spectral lines. If state Ef
is characterized by the absence of an electron in
the full part of the valence band, then the transitions Ei → Ef give the so-called terminal lines
or X-ray emission bands. In their dependence on
the atomic shell in which the electron vacancy
corresponding to Ef is present the sequence of
X-ray emission lines are designated by the series K, L, M, etc., corresponding to the principal
quantum numbers n = 1, 2, 3, etc., of the ground
level from which the photoelectron is knockedout by the photon, thereby creating the abovementioned electron vacancy. The core electron
levels of atoms have symmetries that depend on
their orbital substates (1s for K; 2s and 2p for L;
3s, 3p, 3d for M, etc.). The atomic selection rules
in the emission bands of the different series inﬂuence the partial densities of states of various symmetry types. In addition, parameters of the emission bands are inﬂuenced to a considerable extent
by the character of the chemical bonds in solids.
The characteristic X-ray radiation spectrum which
appears at the bombardment of a solid by highenergy heavy ions contains information about the
distribution of the radiating atoms according to the
multiplicity of their internal ionization.
The diagram of the dependence of the spectral intensity of the continuous (near the quantum
boundary) or of the characteristic (near the excitation potential) emission spectrum on the energy
of electrons incident on the material is called the
isochromat curve of the X-ray spectrum. When
the electron beam is incident on the solid, the
long-range structure of isochromat curves in their
initial region (up to 30 to 50 eV) is determined
by the presence of empty electronic states of the
solid; the long-range structure of the isochromat
curves of the characteristic spectrum (up to 600 to
1000 eV) is determined by the conﬁgurations of
atoms of the solid.

The X-ray absorption spectrum provides the
dependence of X-ray intensity of the continuous
spectrum, after passing through the adsorber, on
its wavelength (i.e. on the photon energy). While
passing through the absorber, its atoms absorb
X-ray photons of speciﬁc energies. During this absorption process a photon, in the course of its collision with an atom, excites it to the state Ef . To
accomplish this the photon energy must fulﬁll the
condition hν > Ef − Ei . A photoelectron produced by the excitation of an atom is taken up by
the empty valence states of the solid (in compliance with selection rules), or by its crystal lattice.
The X-ray absorption spectrum may also be divided into three regions: main absorption edge,
initial region of absorption, and long-range (extended) ne structure of X-ray absorption spectrum. The energy position of the main absorption
edge (point of bending) maps the energy distance
between the maximum density of the core level
(n = 1, 2, 3, . . .) and the closest vacant states, to
which a transition is permitted by the selection
rules. The charge of the atom whose spectrum is
studied, the geometry of its nearby surroundings,
and the nature of the chemical bond in the solid
under investigation inﬂuence the position of the
main absorption edge. The structure of the initial
absorption region, which often begins at the main
edge and is spread beyond it up to a distance of
30 eV, displays the structure of vacant partial densities of states of the solid (according to the selection rules). By comparing at the common scale of
the X-ray absorption spectrum of different series
of lines it is possible to obtain the structure of the
unﬁlled part of the valence band distorted by the
probability of the transition to, and by the width of,
the internal level (and also by the resolution of the
device). The charge of the atom, whose spectrum
is studied, the geometry of its nearby surroundings, the distribution of the density of vacant states
of the solid, and the nature of its chemical bonds,
all inﬂuence the structure and position of the extrema of the initial region of adsorption. The longrange ﬁne structure of the X-ray absorption spectrum, which extends toward short wavelengths up
to the distance of 600 to 1000 eV, is determined by
the spatial distribution of the matrix of photoelectron dissipation by the atoms of the solid. From
the analysis of this spectrum it is possible to obtain some information on the atomic structure of
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the solid, and in the case of a multicomponent noncrystalline adsorber, it also depends on the geometry of the nearest neighbor surroundings of atoms
of each component separately, and on the quantity
and types of atoms in these nearby surroundings.
X-RAY SPECTRUM ANALYSIS

Totality of the physical methods of ﬁnding the
chemical composition of a material by its adsorption and emission X-ray spectra. Emission X-ray
spectrum analysis is carried out by primary and
secondary (ﬂuorescent) spectra excited by electrons, ions or X-ray photons. Qualitative X-ray
spectrum analysis is based on the detection of
characteristic lines of the elements in the emission spectrum of the material under investigation. The energies of these lines are related to the
atomic numbers of the elements by Moseley’s law
(H. Moseley, 1913–1914). The sensitivity depends
on the ionization cross-section of the atomic shell,
on the radiation ﬂuorescence yield, on the ratio of
the intensities of the analytical line and the background under it, on the chemical composition of
the material, on statistical ﬂuctuations of the intensity, and also on instrumental factors, on the
method of excitation, of recording and dispersion
of radiation to the spectrum. Quantitave emission
X-ray spectrum analysis is based on the relation
between the intensity of the analytical line of the
element A being determined IiA and its concentration within the sample C A . Depending on the
method of deﬁning the relative intensity of the line
χiA , external or internal standards can be used. In
the former case, χiA is the ratio of intensities IiA
of the analyzed and standard samples, in the second one it is ratio of the intensities IiA and IjB of
the analytical line j of element B artiﬁcially introduced into the sample with a precisely known
concentration. Element B is selected according to
the closeness of its comparison line to the analytical line of element A. In X-ray ﬂuorescent analysis the intensity of X-rays scattered by the analyzed sample is also used as an internal standard.
The dependence of χiA on C A is initially established either theoretically, or experimentally for
samples of the known composition. There are two
types of theoretical connection equations. The ﬁrst
type are based on a physical model of excitation

and adsorption of X-rays in the material. Equations of connection with fundamental parameters
are the most general type, which allow using only
pure elements as the standard. In these equations,
χiA is related to C A by a function depending on
the chemical composition of the material, and on
the parameters of its atoms (ﬂuorescence yields,
energy of lines, probabilities of emission, coefﬁcients of adsorption and scattering, etc.). The
connection equations of the second type, called
phenomenological or regression equations, are expansions of IiA in power series with coefﬁcients
determined for standard samples with compositions satisfying a so-called “diagram of orthogonal
correlations”. The connection equations are solved
on a computer by iteration.
Methods of X-ray spectral analysis with photon and electron probe spectral excitation are the
most effective and well developed. X-ray ﬂuorescent analysis is noted for its speed, accuracy (achieving the accuracy of standard chemical analysis), possibility of analyzing materials
(liquids and solid layers with a thickness more
than 10 nm) without their destruction or decomposition. The sensitivity is 10−1 to 10−3 % in the
atomic number range 9  Z  20, and 10−3 to
10−4 % in the range 20  Z  92. The thickness
of the investigated layer of the solid in its dependence on chemical composition and on analytical
line energy is 1 to 103 μm.
Electron-probe X-ray spectrum analysis allows
the determination of elements from boron to uranium with a sensitivity of 10−1 to 10−3 % for a
microvolume of material, with a size depending
on its chemical composition and the energy of the
exciting ions, of 2·10−1 to 103 μm, and also permits one to obtain the “image” of a surface layer
of the material in monochromatic X-rays, reﬂected
and absorbed electrons.
The method ﬁnds its application in investigations of the chemical composition of inclusions,
lm s, protective coatings, elements of microelectronics, in the investigation of diffusion processes,
in plotting phase diagrams, etc. In investigating
the composition of thin layers of a material with
thickness of 10−3 to 10−4 μm, X-ray spectral
analysis with ionic excitation of the spectrum has
the best sensitivity (10−4 to n·10−8 %) in the
range of atomic numbers 5  Z  92.
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Absorption X-ray spectrum analysis has low
sensitivity and therefore rather restricted possibilities for evaluating the chemical composition of
solids. In this method, the content of an element is
determined by the jump of adsorption of the continuous or characteristic spectrum in the vicinity of
the adsorption edge, or by the reduction of intensity of X-rays upon the adsorption. The relation of
the analytical signal with C A is established with
the aid of standard samples. X-ray spectrograph,
X-ray spectrometer and other devices are used in
X-ray spectral analysis. See also Microprobe X-ray
spectrum analysis.
X-RAY SPECTRUM, MICROPROBE
See Microprobe X-ray spectrum analysis.
X-RAY STRUCTURE ANALYSIS, X-ray diffraction
analysis

Main method for investigating the structure of
solids based on X-ray diffraction (M. Laue, 1912).
X-rays of a wavelength on the order of 0.1 nm, i.e.
of the order of an interatomic distance, are used
in X-ray structure analysis. An X-ray tube, or electron gun where X-rays are generated as a result of
quantum transitions in the target atoms, or from an
anode bombarded by accelerated electrons, is the
source of monochromatic characteristic X-rays.
These X-rays superimposed on a continuous spectrum (braking radiation or Bremsstrahlung) are
obtained with the help of X-ray tubes, and also of
various accelerating systems.
Synchrotron radiation, whose source is relativistic charged particles circulating in storage
rings, distinguished by high intensity and directivity, is used for X-ray structure analysis. From
the continuous spectrum of synchronous radiation, speciﬁed wavelengths are selected by singlecrystal monochromators.
Interactions of X-rays with matter consists of
adsorption, e.g., of ﬂuorescent excitation radiation, formation of Auger electrons, as well as elastic (coherent) and inelastic (incoherent or Compton) scattering. In X-ray structure analysis ordinarily the elastic scattering of X-rays by electrons is
used. The amplitude of the wave scattered by all
the electrons of an individual atom is called the
atomic form factor, and the amplitude of a wave
scattered by all the atoms in a unit cell is called

Ewald construction for X-ray structure analysis.

the geometric structure factor. The latter involves
a sum over terms for the individual atoms of the
unit cell, with the term for each atom proportional
to its respective atomic form factor (see Structure
amplitude). Geometric structure factors depend on
the type of crystal structure.
Diffraction of X-rays at the crystal lattice is
described by the Laue (see Laue conditions) and
Bragg (see Bragg law) equations. The ﬁgure shows
the Ewald construction (P. Ewald, 1916) in reciprocal space (k -space) with a circle (more generally, a sphere called the Ewald sphere) centered
at point A drawn through point O with radius
k = 2π/λ, where λ is the X-ray wavelength. When
the circle also passes through another point B of
the reciprocal lattice then there is a diffracted (reﬂected) wave in the A → B direction at the angle 2θ relative to the incident wave direction AO,
and the distance O to B is a reciprocal lattice
vector also of length 2π/λ. From the Ewald construction there follows the essence of all three basic methods of X-ray structure analysis: in the
Laue method (stationary monocrystal, continuous
spectrum) a site of the reciprocal lattice is measured out to the Ewald sphere so that the value
2π/λ varies over a wide range; in the rotating crystal method (a monocrystal rotates with respect to
axis [u, v, w], monochromatic spectrum) the site
is taken out to the sphere at particular orientations
of the reciprocal lattice with respect to the incident wave; in the Debye–Scherrer–Hull method or
powder method (polycrystal, characteristic spectrum) due to the presence of many different orientations some of the points always lie on the
Ewald sphere. The establishment of the crystal

X-RAY TUBE

structure from its diffraction pattern is the fundamental task of X-ray structure analysis. Methods for solving this problem reduce to plotting the
three-dimensional distribution of electron density
in the unit cell (Fourier synthesis), to the application of a “trial-and-error method” (minimization
of differences between measured diffraction line
intensities and those calculated from a structure
model), etc. All methods of deciphering structures
are individualized since the experiment gives only
the modulus of the structure amplitudes, with the
phase remaining indeterminate (Mössbauerography can, in principle, determine the phase). With
the help of X-ray structure analysis it is possible
to solve a large number of application problems
in solid state physics, such as those involving imperfections of the crystal, atomic vibrations, phase
transformations, textures, etc.
X-RAY TOPOGRAPHY

Method for recording images of defects in crystals via their scattered X-ray intensity distribution
in space. Radiation from the source is incident
on the crystal, it undergoes Bragg scattering, and
the intensity distribution is recorded on a photographic ﬁlm (or photographic plate). Defects cause
a local variation of the lattice parameter, distortion and deﬂection of the crystallographic planes
which are deviated from their proper Bragg reﬂection positions, leading to large local variations
in the X-ray intensity distribution. As the angular area of the Bragg scattering is small, small deformations of the crystal may cause large variations of Bragg reﬂections. This allows observation
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of the conformation of individual dislocations (at
densities up to 106 cm−2 ), nonuniformities in the
distribution of interstitial atoms, scratches, mosaic
and domain structures of crystals, and other defects. Using different reﬂections, it is possible to
obtain different projections, which permits a reliable determination of the geometrical characteristics of defects. Compared to electronic transmission microscopy the methods of X-ray topography
have less resolution, but they have an advantage
of applicability to the investigation of large crystals. X-ray topography is used for investigating
dislocation dynamics, for nondestructive monitoring of the structural perfection of monocrystals,
for investigation of the mechanism of plastic deformation, of aging, and of other such processes.
See also Microprobe X-ray defect structure analysis, Microradiography, Dislocation contrast.
X-RAY TUBE

A device for generating X-radiation. The simplest X-ray tube consists of a sealed glass or
ceramic container with gas pressure of 10−3 to
10−4 Pa, with cathode and anode units ﬁxed
within it at some distance from each other. The
generation of X-radiation is achieved by bombardment of the anode with the electron beam emitted by the cathode, and accelerated by the electric
ﬁeld that is applied between the two electrodes.
The structural features of the X-ray tube depend
on their application: for X-ray defectoscopy apparatus, for X-ray structure analysis instruments, for
X-ray spectrum analysis apparatus.
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YIELD CUSP

A property of solids deformed plastically or
viscously under the action of stress. This is the
condition for the initiation of ﬂow in a solid. Yield
is determined by a closed surface f (σij ) = 0 in
the six-dimensional space of the components of
the stress tensor σij , each point of which represents a certain state of stress. There are elastic
strains inside this surface (see Elasticity); and at
the surface itself plastic deformations take place.
An analytical contour of the onset of yield is plotted on the basis of one of three hypotheses: the
hypothesis of the initial tangent stress; the hypothesis of the most reduced stress; and the hypothesis of the “energetic” condition at the onset of
plasticity. The yield elements in crystalline materials are represented by crystallographic slip planes
with a certain slip direction, referred to as slip systems. If one considers the entire complex of yield
onset for body-centered cubic monocrystals with
slip systems {110}111 or {112}111 for certain orientations using the superposition of contours, and one supposes that the original slip system ceases its action when hardening, and another
system then starts to act, such a consideration predicts the presence of the “easy” deformation orientations {001}110 in the slip system {110}110.
This orientation is unique; for then the contour of
yield onset is the only possible one since the traces
of the yield surface intersect only once. There is
no “easy” deformation orientation under action of
slip systems of the kind {112}111. These considerations are supported by experiment.
In amorphous metals and metallic alloys, the
slip elements act either at the scale of cluster units
or in the macroscopic bulk of the sample, involving so-called excessive free volume in the yield
process (see Plastic deformation of covalent crystals).

Abrupt increase of ﬂow stress at the initial
stage of plastic deformation during the mechanical testing of materials, followed by an abrupt decrease of the ﬂow stress. A yield cusp appears
on a deformation diagram as a maximum (upper
yield limit) at the initial stage of deformation. This
change of ﬂow stress may be related to the pinning
of dislocations arising from interactions between
dislocations and impurity atoms. In this case, the
upper yield limit corresponds to the stress needed
to detach dislocations from impurity distributions.
Later on, with an increase of the density of mobile
dislocations, the ﬂow stress decreases to its lower
yield limit value. More generally, the phenomenon
of yield cusp is explainable in terms of the dynamics of the motion and the increase of dislocations.
The appearance of a yield cusp is a consequence
of the rapid increase of the rate of plastic deformation (by virtue of the intensive pile-up of dislocations at a low initial dislocation density) up to
values which exceed the rate of the testing device.
The generation of a yield cusp is facilitated by a
low initial dislocation density, their high aggregation rate, and the strong dependence between this
rate and the applied stress. The initial section of a
deformation diagram with yield cusp may be calculated theoretically within the context of available dislocation models of plastic deformation.
YIELD LIMIT, yield point

Stress at which irreversible plastic deformation
starts to develop, caused by the breakup and movement of crystalline structure defects, dislocations
and disclinations, in crystalline materials, and of
the free volume in amorphous solids (see Plastic deformation of amorphous metallic alloys). In
materials which exhibit a cusp in their deformation diagram (the yield cusp) both an upper yield
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YIELD LIMIT ANOMALY

limit and a lower yield limit are observed. The upper yield limit (maximum on the initial stage of a
deformation diagram) corresponds to the stress at
which the velocity of plastic deformation equals
the velocity of the testing machine, and then for
higher stresses exceeds it (e.g., due to a sharp
increase of the mobile dislocation density). The
lower (or physical) yield limit (minimum on the
deformation diagram) corresponds to the stress at
which the velocity of the sample plastic deformation and the velocity of the testing machine
coincide, and the deformation may develop for
some time at a constant stress, corresponding to a
plateau of yield on the deformation diagram. The
notion of a conditional yield limit σε , which corresponds to the stress at which plastic deformation achieves some ﬁxed value ε expressed in %,
is widely used in several ﬁelds of engineering. For
instance, σ0.2 corresponds to the stress at which
plastic deformation is 0.2%.
YIELD LIMIT ANOMALY
See Low-temperature yield limit anomalies.
YIELD POINT
See Yield limit.
YOUNG’S MODULUS, modulus of elongation
(T. Young, 1807)
In the linear elasticity theory of isotropic solids,
the ratio E of stress P (force per unit area) to strain

L/L along the axis of loading of a rod or other
regular solid of length L is called Young’s modulus: E = P L/ L. Young’s modulus is a function
of the elasticity moduli (elastic stiffness constants)
cij of the material, and for a cubic crystal we have
E=

(c11 − c12 )(c11 + 2c12 )
.
c11 + c12

This can be expressed in terms of the bulk modulus
K = (c11 + 2c12 )/3 and the shear modulus μ =
(c11 − c12 )/2 as follows:
E=

9Kμ
.
3K + μ

E is measured in pascals (newtons per square meter), and some representative values are: Al, E =
70 GPa, W, 360; Fe, 210; Cu, 110; cast iron, 120;
brass, 91; steel, 200; and quartz, 54. These values

are only approximate since they depend on the purity and the pretreatment of the sample.
YOUNG’S MODULUS MAGNETIC EFFECT
( E -effect)

Variation of Young’s modulus E under the inﬂuence of an applied magnetic ﬁeld in ferromagnetic materials (see Ferromagnet). In the absence
of external mechanical stress and of a magnetic
ﬁeld, the direction of the inherent magnetization
depends on the energy of the magnetic anisotropy
and corresponds to the directions of easy magnetization 100. The application of an external
stress σ by itself which can be static (measuring E in stretching experiments) or dynamic (as
in method of internal friction) inﬂuences the position of the magnetization vector. The dimensions of a solid in this case, besides the variation
of a purely elastic origin ( l el ), will change due
to the magnetostriction expansion lM caused by
the variation of the orientation of the magnetization vector. Upon application of a strong magnetic
ﬁeld (state of saturation) the probability of changing the orientation of domains by a weak stress
is excluded. When E is determined as a difference between the modulus E in the saturated
state E s ∝ σ/ l el and the modulus in the demagnetized state E0 ∝ σ/( l el + l M ), the variation
E is positive and may reach about 20%. If σ
preferably causes the motion of 90-degree magnetic domain walls (the case of high anisotropy energy and low internal stresses, e.g., a crystal of the
nickel type):
E
3 χ0 λ2100 E s
=
,
E0
5
J s2
where χ0 is the initial magnetic susceptibility and
λ100 is the magnetostriction constant for saturation in the direction 100. To determine the
shear modulus from tests on rod twisting, the corresponding variation of the shear modulus is observed ( G-effect). Dynamic tests at low frequencies detect an E variation associated with relaxation due to microvortex currents, and this may
give some contribution to E.
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YTTERBIUM, Yb

Chemical element of Group III of the periodic system with atomic number 70 and atomic
mass 173.04; it belongs to lanthanides. Natural ytterbium consists of 7 stable isotopes with mass
numbers 168, 170 to 174 and 176, among which
174 Yb (31.84%) is the most abundant and 168 Yb
(0.135%) is the least common. Electronic conﬁguration of outer shells is 4f 14 5d 0 6s 2 . Successive ionization energies are 6.254, 12.17, 25.5 eV.
Atomic radius is 0.193 nm. Oxidation state is +3,
more rarely +2. Electronegativity is 1.2.
In the free form, ytterbium is a soft plastic silvery-white metal. The face-centered cubic crystal lattice of α-Yb with parameter a =
0.5483 nm at 1070 K transforms into β-Yb with
a body-centered cubic lattice with parameter a =
0.444 nm. Density of α-Yb is 6.96 g/cm3 ;
T melting = 1094 K; T boiling = 1484 K; heat of
melting 7.66 kJ/mole; heat of sublimation 144.1
kJ/mole; heat of evaporation is 130.3 kJ/mole;
speciﬁc heat cp = 26.8 J·mole−1 ·K−1 ; Debye
temperature is 118 K. Electrical resistivity is
0.27 μ·m (at 298 K); temperature coefﬁcient of
electrical resistance is 1.3·10−3 K−1 . Ytterbium
is a paramagnet with magnetic susceptibility χ =
0.41·10−9 . Hall constant is +377·10−10 m3 /C.
Temperature coefﬁcient of linear expansion is
29.9·10−6 K−1 (298 to 973 K). Brinell hardness is 196 MPa, modulus of normal elasticity is
17.8 GPa; shear modulus is 6.97 GPa.
Metallic ytterbium is used as a getter in electronic vacuum devices. It is used as an additive to
special alloys and ﬁreproof materials. Additions of
ytterbium serve as activators in luminophors and
crystal phosphors.
YTTRIUM, Y

Chemical element of Group III of the periodic system with atomic number 39 and atomic
mass 88.906; it belongs to the second transition
series elements. Natural yttrium has one stable isotope 89 Y. Outer shell electronic conﬁguration is
4d 1 5s 2 . Successive ionization energies are 6.217,
12.24, 20.52 eV. Atomic radius is 0.181; radius of
Y+3 ion is 0.092 nm. Oxidation state is +3. Electronegativity is 1.20.
In a free form, yttrium is a silvery-white
metal. It has two allotropic modiﬁcations: α-Y

and β-Y. α-Y with hexagonal close-packed lattice is stable, its parameters: a = 0.36451 nm,
c = 0.57305 nm at 298 K, space group P 63 /mmc
4 ). At a temperature above 1760 K it trans(D6h
forms into β-Y with body-centered cubic lattice
with parameter a = 0.411 nm, space group I m3m
(Oh9 ). Density of α-Y is 4.469 g/cm3 (293 K);
T melting = 1800 K; T boiling = 3595 K. Binding
energy is 4.387 eV/atom at 0 K. Heat of melting is
10.1 kJ/mole; heat of evaporation is 335 kJ/mole;
speciﬁc heat is 0.299 kJ·kg−1 ·K−1 ; Debye temperature is 256 K. Linear thermal expansion coefﬁcient of monocrystal is 19.2·10−6 K−1 along the
principal crystallographic axis 6 and 4.6·10−6 K−1
perpendicular to it at 300 K; coefﬁcient of heat
conductivity is 14.7 W·m−1 ·K−1 at room temperature. Adiabatic coefﬁcients of elastic rigidity
of α-Y monocrystal: c11 = 79.51, c12 = 30.58,
c13 = 29.07, c33 = 78.70, c44 = 25.13 GPa at
300 K; bulk modulus is 41.3 GPa at 275 K,
Young’s modulus is 64.1 GPa (at 275 K), shear
modulus 25.8 GPa (at 275 K), Poisson ratio is
0.241 (at 275 K); ultimate strength is 0.309 GPa,
yield limit is 0.172 GPa; relative elongation is
35%. Brinell hardness is 400 MPa, Vickers hardness is 38 in HV units. Thermal neutron capture
cross-section is 1.31 barn. Linear low-temperature
electronic heat capacity (Sommerfeld coefﬁcient)
is 10.23 mJ·mole−1 ·K−2 ; electric resistivity of
α-Y is 350 n·m along the principal axis 6 and
720 n·m1 perpendicular to it (at 298 K). Hall
constant is −7.7·10−11 m3 /C at room temperature; polycrystal work function is 3.07 eV; superconducting transition temperature at the pressure
16 GPa is 2.7 K; molar magnetic susceptibility of
yttrium is +184·10−6 CGS units along the principal axis 6, and +196·10−6 CGS units perpendicular to it at room temperature; nuclear magnetic
moment of 89 Y isotope is 0.137 nuclear magnetons.
Yttrium is used as a structural material in the
nuclear industry. Additions of yttrium to aluminum
alloys increase their strength, addition to vanadium improves its plasticity. Yttrium is one of the
components of luminophors. Yttrium ferrites are
used in radio electronics. Many compounds of
yttrium are laser materials. The layered cuprate
YBa2 Cu3 O7 was the ﬁrst compound to go super-
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YTTRIUM–ALUMINUM GARNET

conducting (1987) above the temperature 77 K of
liquid nitrogen (T c = 95 K, see High-temperature
superconductivity).
YTTRIUM–ALUMINUM GARNET, Y3 Al5 O12
It is structurally a garnet, with cubic space
group I a 3̄d (Oh10 ); the unit cell contains eight for-

mula units, i.e. 160 ions. The Y3+ ions are coordinated with eight oxygen atoms and occupy Wyckoff position c, the Al3+ ions are located at positions a and d with octahedral and tetrahedral
coordination, respectively; oxygen ions occupy
general position h with no site symmetry. Yttrium–
aluminum garnet crystals have the following phys-

ical parameters: Tmelting = 2200 K; thermal conductivity 0.11 to 0.14 W·cm−1 ·K−1 , heat capacity
0.145 cal·g−1 ·K−1 ; density is 4.55 g/cm3 , Mohs
hardness is 8.5; speed of sound is 8.56·105 cm/s
along [001]l , dielectric constant ε0 = 11.7
(ε∞ = 3.5); optical transparency is 0.2 to 6 μm.
Yttrium–aluminum garnet is used as a laser material. For this purpose small amounts of the ions
Nd3+ , Cr3+ , Tb3+ , Ho3+ , Yb3+ , Er3+ are introduced into the garnet crystals during their growth
by the Czochralsky method, the most common being Nd3+ which yields pink-violet crystals with
the coherent radiation wavelength 1.06 μm. See
also Active solid-state laser materials.

Zz
ing. The Zeeman effect of the remaining degenerate levels also becomes anisotropic, and is described by an effective spin S, such that the degeneracy equals 2S + 1, and by the Hamiltonian
H = gij μB Bi S j , with the symmetric g-tensor
(gij = gj i ) introduced. In the case of cubic symmetry, the g-factor is isotropic.
In some cases, for degenerate levels, the value
μJ → 0 in the limit B → 0 (as occurs, e.g., with
B⊥J , when the J direction is ﬁxed by an axial crystal e ld in uniaxial crystals). As a result,
the Zeeman effect can be quadratic (∝B 2 for ions
with even numbers of electrons) or cubic (∝B 3 for
ions with odd numbers of electrons) in B. This effect resembles the nuclear Zeeman pseudoeffect,
where the spin splitting of neutrons moving in a

ZEEMAN EFFECT (P. Zeeman, 1896)

Splitting of energy levels in an external magnetic ﬁeld B that removes orbital and spin degeneracies by the quantized projection of the system
magnetic moment μ associated with the total angular momentum J = L + S along the magnetic
ﬁeld direction, where L and S are the total orbital and spin angular momenta, respectively, in
the units of . In the magnetic ﬁeld B the system
acquires the Zeeman energy E = −μJ B, where
μJ = −gJ μB MJ is the projection of μ along the
B direction; gJ is the dimensionless g-factor of
the system; μB is the Bohr magneton; and MJ
is the projection of J along the B direction. For
a system of electrons in an atom or ion with levels described in the Russell–Saunders or LS coupling approximation, the magnetic moment is the
vector sum of the system total spin magnetic moment μS = −gS μB S and its orbital magnetic moment μL = −gL μB L, where the g-factors of the
free electron spin and of its orbital moment are
gS = 2.00232, gL = 1. Since gS = gL , the direction of the resultant angular momentum of the
electrons J = L + S does not coincide with that of
the total magnetic moment μ = μL + μS . In this
case,

gJ = J (J + 1)(gL + gS )

+ L(L + 1) − S(S + 1) (gL − gS )
× 2J (J + 1)

−1

.

Assuming gS = 2, gL = 1, this formula reduces to
the well-known expression for the Landé
g -factor. In solids, the anisotropic interaction of an
impurity atom (ion) with its environment may partially cancel the degeneracy along the J direction.
The orbital motion L can quantize along the crystalline electric ﬁelds, which partially or totally uncouple L from S, a phenomenon called quench-

Magnetic ﬁeld dependence of the giant spin splitting
Γ6 –Γ8 of exciton reﬂection spectra in Cd0.95 Mn0.05 Te,
observed for σ + , σ − and π light polarizations at the
temperature 1.97 K.
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ZEEMAN EFFECT, NUCLEAR

crystal is ampliﬁed owing to nuclear interactions
with spin-polarized crystal nuclei in the magnetic
ﬁeld.
Internal ﬁelds can also appear in solids, and
when they are added to the applied ﬁeld B which
has created them, they inﬂuence the Zeeman effect. This inﬂuence is particularly pronounced
when excitons are present in semimagnetic semiconductors. In this case the strong exchange interaction of charge carriers with the ensemble of
magnetic ions can be described in the approximation of an average molecular eld that is proportional to the sample magnetization. The latter is
created by the ﬁeld B, while the Zeeman effect
of energy bands is displayed as a giant spin split2 (see ﬁgting with the effective g-factor g eff
ure). The Zeeman effect can be observed both by
the splitting of light absorption and luminescence
spectral lines, and by various magnetic resonance
methods.
ZEEMAN EFFECT, NUCLEAR
See Nuclear Zeeman effect.
ZENER MODEL of ferromagnetism of transition
metals

A model initially suggested by C. Zener (1951)
as an explanation of the connection between the
ferromagnetism and electrical conductivity of transition metal oxides with intermediate valence. It
was assumed within the framework of the model
that the substitution, e.g., of Ca2+ for La3+ in
LaMnO3 , results in the appearance of the Mn4+
ion instead of Mn3+ which can capture an electron
from one of the adjacent Mn3+ ions. The repeated
hopping motion of this electron interchange determines the ﬁnite conductivity of the sample. It
also gives rise to the ferromagnetic ordering of the
spins of the electrons belonging to atoms at crystal lattice sites. The reason is that, according to
Hund’s rule, the spin of an atom in its ground state
should have a maximum value. To meet this condition during the passage of an electron from atom to
atom, the spins of these atoms and of the hopping
electron should be aligned. The electron moving
from ion to ion is referred to as a Zener electron.
D.M. Edwards (1970) proposed a modiﬁed
Zener model for explaining the ferromagnetism of
transition metals with a lattice structure of identical atoms, some of them containing x d-electrons,

and the remainder having x + 1, where 1  x  4.
For a more than half full conduction band we have
5  x  8, and the same reasoning can be applied
to holes (see Band theory). This approach is applicable to the case of more than one d-electron
per atom. The modiﬁed Zener model is a generalization of the Hubbard model, and the s–d exchange Shubin–Vonsovsky model (see Ferromagnetism of metals and alloys). L.C. Bartel (1973)
calculated the spectrum of magnetic excitations in
the random phase approximation within the Zener
model, and showed that, in contrast to the oneband Hubbard model, the spectrum contains an additional spin wave optical branch.
The Zener model and related theories became
very popular with the discovery of colossal magnetoresistance in the 1990s.
ZENER RELAXATION (C. Zener, 1947)
A relaxation peak (see Relaxation) on plots
of the temperature dependence of internal friction in substitutional alloys, originally observed in
α-brass monocrystals. The theory of the Zener

effect is based on a model of the reorientation
of pairs of nearest neighbor substitutional atoms.
Elastic distortion ﬁelds in face-centered and bodycentered cubic crystals have symmetries other than
spherical, which provide an energy stimulus for
orienting the atom pairs in the ﬁeld of external
stresses. The mechanism of the Zener peak in substitutional alloys is similar to that of the Snoek
peak in interstitial alloys. The effect is anisotropic
and depends on the substitutional element concentration c (∝c2 ), and on the temperature T (i.e.
∝(T − Tc )−1 ), where Tc is the ordering temperature. It is used to study parameters of diffusion,
substitution, vacancies, and aging (see Alloy aging), as well as the establishment of long-range order in alloys (see Long-range and short-range order).
ZEOLITES (fr. Gr. ζ εω , to boil, and λιϑoς , stone)
Natural and synthetic porous crystals (hydrated
aluminosilicates) with developed internal surfaces,

which reach surface areas of 500 to 700 m2 /g.
The structure of zeolites is permeated by a threedimensional network of channels, often of complex conﬁguration. The diameters of channels
in various individual zeolites are ﬁxed, ranging

ZERO-FIELD MAGNETIC RESONANCE

from 0.3 to 1 nm, allowing adsorption of different molecular substances, which in natural zeolites is usually water. The chemical composition of zeolites is given by the general formula
Mn Aln Sim O2(n+m) ·lH2 O, where M is an alkali
or alkaline-earth element. In synthetic zeolites the
replacement of Al by Ga or B, and also of Si
by Ge or P is possible. Silicalites are known;
they are pure or almost pure silicon zeolites (with
n = 0), with some resemblence to crystalline,
highly porous SiO2 . Silicates are hydrophobic (see
Lyophilic and lyophobic behavior); they are used
as catalysts for the production of synthetic fuels. More generally, zeolites are used as molecular sieves. Zeolites are colorless crystals with
sizes of several millimeters (natural ones) or of
several micrometers (synthetic ones). Density is
1.8 to 2.3 g/cm3 , thermal expansion is similar
to quartz. Mohs hardness of natural zeolites is 4
to 6, refractive index is 1.47 to 1.52. In industrial
applications zeolites are granulated with a bonding agent. The bulk density of granules is 0.5 to
0.8 g/cm3 , in the dehydrated state the speci c
heat is 0.83 to 1.0 J·g−1 ·K−1 , thermal conductivity is 2.1 W·m−1 ·K−1 . Upon mild heating (150 to
350 ◦ C) zeolites give off water without disturbing
their structure. Heating at 400 to 1000 ◦ C disintegrates the structure.
The large surface of zeolites allows one to investigate the macroscopic physical parameters of
adsorbed lm s, e.g., the speciﬁc heat. In particular,
adsorbed 4 He, 3 He, H2 , CH4 , H2 O and other substances have been investigated in zeolites of various structures. Phase transitions were observed,
which were interpreted as melting (freezing) of the
adsorbate. As a rule, the transition takes place at
lower temperatures compared to the case of these
free substances. Structural investigations by diffraction methods show that at low temperatures the
“solid” adsorbed phase is incommensurate with
the substrate, i.e. there is no epitaxy. At temperatures above Tmelting of the adsorbate the molecular mobility takes place by diffusional jumps
between minima of the interaction potential “adsorbed molecule–zeolite surface”. Intermolecular
interactions at high densities of adsorbate ﬁlling
lead to a noticeable smearing of the diffraction
minima, which is clear from the diminished intensity of diffraction lines associated with the adsorbed phase. In contrast to this the diffractograms
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of some hydrated zeolites appear almost the same
as those of dehydrated ones. These experimental
results help to clarify the nature of the phase transitions in zeolites that are associated with incommensurability, i.e. the transition from dynamic disordering of the adsorbate above Tmelting to static
disordering below Tmelting . Zeolites are used as
catalysts, as components of detergents, as ionites
(ion exchangers), and as ﬁllers.
ZERO-FIELD ENERGY LEVEL SPLITTING

Energy level splitings of paramagnetic ions
(nuclei) in the absence of an external magnetic
ﬁeld. The magnitude of the zero ﬁeld splitting
depends on the local symmetry group, interaction
with the crystalline electric ﬁeld, the spin–orbit interaction, hyper ne interactions, and exchange interactions with other ions. As for atomic nuclei,
their zero ﬁeld splitting results from interactions
of their electric quadrupole moments with electric eld gradients (see Nuclear quadrupole interaction). For example, the ﬁvefold orbitally degenerate d-electron level splits into a doublet and a
triplet in a cubic crystal e ld and into ﬁve singlets in a rhombic ﬁeld. To estimate the sequence
of terms in d n , f n -conﬁgurations Tanabe–Sugano
diagrams are used. The splitting of the initial levels is measured using zero- eld magnetic resonance, paramagnetic resonance, nuclear quadrupole resonance, nuclear gamma ray resonance
(see Mössbauer effect), and optical techniques. It
is described by a generalized spin Hamiltonian, and
by the parameters of the crystal ﬁeld.
ZERO-FIELD MAGNETIC RESONANCE

A microwave or radio frequency (RF) power
absorption by a system of paramagnetic centers
(ions, nuclei) in the absence of an external constant applied magnetic ﬁeld B. When B = 0,
the energy level splitting is caused by the interaction of the total angular momentum J of the
center with the crystal ﬁeld ( n e structure), by
hyper ne interactions (A), exchange interactions
and quadrupole interactions (Q). The resonance is
detected by sweeping the microwave or RF frequency. To obtain an undistorted recording of the
line shape, a modulation is applied in the form
of turning the magnetic ﬁeld on/off with an amplitude 1–20 mT at low switching frequencies
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ZERO-PHONON SPECTRAL LINE

(1–10 kHz). Zero-ﬁeld magnetic resonance includes observations of the electron paramagnetic
resonance (EPR) of intrinsic and impurity centers with electronic spin S  1 at B = 0, nuclear
quadrupole resonance, and optical detection of
magnetic resonance. The advantages of zero-ﬁeld
are the improved accuracy of determination of the
zero ﬁeld splitting constants D and E (elimination of B-dependent line broadening and crystal
orientation dependence), an opportunity to work
with powders rather than crystals; the simplicity
of the spectra, ease of spectral processing; and coincidence of lines of magnetically nonequivalent
centers. The disadvantages of this method are the
lack of information on the symmetry and the orientation of the center axes, and on the individual
components of the crystalline ﬁeld and the A-, D-,
and Q-tensors.
ZERO-PHONON SPECTRAL LINE
See Phononless spectral line.
ZERO-POINT VIBRATIONS of a crystal lattice
Vibrations of the atoms of a crystal which are

characteristic of its state at T = 0 K. Zero-point
vibrations are a purely quantum effect related to
the fact that the energy of the ground state of a harmonic oscillator differs from zero. A characteristic
of zero-point vibrations is the mean square of the
atomic displacement amplitude u2 , which in the
harmonic approximation for a monatomic crystal is
given by
u2  =

  1
,
2MN
ωα (k)
k,α

where M is the atomic mass, N is the number
of atoms in the crystal, ωα (k) is the phonon frequency for the αth branch, and the wave vector is
k. The value of u2 1/2 in an ordinary (classical)
crystal is signiﬁcantly smaller than its lattice constant, while in quantum crystals (such as H or He)
the value of u2 1/2 may reach 30% of the lattice
constant. The de Boer parameter is a measure of
the quantum nature of a crystal.
ZERO SPIN OSCILLATIONS

Quantum contribution to the ground state energy of a spin system undergoing low amplitude

oscillations about its classical equilibrium positions. Zero spin oscillations take place when the
system symmetry is lowered (e.g., due to the magnetic dipole interaction) so no component of the total spin is conserved. Like zero-point vibrations of
an oscillator, zero spin oscillations result from the
uncertainty relation. Unlike the oscillator, the zero
spin oscillation energy is negative, i.e. the quantum effects lower the ground state energy. The
corresponding contribution to the magnetization is
also negative, i.e. the latter remains lower than its
nominal value for any external magnetic ﬁeld amplitude due to the zero spin oscillations.
ZIMAN–FABER THEORY (J. Ziman, 1961;
T.E. Faber, 1965)
Theory of electronic properties of liquid metals whereby their electronic structure is described
by the nearly-free electron approximation with a
spherically symmetric Fermi surface. The electron

scattering by the pseudopotentials of atoms (see
Pseudopotential method) is considered as weak,
and the Born approximation is applicable. The resistivity ρ is described by the expression
ρ=

3π

2kF

e2 vF2 Ω
0

|v(q)|2 S(q)q 3 dq
4kF4

,

where v(q) is the Fourier transform of the atom
pseudopotential, Ω is the system volume, and
S(q) is the structure factor

1
2
1 + eiqR P (R) d3 x,
S(q) =
N
where P (R) is the pair distribution function. In binary alloys, the quantity |v(q)|2 S(q) in the integrand of the above equation is replaced by its average value:

2
|v(q)|2 S(q) = c1 v1 (q) c2 + c1 S11 (q)

2
+ c2 v2 (q) c1 + c2 S22 (q)


+ c1 c2 v1∗ (q)v2 (q) + v1 (q)v2∗ (q)


× S12 (q) − 1 ,
where ci and vi (q) are the concentration and potential of the ith component, and Sij (q) is the partial atomic factor for the i–j pair. R. Evans has

ZINC

improved the Ziman theory by replacing v(q) with
the t -matrix:
vj (q) → tj (q)
2π3
m(2mEF )1/2 Ω

j
×
(2l + 1) sin ηl (EF )

= −

l
j

× exp iηl (EF ) Pl (cos θ),
j

where ηl (EF ) is the phase shift for scattering with
the angular momentum l, calculated at the Fermi
energy EF . With this replacement the expressions
for ρ and S(q) become applicable for the description of scattering processes with strong interactions in liquid transition metals and alloys. According to Ziman, the temperature dependence of
the resistivity is determined by the structure factor
S(q). For instance, the temperature factor of resistance depends on the position of 2kF relative to
qp , and the position of the main peak of the structure factor S(q). With increasing temperature the
structure factor peak broadens, and all S(q) values
near qp grow smaller. If the alloy is characterized
by the value 2kF ≈ qp , then its temperature coefﬁcient of resistance is expected to be negative.
On the other hand, if the value 2kF is far from
qp then all S(q) values increase, and the temperature coefﬁcient of resistance should be positive.
Thus the Ziman–Faber theory makes it possible to
explain the electrical resistance behavior of liquid
and amorphous metals and metallic alloys, namely
the temperature dependence of the resistance, the
origin of its negative temperature coefﬁcient, and
the continuity of the variation in electrical resistance at the transition from the liquid to the amorphous state.
ZINC, Zn

A chemical element of Group II of the periodic
system with atomic number 30 and atomic mass
65.39. There are 5 stable isotopes: 64 Zn (48.6%),
66 Zn (27.9%), 67 Zn (4.1%), 68 Zn (18.8%) and
70 Zn (0.6%). Outer shell electronic conﬁguration
is 3d 10 4s 2 , ionization energies are 9.391, 17.96,
39.70 eV. Atomic radius is 0.134 nm; radius of
Zn2+ ion is 0.074 nm. Oxidation state is +2. Electronegativity is ∼1.60.
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Zinc is a bluish-white metal. It has a hexagonal close-packed lattice, space group P 63 /mmc
4 ), a = 0.26649 nm, c = 0.49469 nm (at
(D6h
298 K). Density is 7.131 g/cm3 (at 298 K);
density of liquid zinc is 6.66 g/cm3 .
Tmelting = 692.73 K, Tboiling = 1180 K. Binding energy is −1.35 eV/atom at 0 K. Heat of
melting is 7.29 kJ/mole, heat of sublimation
is 131.43 kJ/mole, heat of evaporation is
115 kJ/mole, speciﬁc heat is 461 J·kg−1 ·K−1 (at
693 K, constant pressure), Debye temperature is
∼327 K. Linear thermal expansion coefﬁcient of
monocrystal is 63.5·10−6 K−1 along the principal axis 6 and 13.2·10−6 K−1 perpendicularly
to this axis at 300 K, and at 60 K, respectively,
we have 55·10−6 K−1 and 2·10−6 K−1 . Coefﬁcient of thermal conductivity is 111 W·m−1 ·K−1
(at 293 K). Adiabatic elastic moduli of zinc
monocrystal: c11 = 163.68, c12 = 36.4,
c13 = 53.0, c33 = 63.47, c44 = 38.79 (in GPa)
at 295 K; bulk modulus is 68.8 to 72.5 GPa,
Young’s modulus is ∼114 GPa; shear modulus is
∼46 GPa; Poisson ratio is ∼0.23 (at 298 K); tensile strength is ∼0.22 GPa, relative elongation is
∼45%. Brinell hardness is ∼0.44 GPa; yield limit
of common zinc is 0.00039 GPa, and of thread-like
crystal (“whisker”) it is 0.38 GPa. Zinc of high purity (99.999%) is plastic and can easily be drawn
to a thin wire. Zinc of 99.9% purity in the cold
state is brittle, and at 370 to 420 K it is plastic and
may be easily rolled to sheets and foil with a thickness hundredths of a millimeter. With increasing
temperature within the range 470 to 520 K, zinc
becomes brittle again and transforms to a powder.
The recrystallization temperature is 293 K. Selfdiffusion coefﬁcient is 2.50·10−14 m2 /s along the
principal axis 6 and 1.29·10−14 m2 /s perpendicularly to this axis at 554 K. Ion-plasma frequency is 13.34 THz, linear low-temperature electronic speciﬁc heat (Sommerfeld coefﬁcient) is
∼0.62 mJ·mole−1 ·K−2 . Electrical resistivity of
zinc monocrystal is 55.8 n·m along the principal axis 6 and 53.8 n·m perpendicular to this
axis, temperature coefﬁcient of electrical resistance is 0.00414 K−1 along the principal axis 6
and 0.00406 K−1 perpendicular to this axis (at
room temperature and normal pressure), Hall constant is +2.7·10−11 m3 /C (+14.4·10−11 m3 /C
for external magnetic ﬁeld applied along principal
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axis 6 at room temperature); coefﬁcient of the absolute thermal electromotive force is +0.4 μV/C
along the principal axis 6 and +2.1 μV/C perpendicular to this axis. Coefﬁcient of reﬂection of
the optical waves of wavelength 5.0 μm is 97.9%.
Work function of zinc polycrystal is 4.24 eV. Superconducting transition temperature is 0.850 K;
critical magnetic ﬁeld is 5.4 mT (at 0 K). Zinc
is diamagnetic with molar magnetic susceptibility
−11.4·10−6 CGS units at 300 K (value along principal axis 6 is 1.4 times higher than in perpendicular direction); nuclear magnetic moment of 67 Zn
isotope is 0.874 nuclear magnetons. Thermal neutron capture cross-section is 1.1 barn.
Zinc is used for corrosion protection (see Zinc
plating), for the production of many alloys, e.g.,
with copper (brass, see Copper alloys). Zinc compounds are used for the preparation of paints, of
electrodes in chemical current sources, etc.
ZINC PLATING

Application of layer of zinc at the surface of
metallic (mainly steel and cast iron) products to
protect them from corrosion. The thickness of the
layer is often 20 to 40 μm. Hot, electrolytic, and
diffusion methods of zinc plating are used, and
also zinc plating by metallization. Hot zinc plating is the most widespread, when the products
are submerged into the tank with molten zinc at
∼723 K. Electrolytic zinc plating is carried out in
acid or alkali electrolytes. Diffusion zinc plating
is performed by the vapor-phase method at 573
to 1123 K; the coating formed in this case is an
iron–zinc alloy. Metallization is accomplished using special guns provided with devices for melting the metal and spraying it along the surface of
the product being treated. See also Chemical heat
treatment.
ZINTL PHASES (after German scientist E. Zintl,
1931)

Compounds with the AB formula, where component A is always an alkali metal (Li or Na).
When the atomic radii of the components have
the ratio RA /RB < 1, the BCC CsCl-type crystal
structure appears, and when RA /RB > 1, then, as
a rule, the structure is the FCC NaCl-type. The homogeneity regions of Zintl phases in double crystal systems are extremely narrow.

ZIRCONIUM, Zr

Chemical element of Group IV of the periodic system with atomic number 40 and atomic
mass 91.224. There are 5 stable isotopes: 90 Zr
(51.45%), 91 Zr (11.32%), 92 Zr (17.19%), 94 Zr
(17.28%) and 96 Zr (2.76%). Outer shell electronic
conﬁguration is 4d 2 5s 2 . Ionization energies are
6.835, 12.92, 24.8, 33.97, 82.3 eV. Atomic radius
is 0.158 nm; radius of Zr4+ ion is 0.079 nm. Oxidation state is +4, less often +2, +3. Electronegativity is ∼1.36.
Zirconium is a silvery-white metal. It exists
in two allotropic modiﬁcations (α-Zr, β-Zr). Below 1135 K α-Zr is stable with hexagonal closelypacked crystal lattice, space group P 63 /mmc
4 ), a = 0.32317 nm, c = 0.51476 nm (at
(D6h
302 K). Above 1135 K up to Tmelting = 2125 K
β-Zr is stable with body-centered cubic lattice,
space group I m3̄m (Oh9 ), a = 0.3620 nm (at
1140 K). At pressures above 6.08 GPa the hexagonal ω-phase of zirconium is formed with
a = 0.5036 nm, c = 0.3109 nm (in metastable
state after pressure removal). Density of α-Zr is
6.49 g/cm3 (at 293 K), of β-Zr 6.36 g/cm3 (at
1136 K), Tboiling = 4650 K. Binding energy is
−6.316 eV/atom at 0 K. Heat of α ↔ β transformation is 2.98 kJ/mole; heat of melting is
19.3 kJ/mole; heat of sublimation is 523 kJ/mole;
heat of evaporation is 536 kJ/mole; speciﬁc heat
is 0.290 kJ·kg−1 ·K−1 (298 to 373 K). Debye temperature is 291 K; linear thermal expansion coefﬁcient of zirconium monocrystal is 7.36·10−6
along the principal axis 6 and 4.99·10−6 K−1 perpendicular to this axis (at 300 K); thermal conductivity coefﬁcient is 20.93 W·m−1 ·K−1 (293
to 323 K); adiabatic elastic moduli of zirconium monocrystal: c11 = 143.68, c12 = 73.04,
c13 = 65.88, c33 = 165.17, c44 = 32.14 (in GPa)
at 298 K and zero external pressure; bulk modulus
is ∼110 GPa; Young’s modulus is 95.6 GPa; shear
modulus is 35.2 GPa, Poisson ratio is ∼0.355
(at 298 K); tensile strength of annealed zirconium is ∼0.255 GPa (at relative elongation 20
to 25%), yield limit is ∼0.087 GPa. Vickers
hardness is ∼0.97 GPa at room temperature.
High-purity zirconium is plastic, and is readily
subjected to hot and cold mechanical treatment
(rolling, stamping, forging); recrystallization temperature is 435 K. Surface tension of liquid zirconium at Tmelting = 1.48 J/m2 . Self-diffusion
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coefﬁcient of atoms in zirconium monocrystal
at Tmelting = 3.4·10−14 m2 /s. Effective thermal
neutron trapping cross-section is 0.185 barn. Bulk
modulus of interacting electron gas in zirconium
is 23.1 GPa (at 4 K). Linear low-temperature electronic speciﬁc heat is ∼2.785 mJ·mole−1 ·K−2 .
Electrical resistivity is 415 n·m at room temperature for α-Zr polycrystal and 1247 n·m at
1427 K for β-Zr; temperature coefﬁcient of the
electrical resistance is 0.0044 K−1 (at 273 to
373 K); Hall constant is +2.27·10−11 m3 /C (at
300 K); coefﬁcient of thermal electromotive force
is 2 μV/K at room temperature, electronic work
function from β-Zr polycrystal is 4.0 eV. Superconducting transition temperature is 0.61 K; critical magnetic ﬁeld is 4.7 mT (at 0 K). Zirconium
is paramagnetic with molar magnetic susceptibility +129·10−6 in CGS units at room temperature
(value along principal axis 6 is higher than in perpendicular direction); nuclear magnetic moment
of 91 Zr isotope is 1.298 nuclear magnetons.
Zirconium is a preferred construction material
for the active zone of thermal neutron reactors, due
to its combination of favorable physical mechanical parameters, and its high corrosion resistance
in many aggressive media.
ZONE MELTING

A technique of crystal growth (see Crystallization), or for the zone re nement of a material. The
source material is placed into a boat (horizontal
option), into an ampoule, or is pressed into the
shape of a cylindrical rod (horizontal or vertical
option). When using zone melting to grow crystals, a seed is placed at one end of the boat or ampoule, or put in contact with the rod. With the help
of a concentrated source of thermal ﬂux or heat
(induction, laser, xenon lamp, etc.), a melted zone
is created within the source material. The zone
is then transported at a speciﬁed speed along the
boat, ampoule or rod, which results in recrystallization (in case of zone reﬁnement) or monocrystal growth from the seed.
The prevailing option with rod melting is noncrucible zone melting. The melted zone with ver-

tical positioning is held in place by surface tension forces, and the zone dimensions are limited
by the conditions of its stability. For the horizontal rod position, an electromagnetic ﬁeld is used
to maintain the zone. Unlike crucible methods
(see Monocrystal growth), the non-crucible method
provides a higher purity of the ﬁnal product crystal due to the absence of an interaction between
the melt and the material forming the crucible.
ZONE REFINEMENT

A technique for purifying materials containing
impurities with the aid of zone melting. The impurity collects in the molten zone and, through
gradual displacement of the region of melting, is
transferred from one end of the ingot to the other,
thereby providing puriﬁcation of the material. The
dependence of the impurity distribution, C(x), on
the distance x along the recrystallized part of the
ingot can be expressed as



kx
,
C(x) = C0 1 − (1 − k) exp −
b
where C0 is the initial concentration of the impurity, b is the zone length, and k is the dimensionless interphase impurity distribution coef cient. For
k > 1 the impurity is forced to the far end of slab,
and for k < 1 to the beginning of it. In order to
increase the effectiveness of the reﬁnement one
can either process several zones simultaneously,
or one zone repeatedly. The degree of puriﬁcation,
C∞ , which is achievable in theory with a large
enough number of repetitions, does not depend on
the number of passages, but rather depends on the
value of the interphase impurity distribution coefﬁcient. For example, for C0 = 1 and b/L = 0.1
(L is the ingot length), C∞ varies from 10−3 for
k = 0.5 to 10−25 for k = 0.01. Zone reﬁnement is
used to purify materials for ﬁnal use, as well as to
provide intermediate compounds.
ZUBAREV METHOD (named after D.N. Zubarev)

A way to describe nonequilibrium statistical
ensembles that is based on the introduction of the
nonequilibrium statistical operator.
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alnico, 46, 63, 548, 565, 745, 797
alpha martensite, 416
alpha motions, 1464
alpha phase, 47, 134, 286, 415, 449, 591, 594, 810,
1233, 1298, 1399
alpha relaxation, 1464
alternate polarity walls, 762
alternative exclusion, see mutual exclusion
alternative levels, 216
Altshuler–Aronov effect, 57
alumel, 880
aluminizing, 173
aluminoboronizing, 173
aluminosilicates, 47, 513, 834, 1506
aluminosiliconizing, 173
aluminum, 47, 48, 111, 156, 220, 233, 329, 564, 574,
656, 750, 848, 892, 1053, 1371, 1372, 1403
aluminum alloys, 40, 45, 47, 80, 220, 750, 816, 892,
1010, 1059, 1229, 1503
aluminum bronzes, 214
aluminum nitride, 48, 882
aluminum–yttrium garnet, see yttrium–aluminum
garnet
alumosilicate, 514
amber, 514
ambipolar diffusion, 48, 306, 307, 617, 847, 1002
ambipolar diffusion coefﬁcient, 48, 306
ambipolar drift, 48, 617
ambipolar mobility, 48, 262, 307, 847
americium, 26, 48, 1409
amethyst, 513
amorphization, 49, 50, 52, 56, 645, 653, 978, 1103,
1105, 1107, 1349, 1463
amorphon, 49
amorphous boron, 127
amorphous carbon, 152
amorphous epitaxy, 49, 414
amorphous ﬁlms, 49, 50, 55, 470, 539, 767, 836, 938,
1295
amorphous magnetic materials, 50, 52, 447, 463, 771,
826, 888, 1387
amorphous magnetic substances, 51, 52, 85, 90, 600,
755, 767, 773, 787, 791, 826, 1257, 1262
amorphous magnetism, 50, 52

Subject Index
amorphous metallic alloys, 824
amorphous metallic alloys, plastic deformation, see
plastic deformation of amorphous metallic alloys
amorphous metals, 830, 1089
amorphous metals and metallic alloys, 52, 56, 328, 419,
490, 1016, 1039, 1112, 1474, 1501, 1509
amorphous photoconductivity, see photoconductivity of
amorphous materials
amorphous semiconductors, 50, 52, 55, 56, 59, 222,
275, 338, 345, 570, 733, 847, 864, 923, 949,
1059, 1163, 1186, 1193, 1202, 1259, 1463, 1465
amorphous semiconductors, doped, see doped
amorphous semiconductors
amorphous silicon, 49, 52, 55, 339, 893, 1036, 1213
amorphous solid, see polycluster amorphous solids
amorphous solid solutions, 49
amorphous state, 49, 50, 52, 56, 182, 200, 214, 275,
292, 328, 473, 490, 601, 629, 662, 747, 835, 990,
1042, 1080, 1086, 1094, 1113, 1131, 1162, 1213,
1231, 1234, 1255, 1276, 1327, 1462, 1509
amorphous superconductors, 56, 184, 815, 962, 1314,
1429
Ampère’s hypothesis, 106
Ampère theorem, 803
ampere–watt sensitivity, 1064
amphiphilic, 742
amphoteric center, 4, 57, 216, 334, 338, 369, 440, 726,
1027
amphoteric impurity, 517
ampliﬁcation of acoustic waves, see acoustic wave
ampliﬁcation
ampliﬁer, acoustic wave, see acoustic wave
ampliﬁcation
ampliﬁer, acousto-electronic, see acoustic wave
ampliﬁcation
ampliﬁer, quantum, see quantum ampliﬁer
amplitude-dependent internal friction, 57, 633
amplitude-dependent losses, 530
amplitude dispersion, 332
amplitude hologram, 9
amplitude of scattering, see scattering amplitude
amplitude, structure, see structure amplitude
amplitudon, 57
analysis, chemical, see chemical methods of analysis
analytical mechanics, 58
anchoring energy, 131
Anderson–Bogolyubov mode, 58, 190
Anderson function, 404
Anderson Hamiltonian, 61, see Anderson model
Anderson insulator, 402
Anderson localization, 56, 59, 61, 292, 402, 463, 570,
578, 823, 830, 847, 865, 962, 1078, 1092, 1159,
1465, 1474
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Anderson mechanism of high-temperature
superconductivity, 59, 61, 83, 577
Anderson model, 59, 61, 591, 1316, 1460
Anderson theorem, 61, 1303
Anderson transition, 404, 570
andradite, 512
Andreev quantization, 61
Andreev reﬂection, 61, 123, 569, 1369
angle, contact, see contact angle
angle, edge, see edge angle
angle phase-matching, 1167
angles, Euler, see Euler angles
ångström-meters, 1490
angular dependence of spectra, 62, 65, 470, 597, 734,
753, 939, 1140, 1265
angular dispersion, 300, 332
angular frequency, 1454
angular momentum, 63, 130, 284, 542, 624, 742, 775,
789, 800, 801, 808, 854, 898, 1055, 1155, 1257
angular phases, 773
angular velocity, 418, 854
anharmonic oscillator model, 1167
anharmonic vibrations, 19, 63, 114, 218, 246, 540, 549,
888, 894, 983, 984, 1075, 1371, 1373, 1461
anharmonicity, vibronic, see vibronic anharmonicity
anion, 641, 644
anisotrometer, see magnetic anisotrometer
anisotropic conductors, 356
anisotropic Dzialoshinskii–Moriya exchange
interaction, 421
anisotropic EPR spectrum, 62
anisotropic heterojunctions, 561
anisotropic hyperﬁne interaction, 597
anisotropic liquids, 350
anisotropic magnetic materials, 46, 63, 771
anisotropic medium, 5, 64, 116, 175, 200, 375, 539,
819, 1253, 1350
anisotropic scattering, 264
anisotropic viscoelasticity, 1144
anisotropy constants, 751
anisotropy factor, 64
anisotropy ﬁeld, 752, 1225, see magnetic anisotropy
anisotropy, growth, see growth anisotropy
anisotropy, induced optical, see induced optical
anisotropy
anisotropy, magnetic, see magnetic anisotropy
anisotropy of crystals, 20, 64, 66, 154, 244, 255, 256,
259, 662, 702, 806, 818, 929, 1167, 1284, 1334,
1381
anisotropy of durability, 66
anisotropy of elasticity, 41, 64, 66, 662, 745, 747, 1227,
1248, 1266, 1282, 1483
anisotropy of g-factor, 65
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anisotropy of liquid crystals, 64, 65, 200, 361, 377, 489,
721, 921
anisotropy of mechanical properties, 66, 601, 837,
1286, 1297, 1421
anisotropy of plasticity, 66
anisotropy of shift, 65
anisotropy, optical, see optical anisotropy
ANMR, see acoustic nuclear magnetic resonance
annealing, 29, 47, 49, 51, 55, 56, 66, 156, 321, 539,
554, 560, 571, 645–647, 655, 656, 673, 701, 737,
816, 1040, 1061, 1064, 1100, 1102, 1105, 1117,
1124, 1125, 1136, 1147, 1166, 1229, 1281, 1290,
1299, 1301, 1351, 1364, 1370, 1443, 1463
annealing, irradiation, see irradiation annealing
annealing of semiconductor, see pulsed annealing of
semiconductors
annealing out of defects, 1349
annealing, recrystallization, see recrystallization
annealing
annihilation of dislocations, 8, 13, 66, 349, 488, 551,
1040, 1123, 1299
annihilation radius, 67
anode process, 218
anodization, 67, 1391
anomalous averages, 67, 934
anomalous Cotton–Mouton effect, 1456
anomalous diffusion, 67, 69, 306, 485, 1115
anomalous diffusion index, 68
anomalous dispersion of light, 68, 331, 924, 942, 1493
anomalous dispersion region, 411
anomalous Doppler effect, 340
anomalous elasticity, see superelasticity
anomalous Kerr effect, 1456
anomalous magnetic bubble domains, 1146
anomalous magnetoresistance, 68, 1474
anomalous mass transfer, 68, 349
anomalous muonium, 868
anomalous passage of X-rays, 69, 301, 348, 430, 703,
809, 838, 861, 940, 1429, 1485, 1494
anomalous penetration, 69, 831, 1109
anomalous penetration along the chain of electron
trajectories, 70
anomalous penetration of ultrasound, 70
anomalous photoconductivity, 71, 990
anomalous photovoltages, 72
anomalous photovoltaic effect, 71, 923, 993, 1002
anomalous pleochroism, 539
anomalous skin-effect, 70, 72, 267, 273, 380, 506, 568,
797, 831, 1221, 1247, 1253, 1336
anomalous thermal expansion, 72, 723, 836
anomaly, Kohn, see Kohn anomaly
anthracene, 72, 893, 938, 1110, 1136, 1261
anthraquinone, 73
anticorrosive coatings, 73, 218–220

Subject Index
anticrystalline clusters, see noncrystalline clusters
antiemission materials, 73
antiferroelectric, 311, 1230
antiferroelectricity, 73
antiferroelectrics, 74, 400, 969, 979
antiferromagnet, 57, 60, 74, 75, 77, 80, 261, 338, 353,
420, 543, 557, 564, 630, 654, 693, 746, 751, 767,
773–775, 779, 782, 783, 788, 791, 794, 799, 801,
804–806, 819, 849, 859, 873, 888, 908, 933, 941,
944, 951, 978, 979, 1007, 1081, 1082, 1230,
1255, 1258, 1259, 1270, 1302, 1412, 1448
antiferromagnetic actinides, 77
antiferromagnetic domain, 75, 78, 334
antiferromagnetic metals, 43, 76, 102, 832, 1258
antiferromagnetic resonance, 74, 77, 79, 751, 752,
776–778, 789, 795, 1139
antiferromagnetic structure, 89
antiferromagnetism, 60, 74–76, 77, 80, 89, 101, 262,
352, 353, 448, 556, 578, 632, 773, 779, 783, 832,
872, 978, 1233
antiferromagnetism of magnetic ions, 76
antiferromagnetism, super-, see
superantiferromagnetism
antiferromagnetism vector, 75, 80, 89, 353, 543, 773,
782, 788, 859, 933, 1303
antifriction cast irons, 80
antifriction materials, 48, 80, 429, 705
antifriction steels, 80
antigate layer, 833
antimonides, 81
antimony, 80, 564, 574, 998, 1423
antioxidants, 1041
antireﬂection coating of optical elements, 81
antiresonance, 343
antiresonance, magnetic, see magnetic antiresonance
antiresonance, optical, see optical antiresonance
antiresonance valley, 436
antirotation, 83, 786
anti-Schottky defect, 81, 637, 1280
antiscreening, 81
antiscreening factor, 81, 241
antisite defect, 82, 1302
antisoliton, 1244
anti-Stokes component, 1111
anti-Stokes luminescence, 82, 212, 739, 740, 1281,
1453
anti-Stokes Raman lines, 82, 1112
anti-Stokes scattering, 714
antistructural defect, 82, 637
antisymmetric exchange, 353
antisymmetric exchange interaction, 421
antisymmetric vibrations, 82
antisymmetry, 82, 259, 1212
antitranslation, 83, 786, 1212

Subject Index
anyon model, 577
anyons, 83, 1078
apparent albedo, 38
apparent density, 289
applied crystallography, 250
approximation, adiabatic, see adiabatic approximation
approximation, Bethe–Peierls, see Bethe–Peierls
approximation
approximation, Born, see Born approximation
approximation, cluster, see cluster approximation
approximation, Hagen–Rubens, see Hagen–Rubens
approximation
approximation, harmonic, see harmonic approximation
approximation, Heitler–London, see Heitler–London
approximation
approximation, Kirkwood, see Kirkwood
approximation
approximation, many-conﬁguration, see
many-conﬁguration approximation
approximation, many-wave, see many-wave
approximation
approximation, Mott–Littleton, see Mott–Littleton
approximation
approximation of local density, see local density
approximation
approximation of mean ﬁeld, see mean ﬁeld
approximation
approximation of nearly free electrons, see nearly-free
electron approximation
approximation, pairwise additive, see pairwise additive
approximation,
approximation, Percus–Yevick, see Percus–Yevick
approximation
approximation, quasi-classical, see quasi-classical
approximation
approximation, quasi-harmonic, see quasi-harmonic
approximation
approximation, random phase, see random phase
approximation
approximation, Reuss–Voigt–Hill, see
Reuss–Voigt–Hill approximation
approximation, single-electron, see single-electron
approximation
approximation, two-wave, see two-wave approximation
APR, see acoustic paramagnetic resonance
APW method, see augmented plane waves method
aquamarine, 511
Arago–Poisson–Fresnel effect, 301
Arago spot, 301
aragonite, 514
AR-groups, 786
ARMCO iron, 83, 1229
aromatic compounds, 84, 293
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Arrhenius law, 26, 27, 84, 131, 428, 595, 628, 1119,
1141, 1370, 1464
artiﬁcial aging, 40, 750, 1362
artiﬁcial atoms, 869
artiﬁcial epitaxy, see amorphous epitaxy
artiﬁcial roughness, 1344
artiﬁcial strain aging, 1282
asbestos, 85
ascending diffusion, 85, 306, 1026, 1266
Ashcroft pseudopotential, 1060
ash glass-ceramic materials, 524
Ashkin–Teller model, 1427
Aslamazov–Larkin contribution, 478, 947
asperomagnet, 51, 85, 90, 768, 1257
asperomagnetic state, 85
asperomagnetism, 1257
asterism, 85, 1486
asymmetric speromagnetism, 1257
asymmetry, inversion, see inversion asymmetry
asymmetry parameter, 374
asymptotic superposition principle, 1244
AT-groups, 786
athermic creep, 86
athermic plasticity, 86
atmosphere, Snoek, see Snoek atmosphere
atmosphere, Suzuki, see Suzuki atmosphere
atmospheric aerosol, 36
atom, 42, 86, 90, 91, 94, 97, 124, 169, 189, 191, 200,
206, 221, 223, 356, 383, 395, 504, 594, 604, 634,
642, 645, 651, 652, 822, 945, 1086, 1103, 1115,
1122, 1166, 1174, 1231, 1376, 1449, 1453
atom, doping, see doping atom
atom, hot, see hot atoms
atom, impurity, see impurity atoms
atom, interstitial, see interstitial atom
atom, magnetic, see magnetic ion
atom, mesic, see mesic atom
atom, muonic, see mesic atom
atom, recoil, see recoil atom
atom, substitutional, see substitutional atom
atom–surface interaction, 91
atom tunneling, 1418
atomic charge, see effective atomic charge
atomic cryocrystals, 233
atomic form factor, 88, 1226, 1498
atomic magnetic structure, 77, 80, 89, 106, 457, 571,
582, 737, 764, 771, 772, 782, 788, 790, 800, 805,
832, 848, 852, 860, 878, 902, 950, 1257, 1299
atomic molecular crystals, 851
atomic orbital, 853, 932
atomic orbitals, see orbitals
atomic order, 90, 1348
atomic position ﬂuctuations, see ﬂuctuations of atomic
positions
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atomic probe method, 812
atomic radii, 86, 90, 159, 223, 237, 500, 549, 641, 645,
1510
atomic steps, 88, 90, 91, 704, 1330, 1460
atomic structure and structural defects, 52
atomic structure of a surface, see surface atomic
structure
atomically clean surface, 87, 91, 92, 643, 673, 856,
1162, 1202, 1203, 1242, 1252, 1330, 1333, 1340,
1344
atomically-rough surfaces, 1326
ATR method, see attenuated total internal reﬂection
attachment centers, 738
attenuated total internal reﬂection, 92, 405, 926, 1342,
1343, 1403
attenuation of ultrasound, see ultrasound attenuation
atto. . . , 92
Auger effect, 92, 94, 221, 505, 648, 738, 822, 892,
1108, 1122, 1160, 1166, 1410, 1488
Auger effect in semiconductors, 1200
Auger electron microscopy, 388
Auger electron spectroscopy, 88, 93, 94, 397, 816,
1122, 1170, 1243, 1302, 1395
Auger electrons, 93
Auger ion-electron spectroscopy, 397
Auger ion spectroscopy, 94, 642, 1344
Auger neutralization, 94
Auger recombination, 1200
Auger relaxation, 94
Auger spectroscopy, 1485
augmented plane waves method, 95, 102, 684, 716, 865
augmented spherical wave method, 716
Aurivillius phases, 969
austenite, 35, 95, 99, 154, 157, 415, 419, 504, 545, 655,
706, 782, 816, 940, 956, 957, 1060, 1119, 1166,
1247, 1279, 1298, 1414, 1478
austenite alloys, 95
autodoping, 509
autoepitaxy, 95, 413, 508, 1354
autoionic microscopy, see ﬁeld ion microscopy
autoionization, see ﬁeld ionization
autolocalization, see self-localization
autolocalized exciton, see self-localized exciton
auto-oscillation, see self-oscillation
autophasing effect, 21
autophobia, 207
autophotoelectronic emission, 96, 468, 955, 988
autoradiograms, 96
autoradiography, 96, 131, 1109, 1404
autowaves, 96, 1177
avalanche breakdown, 1183, 1198
avalanche of phonons, see phonon avalanche
avalanche photodiodes, 922, 1452
average ﬁeld, 852

Subject Index
Avogadro number, 97, 125, 437, 535, 732, 835, 1129,
1253
axes of a tensor, see principal axes of a tensor
axes of strain, see strain axes
axial channeling, 164, 596, 1083, 1148
axial symmetry, 97, 685, 896
axial twins, 1421
axis, instantaneous, see instantaneous axes
axis, magnetic, see magnetic axis
axis of easy magnetization, see easy magnetization axis
axis of hard magnetization, see hard magnetization axis
axis of inversion, see inversion axis
axis of modulated structure, 90
axis of symmetry, see symmetry axis
axis, optical, see optical axis of a crystal
axis, rotation symmetry, see rotation symmetry axis
axis, screw, see screw axis
Azbel–Kaner resonance, see cyclotron resonance in
metals
babbitts, 80
backscattering, 99, 642, 650, 940
bainite, 95, 99, 154
bain orientation relation, 941
balas, 295
ballistic aftereffect, 99, 120
ballistic method, 800
ballistic phonons, 100, 984
ballistic regime, 100, 792
ballistic transport, 100, 505
band, 408
band antiferromagnetism, 76, 1258
band antiferromagnets, 76
band bending, 101, 369, 561, 832, 833, 987, 1085,
1160, 1164, 1204, 1244, 1338, 1341–1343, 1345
band broadening, 1475
band, conduction, see conduction band
band engineering, 1085
band ferromagnets, 101
band gap, 4, 21, 34, 38, 45, 57, 71, 96, 101, 102, 128,
144, 146, 152, 153, 223, 245, 278, 284, 296, 299,
338, 350, 395, 408, 444, 472, 489, 495, 497, 506,
515, 518, 535, 570, 585, 604, 606, 607, 620, 625,
637, 644, 645, 663, 722, 726, 826, 863, 870, 905,
999, 1002, 1007, 1059, 1084, 1091, 1122,
1184–1186, 1189, 1215, 1231, 1232, 1237, 1241,
1287, 1337, 1343, 1370, 1410, 1411, 1416, 1418,
1428, 1449, 1451, 1479
band, impurity, see impurity band
band index, 102
band magnetism, 76, 89, 101, 459, 591, 788, 790, 1032,
1258, 1281, 1293
band number, 102
band, residual ray, see residual ray band

Subject Index
band structure, 93, 100, 101, 102, 144, 214, 240, 290,
390, 401, 437, 518, 535, 560, 587, 588, 637, 675,
715, 716, 778, 850, 1007, 1040, 1056, 1112,
1128, 1130, 1232, 1305, 1321, 1327, 1435, 1451,
1474, 1480
band structure computation, see linear methods of band
structure computation
band structure computation methods, 95, 102, 102, 290,
683, 716, 865, 941
band structure, surface, see surface band structure
band theory, 101, 102, 237, 272, 290, 357, 368, 395,
538, 581, 638, 712, 872, 925, 1060, 1083, 1090,
1093, 1096, 1189, 1232, 1474, 1506
band theory relativistic effects, see relativistic effects in
band theory of metals
band-to-band recombination, 1122
band-to-band tunneling, see interband tunneling
band-type domain, 755
band, valence, see valence band
bands of allowed energies, 87
bands of microwave frequencies, see microwave
frequency bands
bands of slip, see slip bands
bands with secondary shear, 1208
Bardeen barrier, 104
Bardeen–Cooper–Schrieffer theory, 60, 61, 104, 115,
123, 149, 184, 212, 230, 409, 425, 478, 498, 507,
522, 523, 555, 576, 662, 907, 1174, 1256, 1258,
1308, 1309, 1311, 1369, 1434
Bardeen–Herring sources, 867
Bardeen law, 268
barium, 105, 574
barium–sodium niobate, 881
barium titanate, 19, 105, 335, 450, 455, 881, 1045, 1121
Barkhausen effect, 106, 336, 759, 785, 791, 1033
Barkhausen jump, 106
Barkhausen noise, 106, 884
Barkhausen pulses, 1033
Barnett effect, 106, 358, 800
barodiffusional effect, 106, 491, 681
Barrett formula, 107, 1460
barrier, Bardeen, see Bardeen barrier
barrier capacitance, 107, 150, 833, 1164, 1375, 1452
barrier injection transit time diode, 107, 311, 516, 875,
1179
barrier, local, see local barriers for dislocations
barrier, Lomer–Cottrell, see Lomer–Cottrell barrier
barrier, potential, see potential barrier
barrier, Schottky, see Schottky barrier
barrier structures, surface, see surface barrier structures
barrier, surface, see surface barrier
BARRITT diode, see barrier injection transit time diode
basal (coordinate) faces, 108
basal plane, 108, 238
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basalt, 108
basic units, 1437, 1438
Bauschinger effect, 108, 1336
Baxter model, 1427
BCS criterion for superconductivity, 231
BCS relationship, 105
BCS theory, see Bardeen–Cooper–Schrieffer theory
B-defects, 724
beams of high-energy electrons, 279
Beer–Lambert law, 3, 108, 914
Beilby layer, 109
Belousov–Zhabotinsky reaction, 333
Belov groups, 1481
Belov theorem, 179
Bénard cells, 333
bending moment, 475
bending of particles, see particle bending
bending vibrations, 109, 1455
Benedicks effect, 1386
Bennett condition, 758
Berezinski–Kosterlitz–Thouless transition, see
Kosterlitz–Thouless transition
Berezinski phase, 685
berkelium, 26, 109, 1409
Berkovich hardness, 608
Bernal cavities, 1113
Bernal cells, 1113
Bernal’s ﬂuid model, see random close-packing model
Bernal’s liquid model, 825
berthollides, 845
beryl, 511
beryllium, 109, 110, 511, 595, 1036
beryllium alloys, 110
beryllium bronze, 215
beta phase, 111, 134, 591, 1233, 1399
beta relaxations, 1464
beta spectroscopy, 397
Bethe ansatz, 61
Bethe lattice, 111, 533, 592
Bethe–Peierls approximation, 111
Bethe splitting, 112
Betti reciprocity theorem, 112
biaxial crystals, 112, 168, 204, 253, 356, 431, 1022,
1256
biaxial magnetic, 752
bicritical point, 112, 866
bidentate ligands, 711
biexciton, 112, 129, 234, 410, 423, 424, 566, 916, 944,
1040, 1301
bifurcations, 347
bigradient electromotive force of hot current carriers,
1386
bimetals, 113
binary alloy system, 113
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binary alloys, 43, 83, 113, 128, 186, 328, 658, 858, 870,
934, 1508
binormals, 253
biological crystals, 113, 237
bioluminescence, 174
bion, 781
biopolymers, 938, 1039, 1042
biotite granite, 530
biphonon, 63, 114, 444, 984
biphotons, 953
bipolar conduction, 369
bipolar diffusion, see ambipolar diffusion
bipolar (double) injection, 617
bipolaron, 12, 114, 115, 130, 149, 576, 695, 1035, 1219,
1316, 1317
bipolaron mechanism of superconductivity, 115, 149,
577, 1316, 1317
bipolar transistor, 100, 115, 168, 833, 842, 1405, 1406
biquadratic exchange interaction, 420
biradical, 116, 489
birefringence, 32, 64, 112, 116, 204, 252, 255, 302, 541,
601, 636, 677, 915, 920, 928, 1001, 1023, 1034,
1128, 1256, 1354, 1456, 1465
bismuth, 116, 439, 574, 774, 1220, 1423
bistability, 113, 117
bistability, optical, see optical bistability
Bitter pattern, see magnetic powder pattern
bivacancies, 280, 1447
bivacancy, see divacancy
black-and-white groups, see Shubnikov groups
black and white symmetry, 82
black mica, 834
Blaha–Langenecker effect, 117
blistering, 117, 653, 1104
blisters, 1104
Bloch domain wall, 335, 874
Bloch equations, 118, 788, 901, 1271
Bloch function, 121, 408, 966, see Bloch theorem
Bloch–Grüneisen formula, 118, 277, 1368
Bloch law, 119, 266, 461, 805, 1221
Bloch line, 99, 119, 120, 175, 336–338, 346, 351, 498,
761, 763, 765, 781, 1146, 1400
Bloch point, 120, 351, 761, 1146, 1225, 1400
Bloch–Redﬁeld theory, 118, 120, 901, 1058
Bloch theorem, 103, 121, 127, 302, 348, 392, 408, 535,
636, 687, 742, 913, 966, 1071, 1090, 1096, 1100,
1176, 1219, 1470, 1474, 1480
Bloch wall, 119, 337, 761, see magnetic domain wall
Bloch wave function, 103, 636, see Bloch theorem
block-cellular structure, 156
block copolymers, 1042
block structure, 122, 156, 321, 487, 859, 1291, 1299
blocks, 122
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blocks of mosaics, 122
Blombergen equation, 907
blue brittleness, 122
blue phases, 122, 175, 720, 921
body-centered lattice, 123, 524, 1043
Bogolyubov anomalous mean values, 1174
Bogolyubov canonical transformations, see canonical
transformation method
Bogolyubov–de Gennes equations, 123, 1174
Bogolyubov method, 123, 149, 184, 1174
Bogolyubov quasi-particles, 184
Bogolyubov–Tolmachyov logarithm, 124, 231, 859
Bohr magneton, see magneton
Bohr potential, 624
Bohr radius, 124, 127, 130, 170, 189, 216, 426, 570,
822, 1426, 1471
Bohr–Sommerfeld quantization rule, 1088
Bohr–van Leeuwen theorem, 124, 788
boiling, 1451
bolometer, 124, 914, 922, 981, 1067, 1188, 1313
Boltzmann constant, 105, 125, 130, 229, 247, 264, 412,
439, 549, 815, 884, 1025, 1145, 1253, 1360
Boltzmann distribution, 32, 84, 125, 334, 358, 439, 602,
690, 815, 900, 1145, 1360
Boltzmann equation, 125, 263, 394, 679, 683, 847,
1079, 1131
Boltzmann H-theorem, 412
bond, broken, see dangling bond
bond, chemical, see chemical bonds
bond, covalent, see covalent bond
bond, dangling, see dangling bond
bond, hydrogen, see hydrogen bond
bond, ionic, see ionic bond
bond, ionic-covalent, see ionic-covalent bond
bond, metallic, see metallic bond
boojum, 126, 281, 858, 1365
borating, 1349
borazon, 128, 223
Bordoni peaks, 633
Borelli–Jurin equation, 151
Born approximation, 1, 126, 140, 185, 263, 683, 1163,
1494, 1508
Born–Haber cycle, 127
Born–Mayer potential, 155, 549
Born–Oppenheimer adiabatic approximation, 246
Born–von Kármán boundary conditions, 127, 687
boron, 111, 127, 128, 574, 593, 1372
boron carbide, 1, 128, 128, 151, 152, 814
boron hydrides, 593
boron nitride, 128, 128, 159, 207, 332, 572, 814, 882,
1051, 1054, 1319, 1421
boronizing, 173
boroplastics, 128

Subject Index
Borrman effect, 703, 1494, see anomalous passage of
X-rays
Borrman method, 838
Borrman triangle, 129
bort, 295
Bose condensate, 67, 129, 212, 464, 526, 695, 747, 864,
887, 1082, 1094, 1317, 1392
Bose condensation, see Bose–Einstein condensation
Bose–Einstein condensation, 60, 115, 129, 130, 131,
149, 166, 173, 213, 284, 566, 747, 911, 1080,
1309, 1311, 1317
Bose–Einstein condensation of excitons and biexcitons,
129
Bose–Einstein distribution, 130
Bose–Einstein statistics, 32, 83, 125, 130, 173, 191,
245, 334, 420, 534, 535, 602, 911, 956, 984, 985,
1080, 1093, 1168
Bose ﬂuid, 115, 129, 130, 559, 1080, 1277, 1317
Bose gas, 115, 129, 130, 284, 1169, 1277, 1317
Bose statistics, see Bose–Einstein statistics
boson, 129, 130, 284, 1092
bosons with zero mass and zero spin, 565
bottleneck of phonons, see phonon bottleneck
Bouguer–Lambert–Beer law, see Beer–Lambert law
boundaries, polygonal, see polygonal boundaries
boundaries, sub-, see subboundaries
boundary diffusion, 131, 306, 528, 1038
boundary effects, 131, 1365
boundary effects in liquid crystals, 203
boundary of inclination, 526
boundary semiconductor–electrolyte, see
semiconductor–electrolyte boundary
bound energy, 1334
bound exciton, 422
bound Frenkel pair, 491
bound vibrations, 1455
bound water, 132
Boussinesq equation, 132, 1244
Boussinesq–Galyorkin solution, 132
Boyle’s law, 661
Bragg angle, 25, 85, 133
Bragg–Brentano geometry of measurements, 1486
Bragg condition of restoration, 583
Bragg diffraction, 25, 129, 133, 176, 430, 503, 753,
861, 878, 921, 1429, 1485, 1486
Bragg double reﬂections, 133, 1226, 1402
Bragg–Grey approximation, 31
Bragg–Grey conditions, 343
Bragg–Grey probe method, 343
Bragg law, 69, 85, 133, 276, 301, 318, 348, 408, 409,
430, 684, 808, 960, 1162, 1276, 1486, 1490,
1493, 1495, 1498
Bragg multiple scattering, 133
Bragg rule, 134
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braking ability, 169
braking of domain wall, see domain wall drag
braking radiation, 1498, see Bremsstrahlung
branched polymers, 1042
branching of fractures, 134
brass, 45, 80, 134, 135, 214, 592, 703, 892, 1510
Bravais coordinate system, 135
Bravais groups, 135
Bravais lattices, 90, 123, 135, 244, 256, 259, 260, 282,
433, 565, 786, 855, 941, 1055, 1089, 1121, 1212,
1298, 1328, 1364, 1411, 1412, 1470, 1480
Bravais law, 240
Bravais parallelepiped, 135
Bravais type, 135
breakdown, 135, 606, 620, 1183, 1250
breakdown, acoustic, see acoustic breakdown
breakdown, electric, see electric breakdown
breakdown, impurity, see impurity breakdown
breakdown, magnetic, see magnetic breakdown
breakdown noise, see telegraph noise
breakdown of solids, 370, 605, 1007, 1286
breakdown, optical, see optical breakdown
breakdown, streamer, see streamer breakdown
breaking strain, 137
breaking stress, 137, 188, 609, 809, 816, 1018, 1144,
1158, 1170, 1431
Breit–Rabi formula, 137
Breit–Wigner formula, 879
Bremsstrahlung, 137, 169, 185, 1086, 1099, 1494, 1498
Bremsstrahlung, coherent, see coherent Bremsstrahlung
Brewster angle, 1127
bridge and potentiometric methods, 800
Bridgeman effect, 1386
bright solitons, 924
brightness pyrometry, 1068
Brillouin function, 138, 696, 951
Brillouin precursor, 1053
Brillouin scattering, 25, 75, 130, 138, 301, 426, 612,
714, 981, 1111, 1472
Brillouin zone, 57, 74, 103, 138, 205, 244, 264, 291,
293, 313, 408, 453, 455, 506, 517, 563, 635, 636,
639, 675, 682, 687, 703, 742, 848, 983, 1090,
1096, 1122, 1130, 1189, 1214, 1230, 1254, 1305,
1324, 1327, 1328, 1435, 1450, 1452, 1473, 1480
Brillouin zone, surface, see surface Brillouin zone
Brinell hardness, 608, 745
brittle crack, 139, 224, 1009, 1403
brittle failure, 41, 139, 187, 218, 224, 434, 435, 486,
548, 567, 626, 703, 735, 746, 747, 817, 894,
1017, 1018, 1086, 1133, 1252, 1287, 1293, 1322,
1327, 1362, 1404, 1476
brittle ﬂaking, 1158
brittle fracture, 139, 438, 485, 1089
brittleness, 601, 817
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brittleness and toughness criterion, 140
brittleness, blue, see blue brittleness
brittleness, cold, see cold brittleness
brittleness of alloys, see alloy brittleness
broadening, homogeneous, see homogeneous
broadening
broadening, inhomogeneous, see inhomogeneous
broadening
broadening of level, see line (level) width
broadening of line, see line (level) width
broadening, orientational, see orientational line
broadening
broken bond, see dangling bond
bronzes, 80, 214
Brooks–Herring formula, 140, 265, 1479
Brownian motion, 306, 480
bubble domain, see magnetic bubble domain
bubble domain dynamic transformation, see dynamic
transformation of magnetic bubble domains
bubble domain lattice, see magnetic bubble domain
lattice
bubble recording, 927
bublons, 707
Buckingham potential, 155, 624
buckling, 1021
buckyball, see fullerene
bulk acoustic waves, 18, 19, 21, 141, 516, 1248, 1324,
1431
bulk charge, see space charge
bulk compressibility, 1436
bulk defects, 280
bulk expansion coefﬁcient, 310
bulk force, 38, 112, 132, 141, 363, 471, 946, 1010, 1145
bulk gradient effects, 1386
bulk magnetostriction, 804
bulk modulus, 141, 362, 435, 540, 586, 676, 690, 825,
889, 1142, 1249, 1293, 1436, 1465, 1502
bulk photo-emf, 1002
bulk photoelectric effect, 995
bulk photovoltaic effect, 141, 178, 524, 881, 992, 1001,
1002
bulk pinning force, 1467
bulk radioactivity, 895
bulk sound hardening, 142, 546
bullet German silver, 215
Burgers contour, 142, 143, 280, 319, 325, 872
Burgers equation, 143
Burgers orientation relation, 941
Burgers vector, 67, 142, 143, 176, 221, 224, 227, 233,
280, 281, 283, 314, 315, 318–323, 325–327, 332,
355, 359, 393, 434, 488, 527, 546, 681, 715, 727,
813, 834, 867, 909, 954, 957, 958, 965, 1009,
1017, 1055, 1165, 1175, 1291, 1331, 1407, 1433,
1447, 1453

Subject Index
burn, 829
burning, 163
burnishing, 555
Burstein–Moss effect, 143, 637, 1172
bursting, see penetration deformation
bursting ﬁgures, 960
Cabrera model, 1427
cadmium, 145, 439
cadmium bronze, 215
cadmium sulﬁde, 145, 991
cage effect, 988
caking, 1175
calamitics, 65, 146, 720, 876
calcium, 147, 574, 705
calcium carbide, 151
californium, 26, 147, 1409
caloric equations of state, 416
calorimeters, 148
calorimetric coefﬁcients, 147
calorimetric method, 800
calorimetry, 148, 173, 553, 922, 1123, 1375
camera, X-ray, see X-ray camera
canonical transformation method, 123, 148, 184, 191,
1169, 1174
capacitance, 149, 1118, 1328
capacitance, barrier, see barrier capacitance
capacitance spectroscopy, 150, 151, 1375
capacitance, surface, see surface capacitance
capacitance transducers, 19
capacitance–voltage characteristic, 150, 150, 640, 1243
capacitive impedance, 1118
capacity coefﬁcient, 150
capillary constant, 151
capillary method, 279
capillary phenomena, 132, 151, 676, 1348
carbide transformations, 151, 157
carbides, 122, 151, 152, 159, 181, 532, 545, 573, 626,
706, 782, 810, 882, 1128, 1302, 1319, 1372,
1399, 1410, 1415
carbochain polymers, 937, 1042
carbon, 28, 40, 73, 128, 151, 152, 154, 156, 157, 182,
207, 294, 416, 496, 530, 532, 706, 724, 730, 810,
854, 958, 1037, 1042, 1045, 1051, 1166, 1204,
1214, 1215, 1223, 1228, 1352, 1423, 1478
carbon, active, see active carbons
carbon ﬁlm, diamond-like, see diamond-like carbon
ﬁlms
carbon steel, 1279
carbonado, 295
carbonates, 152
carbonic phases, 318
carbonite, 1319
carbonitriding, 1349
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carbonizates, 28
carborundum, 1
carburizing, 1349
carbyne, 40, 152, 296
carrier–impurity interaction, see magnetic impurity
interaction
cascade, collision, see collision cascade
cascade function, 191
cast alloys, 47
cast heat-resistant alloys, 574
casting, 46, 80, 113, 153, 154, 207, 482, 545, 705, 1054,
1302, 1396
casting materials, 153, 419
cast iron, 43, 153, 154, 157, 289, 555, 655, 706, 807,
828, 892, 957, 1247, 1320, 1414
catalysis, radiation, see radiation catalysis
catalytic cracking, 224
catastrophe, polarization, see polarization catastrophe
category, 154, 167
cathode, cold, see cold cathode
cathode, ﬁeld-emission, see ﬁeld-emission cathode
cathode, photo-, see photocathode
cathode process, 218
cathode sputtering, 248, 955, 1272, 1274
cathode, thermionic, see thermionic cathode
cathodoluminescence, 154, 382, 639, 738, 922, 1109
cation, 641, 644
Catlow–Diller–Norgett potential, 155, 624
Cauchy relations, 65, 156
caustic alkalis, 39
cavitation, 156
cavitation resistance, 156, 173, 653, 841, 1335, 1399
cavitation surface erosion, 1335
cavity, resonant, see resonators
Cayley tree, 156, 533
cell, high-pressure, see high-pressure cells
cell, photovoltaic, see photovoltaic cell
cell, solar, see solar cell
cell, unit, see unit cell
cell, Wigner–Seitz, see Wigner–Seitz cell
cellular alloy decomposition, 42
cellular morphology, 251
cellular structure, 122, 156, 177, 188, 227, 487, 546,
626, 627, 809, 816, 1017, 1020, 1125, 1128,
1282, 1288, 1361
Celsius scale, 1360
cementation, 156, 173, 193, 269, 1336
cementite, 95, 151, 152, 157, 419, 706, 841, 957, 1116,
1247, 1414, 1479
center, active, see active centers
center, amphoteric, see amphoteric center
center, color, see color centers
center, luminescent, see luminescent centers
center of dilatation, see dilatation center
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center of gravity, 157
center of homology, 586
center of inversion, see center of symmetry
center of mass, 157, 960, 1455
center of percussion, 157
center of symmetry, 65, 72, 156, 157, 238, 243, 264,
372, 399, 500, 526, 584, 586, 639, 677, 686, 702,
715, 799, 844, 868, 891, 899, 1005, 1023, 1027,
1031, 1071, 1149, 1150, 1191, 1298, 1403
center, paramagnetic, see paramagnetic center
center, positron, see positron center
center, positronium, see positronium center
centered lattices, 135
centers (levels) of attachment, 1410
centers (levels) of recombination, 1410
centi. . . , 157
centigrade scale, 1360
central forces, 65, 157, 945
central limit theorem, 1364
central peak, 158, 680, 861, 885
ceramic ferroelectric, see ferroelectric ceramics
ceramic glass, see glass ceramics
ceramic materials, 158
ceramic piezoelectric, see piezoelectric ceramics
ceramics, 1, 156, 158, 162, 206, 213, 247, 251, 308,
450, 530, 545, 577, 620, 647, 671, 700, 712, 723,
814, 1006, 1039, 1045, 1054, 1065, 1066, 1215,
1302, 1372
cerium, 161, 574, 697
cermet, 162
cermet magnets, 1156
cesium, 162, 1372
CGS system, 1437
chain explosion, 428
chain length, 162
chain molecules, 200
chain reactions, 162, 428
chalcogenide materials, 163, 631, 919, 923, 1443, 1451,
1463
chalcogenides, 52, 163
channeled particle friction, see friction of channeled
particles
channeled particle quantum states, see quantum states
of channeled particles
channeled particle self-acceleration, 164, 165
channeling, 99, 138, 164, 169, 170, 277, 300, 340, 494,
596, 642, 733, 809, 822, 868, 878, 912, 940, 955,
1083, 1086, 1099, 1107, 1148, 1226, 1233, 1298,
1329, 1475, 1491
channeling angle, 878
channeling detector, 906
channeling emission, 1084
channeling, hyper-, see hyperchanneling
channeling of current, see current ﬁlamentation
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channeling of ion beams, 165, 940, 1057
channeling, surface, see surface channeling
chaoite, 153
chaos, dynamic, see dynamic chaos
character of group representation matrix, 168
characteristic, capacitance–voltage, see
capacitance–voltage characteristic
characteristic, current–voltage, see current–voltage
characteristic
characteristic energy loss, 165, 166, 169, 1166, 1206
characteristic energy loss spectroscopy, 166, 388, 397,
648, 724, 1243
characteristic frequency band peaks, 853
characteristic length of magnetic material, 166, 682,
1218
characteristic lengths in superconductors, 166
characteristic scale of internal stresses, 1291
characteristic surface, 167, 255
characteristic temperature of deformation, 1361
charge carrier drift, see current carrier drift
charge carriers, see current carriers
charge coupled devices, 168, 498, 834, 922, 1180, 1251,
1273
charge coupled semiconductor devices, 1179
charge coupling devices, 168
charge density oscillations, see plasma oscillations
charge density wave, 67, 168, 194, 472, 495, 607, 631,
711, 912, 958, 959, 971, 1091, 1096, 1258, 1312,
1315, 1348, 1426, 1427
charge density wave in superconductor, see
superconductor with charge (spin) density waves
charged domain walls, 761
charged particle energy loss, 31, 134, 138, 169, 170,
344, 396, 1281, 1407
charged particle paths, 169, 170, 646, 647, 1281
charged particle radiation, see radiation by charged
particles
charge-induced emf, 1160
charge-injection devices, 168
charge, magnetic, see magnetic charge
charge (spin) density waves in superconductors, see
superconductors with charge (spin) density waves
charge-transfer complexes, 171, 938
charge transfer devices, 168
charging capacitance, 1183
Charles law, 659
charoite, 514
Chasles theorem, 619
chelate effect, 711
chemical adsorption, see chemisorption
chemical bond predissociation, 171
chemical bonds, 35, 60, 171, 174, 187, 213, 222, 223,
236, 258, 383, 386, 395, 421, 483, 559, 592, 594,
619, 632, 643, 644, 667, 772, 778, 824, 827, 902,
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905, 945, 964, 983, 1041, 1042, 1073, 1100,
1203, 1232, 1235, 1236, 1319, 1363, 1443, 1448
chemical contraction, 936
chemical diffusion, see heterodiffusion
chemical diffusion coefﬁcient, 306
chemical etching, 417, 1170
chemical heat treatment, 156, 172, 269, 555, 735, 828,
1399, 1510
chemical methods of analysis, 173, 972
chemical nucleation, 997
chemical potential, 46, 173, 439, 440, 975, 1381
chemical sedimentation, 159
chemical shift, 173, 597, 611, 900, 1192, 1264
chemical sputtering, 1274
chemical techniques of spraying, 1272
chemiluminescence, 174, 738, 740
chemisorption, 3, 26, 35, 172, 174, 181, 275, 427, 701,
1243, 1325, 1333, 1349
chemistry, mechano-, see mechanochemistry
chemistry, mesonic, see mesonic chemistry
chemistry of crystals, see crystal chemistry
chemistry of high energies, see high-energy chemistry
chemistry of solid state, see solid state chemistry
chemistry, quantum, see quantum chemistry
Cherenkov counters, 175
Cherenkov excitation mechanism, 1241
Cherenkov radiation, 169, 175, 914, 1099
chi phase, 175, 1143
chipped-off plate, 1158
chipping-off, see scabbing
chips, 836
chiral molecules, 721
chiral nematic, see cholesteric liquid crystal
chirality, 175, 407, 454, 526, 743
chirality in liquid crystals, 175, 176
chirality of magnetic bubble domains, 175, 351
cholesteric liquid crystal, 9, 65, 122, 175, 176, 202, 351,
360, 489, 543, 720, 721, 858, 921, 935, 1365,
1374, 1473
cholesteric phase, see cholesteric liquid crystal
Christoffel symbols, 176, 269, 471
chromatic method, 279
chrome plating, 176
chromel, 880
chromium, 111, 157, 177, 574, 626, 790, 1010, 1128,
1143, 1259, 1275, 1279, 1371, 1372
chromium alloys, 76, 177, 790, 1129, 1259
chromonitriding, 1349
chromosiliconizing, 173
chrysoberyl, 511
chrysoprase, 513
cinnabar, 177
circuit, magnetic, see magnetic circuit
circular dichroism, 254, 296
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circular drag effect, 178
circular photovoltaic effect, 142, 178, 1002
circular polarization, 1032
cladding, 1477
classes, crystalline, see crystal classes
classes, Laue, see Laue classes
classical action, 956
classical electron radius, 195
classical level broadening, 606
classiﬁcation of magnets, 788
classiﬁcation of synthetic and natural diamonds, 295
clathrate compounds, 178, 745
Clausius–Clapeyron equation, 553
Clausius–Mossotti equation, 178, 298, 696, 1030
cleavage, see crystal cleavage
cleavage planes, 1252
Clementi function, 179
climb, 324
climb of dislocations, 321, 322
clino-plane, 524
Clogston–Chandrasekhar paramagnetic limit, 496
closed Fermi surface, 444
closed systems, 1382
close-packed structures, 179
close packing, random, see random close-packing
model
closure vector, 143
cluster, 71, 111, 156, 158, 180, 181, 198, 203, 221, 242,
269, 277, 296, 349, 463, 485, 516, 535, 566, 590,
631, 645, 651, 663, 701, 724, 815, 825, 962,
1012, 1027, 1038, 1047, 1048, 1073, 1087, 1089,
1101, 1104, 1107, 1166, 1223, 1244, 1274, 1299,
1301, 1322, 1471
cluster approximation, 111, 180, 1073, 1089, 1454,
1471
cluster, cybotaxic, see cybotaxic clusters
cluster deposition, 181
cluster, noncrystalline, see noncrystalline clusters
cluster sputtering, 181, 1274
clustering of point defects, see point defect clustering
clusters of point defects, 1025
co-representations, 638
coadsorption, 181
coagulation, 182, 328, see coalescence
coagulation, generation–recombination, see
generation–recombination particle coagulation
coal, 28, 152, 182
coalescence, 40, 107, 182, 328, 516, 1053, 1102, 1104,
1295, 1331
coating, 10, 67, 69, 73, 81, 125, 128, 176, 182, 183,
219, 220, 376, 383, 400, 405, 407, 419, 470, 553,
612, 650, 654, 735, 748, 750, 770, 828, 836, 837,
883, 926, 943, 1014, 1039, 1067, 1108, 1120,
1143, 1286, 1320, 1335, 1336, 1340, 1344, 1346,
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1349, 1364, 1371, 1372, 1376, 1391, 1448, 1477,
1497, 1510
coating, anticorrosive, see anticorrosive coatings
coating, antireﬂection, see antireﬂection coating of
optical elements
coating, heat-reﬂecting, see heat-reﬂecting coatings
coating, interference, see interference coatings
cobalt, 182, 1143, 1223, 1302, 1372, 1396, 1449
Cochran relationship, 456, 1230
coercitimeter, 183, 782, 800
coercive ﬁeld, 184
coercive force, 41, 42, 50, 52, 63, 183, 186, 287, 336,
337, 449, 546, 551, 565, 751, 758, 764, 767, 768,
770, 782, 787, 800, 804, 1051, 1118, 1134, 1156,
1218, 1226, 1229, 1387
coercivity, 184
coexistence phase, 1126
coherence factors, 184
coherence length, 2, 56, 166, 184, 212, 268, 477, 496,
521–523, 607, 631, 671, 724, 733, 783, 845, 961,
962, 1058, 1084, 1303, 1306, 1307, 1310, 1347,
1380, 1393, 1429, 1444, 1467, 1474
coherence, quantum macroscopic, see macroscopic
quantum coherence
coherence, structural, see structural coherence
coherence time, 1454
coherent acoustic wave scattering, 19
coherent Bremsstrahlung, 138, 185, 1099, 1107
coherent channeling, see Okorokov effect
coherent condensate, see Bose condensate
coherent derived units, 1437
coherent domain boundary, 1424
coherent exciton, 422
coherent magnetic breakdown, 754, 1079
coherent oscillations, 1454
coherent phonon generator, 976
coherent phonons, 981
coherent potential, 186
coherent potential method, 186, 815, 1138, 1454
coherent precipitates, 41, 186, 849, 947
coherent scattering regions, 187, 302, 348, 366, 1487
cohesion, 33, 187, 329, 1243, 1481
cohesion energy, 187
cohesion strength, 187
coincident-site lattice, 187, 527, 529
cold brittleness, 41, 139, 177, 187, 227, 406, 436, 475,
546, 609, 627, 809, 817, 832, 854, 1018, 1124,
1128, 1287, 1293, 1404
cold brittleness temperature, 188
cold brittleness threshold, 188
cold cathode, 188, 588
cold deformation, 1361
cold electrons, 188, 384
cold emission, 1420
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cold emission of electrons, see ﬁeld emission of
electrons
cold hardening, see work hardening
cold reluctance, 188
cold welding, 308
cold working, 188, 1349
Cole–Hopf transformation, 143
collapse of electron orbits, 189
collapse of polymer networks, 1043
collective excitations, 11, 189, 341, 397, 424, 583, 613,
687, 1015, 1230, 1245, 1270, 1461
collective excitations in superconductors, 59, 123, 189
collective pinning, 57
collective recrystallization, 1124
collective variables method, 190, 748
collision cascade, 180, 191, 332, 1107, 1169, 1299,
1376
collision, focusing, see focuson
collision integral, 126
collision ionization, see impact ionization
collision radiation, see bremsstrahlung
Collver–Hammond curve, 815
color center lasers, 1237
color centers, 38, 137, 191, 255, 490, 644, 699, 989,
1008, 1031, 1048, 1232, 1237, 1261, 1275, 1405,
1414, 1443
color etching, 1170
color group, see Shubnikov groups
color pyrometry, 1068
color symmetry, 83
colored symmetry, 82, 192, 193, 259, 1481
colored symmetry group, 192, 192, 786, 1353, 1481
colossal magnetoresistance, 803, 875
columnar phases, 721
columnwise phases of discotics, 318
combinatory regular network, 1011
combined heat treatment, 193, 555
combined resonance, 272, 398, 538, 639, 1131, see
Fermi–Davydov combined resonance
combined water, see bound water
commensurable structure, see commensurate structure
commensurate, 169, 1259
commensurate lattices, 1338
commensurate structure, 193
common salt, see rock salt
compact disks, 924
compaction, see pressing
compatibility criteria, 471
compatibility of strain, see strain compatibility
compensated metal, 445, 581
compensated semiconductors, 1195
compensating impurities, 339
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compensation, conductivity self-, see conductivity
self-compensation
compensation, magnetic, see magnetic compensation
compensation of ionic conductivity, see ionic
conductivity compensation
compensation point, 757
compensation rule, 194
compensator, 1387
compensator, optical, see optical compensator
competitive segregation, 1170
complete disclinations, 315
complete superposition lattice, 187, 527, 529
completely orthogonalized plane wave method, 941
complex Doppler effect, 340
complex elastic moduli, 194, 364, 1144
complex hydrides, 593
complex ion, 213
complexy, 194
compliance tensor, 365
components, 972
composite materials, 10, 37, 42, 158, 195, 210, 328,
364, 427, 524, 560, 572, 574, 575, 735, 742, 869,
962, 1006, 1020, 1051, 1054, 1209, 1223, 1228,
1248, 1288, 1318, 1323, 1372, 1394, 1421
composite materials strength, see strength of composite
materials
composite superlattices, 1321
composites, 158
composites, nano-, see nanocomposites
compositional disorder, 328
compositional order, 728
compressibility, 141, 195, 234, 285, 401, 442, 572, 978,
1253, 1300, 1373, 1450, 1465
compressibility modulus, see bulk modulus
compression, uniform, see uniform compression
Compton effect, 133, 195, 393, 504, 1493
Compton wavelength, 195
computational microtomography, 196, 1399, 1400
computation methods of band structure, see band
structure computation methods
computer algebra, 196, 1075
computer simulation, 196, 197, 681, 839, 858, 955, 959
computerized axial tomography, 1399
computers, 196, 198
concentration, 56, 198, 634, 850, 970, 1003, 1014,
1118, 1277, 1280
concentration curve, 628
concentration-dependent phase transition, 198, 977
concentration effects, magnetic, see magnetic
concentration effects
concentration of stress, see stress concentration
concentration photoconductivity, 990
concentration polymorphism, 1043
concentration quenching, 740
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concentrators of stresses, 321
condensation, 35, 36, 50, 95, 132, 153, 199, 211, 235,
248, 497, 530, 594, 601, 650, 676, 736, 814,
1003, 1013, 1086, 1095, 1102, 1364, 1392, 1448,
1477
condensation of a lattice gas, 594
condensation of counter-ions, 1039
condensation temperature, 130
condensed matter interface, 199, 823
condensed state of matter, 200, 334, 428, 613, 644, 706,
843, 1092, 1451
condensed states of matter, 1276
condenser, 150
condensing, 1272
condenson, 200, 396
condensons, 392, 1035
conditional and true stresses, 283
conditional creep limit, 575
conditional deformation, 283
conditional strain, 872
conditional yield limit, 1502
condition of isotropy, 662
condition of nesting, 1312
condition of phase synchronism, 920
conditions of stability, 1380
Condon approximation, 488, see Franck–Condon
principle
conductance, electrical, see electrical conductance
conductance, high-frequency, see high-frequency
conductance
conducting polymers, 938
conduction, 1196
conduction band, 27, 38, 53, 59, 71, 94, 96, 101, 103,
144, 146, 188, 200, 219, 263, 264, 267, 284, 338,
368, 369, 382, 385, 392, 395, 408, 443, 444, 500,
506, 515, 518, 531, 536, 561, 580, 585, 587, 589,
604, 606, 611, 625, 631, 636, 637, 651, 675, 709,
726, 739, 769, 780, 808, 826, 831, 863, 919, 938,
991, 1059, 1084, 1091, 1122, 1177, 1181, 1184,
1189, 1204, 1214, 1215, 1238, 1241, 1259, 1281,
1321, 1341, 1344, 1396, 1405, 1410, 1416, 1449,
1451, 1459, 1470, 1480, 1481, 1506
conduction effective mass, 847
conduction electrons, 1, 5, 20, 21, 23, 69, 71, 72, 84,
114, 119, 141, 201, 202, 231, 262, 263, 271, 284,
297, 327, 332, 341, 342, 352, 379, 385, 392, 395,
411, 421, 440, 442, 445, 448, 463, 478, 494, 519,
536, 553, 566–568, 576, 588, 590, 604, 609–611,
677, 683, 691, 695, 710, 734, 753, 769, 787, 789,
796, 797, 829, 830, 839, 892, 897, 993, 1015,
1019, 1025, 1034, 1070, 1080, 1082, 1083, 1093,
1131–1133, 1138, 1152, 1165, 1169, 1176, 1183,
1204, 1219, 1232, 1248, 1254, 1262, 1270, 1285,
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1307, 1317, 1346, 1347, 1367, 1432, 1461, 1479,
1480
conduction in a strong electric ﬁeld, 1197
conduction mobility, 847
conductive channel, surface, see surface conductive
channel
conductivity, electrical, see electrical conductivity
conductivity, electronic, see electronic conductivity
conductivity, Fröhlich, see Fröhlich conductivity
conductivity, frozen, see frozen conductivity
conductivity, hole, see hole conductivity
conductivity, hopping, see hopping conductivity
conductivity, impurity, see impurity conductivity
conductivity, intrinsic, see intrinsic conductivity
conductivity, ionic, see ionic conductivity
conductivity, para-, see paraconductivity
conductivity, photo-, see photoconductivity
conductivity self-compensation, 201, 1281, 1370
conductivity switching, 54
conductivity tensor, 678
conductivity, thermal, see thermal conductivity
conductivity, thermally stimulated, see thermally
stimulated conductivity
conductors, 164, 202
conductors, organic, see organic conductors and
superconductors
conﬁguration interaction, 165, 202, 215, 1222
confocal domain, 202, 714, 1365
confocal textures, 203, 1365
conformation maps, 203
conformations, 203, 249, 474, 580, 866, 1040, 1042
conformer, 203
conical or tilted orientation, 131
conical refraction of acoustic waves, 204, 516
conical refraction of light waves, 204, 252, 1256
conjugated polymers, 1036
conoscopy, 204, 921
conoscopy ﬁgures, 204
conservation laws, 190, 195, 205, 209, 264, 340, 509,
538, 594, 611, 635–637, 691, 694, 695, 793, 880,
970, 985, 1090, 1093, 1112, 1312, 1343, 1402,
1436, 1461, 1471
constant wavelength technique, 879
constantan, 215
constants of crystal lattice„ see crystal lattice constants
construction materials, 47, 161, 206, 220, 281, 532,
553, 595, 750, 814, 854, 869, 883, 939, 1100,
1105, 1107, 1143, 1331, 1398, 1405, 1511
construction materials for thermonuclear reactors, 206
construction material strength, 207, 605, 1279, 1288,
1335, 1482
construction plastics, 207
contact, acoustic, see acoustic contact
contact angle, 207, 1478
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contact corrosion, 208, 725
contact-fatigue wear, 1475
contact interaction, 597
contact, nonohmic, see nonohmic contact
contact, ohmic, see ohmic contact
contact, point, see point contacts
contact potential difference, 104, 150, 173, 208, 370,
616, 1181, 1251, 1341, 1385
contact problem of elasticity theory, 208, 209
contact stresses, 208
contact wetting, 1478
contact X-ray microscopy, 1492
continuity conditions, 1282
continuous acoustic emission, 7
continuous alloy decomposition, 42
continuous (Bremsstrahlung or braking) spectrum, 1495
continuous potential, 164
continuous symmetry transformation group, 1353
continuous symmetry transformation groups, 209, 509,
525, 637, 1272
continuum approximation, 209
continuum integral, see path integral
continuum mechanics, 8, 143, 209, 361, 418, 689, 794,
1283, 1289
continuum theory of defects, 211, 958, 1010, 1246
contraction, transverse, see transverse contraction
conversion, 517
conversion electrons, 397
converter, 906
converter, optical frequency, see optical frequency
converter
convolution of line shape, see line shape convolution
Conwell–Weisskopf formula, 265
cooling, adiabatic demagnetization, see adiabatic
demagnetization cooling
cooling, adiabatic paramagnetic, see adiabatic
paraelectric cooling
cooling agent, 211, 234, 235, 736
cooling, desorption, see desorption cooling
cooling duct, 211
Cooper effect, 104, 212, 576, 783, 1313
Cooper pair, kinetic decoupling, see kinetic decoupling
of Cooper pairs
Cooper pairs, 4, 21, 37, 60, 61, 67, 104, 115, 124, 129,
166, 184, 190, 212, 226, 230, 268, 392, 409, 424,
446, 475, 477, 507, 522, 526, 530, 536, 576, 662,
671, 679, 747, 783, 806, 819, 830, 886, 934, 949,
961, 969, 976, 982, 1015, 1071, 1080, 1094,
1125, 1174, 1207, 1258, 1301, 1303, 1307, 1311,
1313, 1317, 1318, 1337, 1413, 1416, 1423
cooperative luminescence, 82, 212, 739, 740
coordinates, Eulerian, see Eulerian coordinates
coordinates, Lagrange, see Lagrange coordinates
coordinates, rotating, see rotating coordinate system

Subject Index
coordination compounds, 213, 559, 711
coordination number, 91, 172, 213
coordination polyhedron, 1038
coordination sphere, 43, 91, 111, 181, 189, 213, 237,
258, 619, 728, 911, 935, 1037, 1038, 1206, 1252,
1262
copolymer, 937, 1042
copper, 80, 134, 140, 211, 214, 220, 293, 504, 564, 627,
656, 736, 892, 991, 1059, 1370, 1403
copper alloys, 45, 214, 220, 518, 1510
corals, 514
Corbino disk, 215
Corbino disk geometry, 501
cordierite, 514
correlation, 215
correlation energy, 202, 215, 289, 440, 551, 668, 858,
892
correlation energy of a center, 216
correlation function, 59, 216, 217, 347, 476, 494, 515,
533, 681, 687, 717, 728, 855, 892, 965, 1050,
1159, 1345, 1402
correlation function of random ﬁeld, 217, 1115
correlation in alloys, 43, 1138
correlation length, 68, 217, 227, 228, 304, 350, 441,
523, 629, 659, 679, 772, 962, 963, 972, 1159,
1168, 1307, 1423
correlation parameters, 935
correlation radius, 217, 728, 1159, see correlation
length
correlation time, 121, 217, 494
correlator, 216
corrosion, 50, 52, 83, 208, 214, 218, 220, 426, 469, 525,
528, 626, 647, 705, 725, 750, 804, 813, 814, 857,
860, 883, 943, 1233, 1275, 1302, 1320, 1331,
1336, 1371, 1475, 1510
corrosion, contact, see contact corrosion
corrosion cracking, 8, 218, 219, 220
corrosion fatigue, 219, 220, 408, 438, 1347
corrosion, intercrystalline, see intercrystalline corrosion
corrosion, local, see local corrosion
corrosion-mechanical strength, 220
corrosion of metals, 219, 1010
corrosion potential, 218
corrosion protection, 73, 218, 219, 220, 1359, 1510
corrosion resistance, 42, 46, 47, 80, 95, 173, 176, 177,
195, 219, 220, 333, 379, 407, 646, 647, 650, 653,
654, 705, 750, 805, 814, 880, 883, 1021, 1053,
1129, 1215, 1230, 1275, 1279, 1358, 1359, 1372,
1399, 1449, 1511
corrosion under stress, 220, 816
corrosive, 508
corundum, 511
Costa-Ribeiro effect, see thermodielectric effect

Subject Index
Cotton–Mouton effect, 801, 1458, 1465, see Voigt
effect
Cotton–Mouton effect, acoustic analog, see acoustic
analog of Cotton–Mouton effect
Cottrell atmosphere, 85, 122, 221, 281, 325, 406, 1026,
1027, 1228, 1235, 1351
Cottrell–Hull model, 438
Cottrell mechanism, 434
Coulomb blockade, 870
Coulomb crystallization, 707
Coulomb explosion, 94, 221, 853
Coulomb gap, 222, 402
Coulomb integral, 1074
Coulomb islets, 869
Coulomb pseudopotential, see Morel–Anderson
Coulomb pseudopotential
Coulomb random potential, 1115
Coulomb staircase, 150
counter-ions, 1039
counter of crystals, see crystal detector
counter-pin transducers, 19
coupling energy, Josephson, see Josephson coupling
energy
covalent atomic radii, 91
covalent bond, 50, 52, 146, 159, 172, 188, 222, 223,
237, 275, 294, 387, 392, 420, 497, 532, 559, 573,
593, 602, 610, 619, 643, 644, 817, 824, 945,
1019, 1041, 1095, 1113, 1143, 1185, 1186, 1210,
1288, 1319, 1343, 1362, 1463
covalent carbides, 151
covalent crystals, 139, 192, 200, 223, 237, 322, 421,
540, 552, 624, 644, 680, 824, 959, 1017, 1232
covalent crystals, plastic deformation, see plastic
deformation of covalent crystals
covalent radius, 223
covariance, 223, 799
coverage of ﬁlm, 857
crack, 7, 36, 139, 140, 142, 160, 188, 207, 210, 218,
220, 223, 226, 257, 270, 279, 280, 314, 346, 349,
350, 361, 408, 433, 435–438, 485, 486, 491, 537,
545, 551, 560, 681, 723, 746, 748, 813, 818, 834,
836, 837, 872, 962, 1009, 1120, 1136, 1158,
1285, 1287, 1289, 1290, 1297, 1300, 1336, 1347,
1367, 1376, 1403, 1404, 1475, 1476
crack, brittle, see brittle crack
crack, nucleating, see nucleating crack
crack resistance, 434, 1462, see fracture toughness
crack resistance factor, 1403
crack, submicro-, see submicrocracks
crack, tough, see tough crack
crack, wedge-shaped, see wedge-shaped crack
cracking, 224
cracking corrosion, see corrosion cracking
Craig effect, 225

1531
creep, 45, 86, 225, 226, 233, 270, 283, 314, 317, 346,
349, 487, 529, 573–575, 681, 705, 730, 735, 750,
802, 813, 816, 817, 1016, 1018, 1040, 1101,
1105, 1133, 1290, 1300, 1370, 1374, 1383, 1447
creep, athermic, see athermic creep
creep curve, 225
creep, diffusion mechanism, see diffusion mechanism
of crystal creep
creep limit, 226, 816, 818
creep, radiation-induced, see radiation-induced creep
creep resistance, 226
creeping-over of the dislocation, 1448
crevice corrosion, 725
criterion for single domain formation, 1218
criterion of brittleness and toughness, see brittleness
and toughness criterion
criterion of ﬂuidity, 841
criterion of localization, see Anderson localization
criterion of microspalling, see microspalling criterion
criterion of superﬂuidity, see Landau superﬂuidity
criterion
criterion, Stoner, see Stoner criterion
critical angle of total external reﬂection, 1329
critical bubble, see critical embryo
critical crack opening, 486
critical currents, 57, 226, 327, 522, 579, 695, 769, 969,
1212, 1306, 1308, 1310, 1393, 1468
critical depairing current, 268
critical disorientation of dislocation subboundary, 227
critical embryo, 27, 227
critical embryos, 247, 909, 1131
critical exponents, 227, 229, 415, 1135
critical ﬁeld, lower, see lower critical ﬁeld
critical ﬁeld of surface superconductivity, see third
critical ﬁeld
critical ﬁeld, thermodynamic, see thermodynamic
critical magnetic ﬁeld
critical ﬁeld, third, see third critical ﬁeld
critical ﬁeld, upper, see upper critical ﬁeld
critical ﬂuctuations, 228, 229, 261, 689, 696, 773, 972
critical index, 59, 148, 184, 282, 473, 659, 846, 962,
963, 1050, 1135, 1160, 1197, 1255, 1262, 1351,
1374, 1427
critical magnetic ﬁelds, 228, 327, 522, 1310
critical magnetic neutron scattering, 772
critical parameters, 229, 728
critical phenomena, 228, 230, 349, 415, 473, 963, 1131,
1136, 1159, 1297, 1354
critical point, 59, 95, 158, 217, 229, 230, 472, 473, 728,
963, 971, 1159
critical point, triple, see triple critical point
critical points of second-order transitions, 866
critical pore size, 229, 1045
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critical region, 228, 229, 415, 455, 475, 477, 523, 696,
980, 1050, 1094, 1159, 1168, 1174, 1255, 1307
critical retardation of the kinetic processes, 350
critical shearing stress, 1208
critical slowing down, 228
critical state, 229
critical strain, 230
critical supercooling ﬁeld, 230
critical susceptibility, 1351
critical temperature, 3, 229, 230, 393, 405, 477, 498,
523, 577, 724, 769, 846, 949, 962, 1058, 1304,
1309–1311, 1314, 1423
critical temperature of superconductors, 21, 56, 61, 161,
230, 602, 661, 783, 815, 887, 982, 1096, 1429
critical temperature range, see critical region
critical velocity of energy release, 486
cross-deformation interaction, 231
cross-deformation potential, 231
cross-linking of polymers, see polymer cross-linking
crossover transitions, see direct transitions
cross-relaxation, 231, 345, 616, 734, 903, 1073, 1171,
1260, 1269
cross-section, 232, 291, 879, 1087, 1092, 1450
cross slip, 57, 233, 326, 867, 955, 1144
crowdion, 69, 233, 340, 350, 479, 491, 635, 1016, 1244
crowdion conﬁguration, 350
crown ethers, 745
cryocrystals, 233, 410, 735–737, 814
cryoelectronics, 837
cryogenic technology, 234, 508, 738
cryogenic temperatures, 234, 235, 426, 672, 676, 737,
980, 1395
cryogenic trapping, 736
cryomatrices, 814
cryopanels, 736
cryopumping, 736
cryosorbent, 235
cryosorption, 235
cryostat, 211, 235
cryothermometry, 1390
cryotron, 236, 837, 1311
crystal anisotropy, see anisotropy of crystals
crystal basal plane, see basal plane of crystals
crystal chemical radii, 237
crystal chemistry, 236, 250, 258, 668
crystal classes, 238, 240, 255, 256, 259, 565, 601, 941,
1066, 1129, 1216, 1364
crystal cleavage, 139, 238, 295, 435, 656
crystal cleavage planes, 238
crystal detector, 239
crystal diffraction spectrometers, 240, 1161, 1495
crystal faceting, 239, 240, 244, 251, 256, 856, 965, 1095
crystal ﬁeld, 9–11, 14, 112, 146, 225, 240, 241, 263,
313, 373, 425, 459, 519, 573, 612, 614, 638, 789,
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925, 1096, 1150, 1264, 1276, 1357, 1363, 1450,
1505, 1507
crystal ﬁeld gradient, 241, 899, 1069
crystal ﬁeld models, 242
crystal ﬁeld parameters, 241
crystal ﬁeld splitting, see Bethe splitting
crystal ﬁeld splitting tensor, 1265
crystal ﬁeld theory, 240, 241, 385, 712, 1257
crystal grain, 257, 841, 1039, 1288
crystal grains, see polycrystal
crystal growing rate, 595
crystal habit, 256
crystal homogeneity, 256
crystal lattice, 19, 27, 38, 43, 90, 95, 99, 101, 105, 113,
127, 131, 137, 140–142, 154, 157–159, 168, 177,
178, 191, 205, 213, 215, 219, 226, 234, 236, 240,
243, 244–246, 249, 250, 253, 255, 256, 258, 277,
291, 300, 302, 304, 305, 307, 331, 334, 340, 387,
393, 394, 406, 408, 415, 419, 452, 500, 506, 508,
533, 549, 556, 560, 563, 577, 589, 590, 593, 606,
625, 634, 636, 645, 662, 678, 695, 702, 709, 734,
735, 737, 751, 791, 798, 802, 809, 811, 814, 817,
820, 836, 848, 855, 859–861, 863, 878, 893, 911,
912, 915, 917, 925, 928, 938, 940, 947, 954, 958,
966, 985, 988, 1003, 1008, 1010, 1015, 1019,
1020, 1023, 1027, 1043, 1044, 1050, 1058, 1070,
1092, 1103, 1119, 1136, 1143, 1150, 1176, 1202,
1204, 1224, 1226, 1231, 1234–1236, 1238, 1246,
1250, 1252, 1268, 1274, 1276, 1280, 1299, 1301,
1302, 1304, 1309, 1314, 1315, 1319–1321, 1350,
1363, 1371, 1374, 1408, 1418, 1430, 1447, 1471,
1480
crystal lattice basis, 244, 433
crystal lattice constants, 180, 186, 195, 244, 259, 290,
539, 560, 703, 731, 748, 1147, 1397, 1437
crystal lattice dynamics, 15, 244, 311, 350, 362, 538,
737, 905, 1089, 1232, 1254, 1332
crystal lattice vibrations, 10, 19, 246, 272, 276, 392,
395, 398, 416, 481, 538, 540, 773, 914, 958, 984,
1081, 1089, 1131, 1169, 1209, 1253, 1254, 1265,
1367, 1461, 1479
crystal momentum, 121
crystal morphology, 250, 251, 256, 288, 473, 653, 1095
crystal nuclei, 252, 376, 646
crystal optics, 32, 204, 252, 431, 612, 915, 917, 936,
1022, 1150, 1256, 1350, 1472
crystal orbital, 853
crystal physics, 64, 250, 254, 258, 668
crystal polyhedron, 240, 251, 256, 539
crystal stability conditions, 257, 1290
crystal structure, 40, 42, 47, 87, 131, 133, 177, 182,
200, 237, 238, 244, 250, 256, 258, 286, 290, 383,
426, 575, 580, 591, 637, 639, 655, 660, 702, 745,
782, 845, 878, 917, 925, 971, 1026, 1103, 1123,
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1124, 1149, 1202, 1231, 1236, 1237, 1246, 1252,
1275, 1298, 1302, 1316, 1324, 1327, 1332, 1421,
1424, 1510
crystal symmetry, 5, 62, 64, 73, 79, 82, 103, 114, 134,
154, 236, 238, 240, 243, 244, 250, 252, 256, 258,
260, 315, 329, 334, 341, 362, 368, 401, 407, 408,
452, 506, 526, 538, 539, 543, 565, 585, 612, 677,
684, 702, 703, 746, 753, 789, 847, 874, 884, 949,
1027, 1065, 1088, 1151, 1165, 1176, 1213, 1252,
1264, 1265, 1268, 1284, 1295, 1305, 1353, 1371,
1381, 1408, 1421, 1426, 1436, 1437, 1460, 1465
crystal system, 259, 365, 511, 704, 865, 1252, 1354,
1412
crystalline, 541
crystalline boron, 127
crystalline electric ﬁeld, see crystal ﬁeld
crystalline state, gaseous, see gaseous crystalline state
crystallite, micro-, see microcrystallites
crystallites, 28, 49, 50, 63, 66, 187, 224, 247, 248, 252,
257, 263, 307, 323, 364, 406, 429, 450, 502, 526,
531, 626, 787, 834, 869, 1059, 1178, 1276, 1364,
1404, 1488
crystallization, 45, 49, 50, 54, 56, 63, 73, 114, 128, 153,
157, 172, 197, 199, 211, 227, 233, 247, 249–252,
256, 288, 296, 323, 328, 400, 415, 419, 472, 473,
487, 497, 504, 523, 530, 539, 560, 634, 645, 699,
708, 746, 824, 826, 848, 855, 856, 859, 869, 940,
974, 1016, 1039, 1044, 1045, 1062, 1064, 1095,
1102, 1105, 1119, 1123, 1131, 1170, 1178, 1186,
1215, 1231, 1233, 1234, 1236, 1243, 1319, 1325,
1330, 1364, 1432, 1460, 1463, 1477, 1488, 1511
crystallization center, see crystal nuclei
crystallization, electro-, see electrocrystallization
crystallization from the gas (vapor) phase, 95, 248, 857,
1394
crystallization gap, 974
crystallization, hydrothermal, see hydrothermal
crystallization
crystallization, levitation, see levitation crystallization
crystallization of amorphized layers, 1107
crystallization of polymers, 249
crystallization, self-sustaining, see self-sustaining
crystallization
crystallization waves, 249, 1075
crystallogenesis, 250
crystallographic axes, 865
crystallographic basis, 244
crystallographic classes, see crystal classes
crystallographic indices, 88, 90, 108, 133, 238, 249,
255, 526, 641, 704, 940, 1029, 1035, 1057, 1122,
1298, 1325, 1460
crystallographic magnetic point symmetry groups, 786
crystallographic system, 108, 123, 238, 244, 250, 260,
363, 565, 753, 855, 941, 1364, 1411, 1412
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crystallographic texture, see texture
crystallography, 236, 250, 254, 538, 634, 703, 704, 814
crystallography, International Tables, see International
Tables for Crystallography
crystallography, two-dimensional, see two-dimensional
crystallography
crystallophysical axes, 253
crystallophysical coordinate system, 167
crystals, 3, 15, 20, 24, 33, 40, 57, 63–65, 69, 82, 84, 85,
87, 88, 90, 91, 107, 109, 112, 113, 116, 117, 122,
127, 129, 131, 133, 138, 140, 141, 143, 155, 165,
167, 171, 178, 179, 187, 191, 203, 204, 210, 213,
216, 223, 228, 233, 236, 238–241, 244, 247, 248,
250–252, 254, 256, 258–261, 270, 276, 278, 280,
282, 288, 291, 294, 297, 300, 302, 309, 332–334,
348, 356, 363–365, 375, 395, 400, 401, 416, 433,
438, 468, 479, 496, 539, 557, 559, 566, 580, 586,
593, 595, 601, 602, 607, 624, 625, 629, 632, 634,
639, 644, 645, 650, 655, 668, 676, 703, 704, 712,
720, 738, 747, 751, 771, 809, 813, 824, 830, 835,
839, 848, 851, 853, 855, 857, 859, 866, 869, 880,
889, 890, 905, 915, 925, 929, 933, 936, 940, 949,
954, 970, 977, 979, 985, 997, 1025, 1031, 1039,
1040, 1043, 1045, 1048, 1054, 1070, 1073, 1075,
1080, 1083, 1089–1092, 1119, 1127, 1130, 1132,
1140, 1141, 1150, 1165, 1167, 1170, 1209, 1216,
1224–1226, 1234, 1237, 1241, 1243, 1276, 1295,
1325, 1327, 1330, 1332, 1335, 1340, 1342–1344,
1348, 1354, 1371, 1373, 1394, 1396, 1402, 1411,
1413, 1414, 1428, 1432, 1436, 1437, 1447, 1449,
1451, 1453, 1454, 1456, 1460, 1478, 1482, 1486,
1489, 1491, 1499, 1506, 1508
crystals, alkali-halide, see alkali-halide crystals
crystals, biaxial, see biaxial crystals
crystals, biological, see biological crystals
crystals, covalent, see covalent crystals
crystals, cryo-, see cryocrystals
crystals, defects, see defects in crystals
crystals, deuterated, see deuterated crystals
crystals, dislocation-free, see dislocation-free crystals
crystals, ideal, see ideal crystal
crystals, ion-molecular, see ion-molecular crystals
crystals, ionic, see ionic crystals
crystals, liquid, see liquid crystals
crystals, mixed, see mixed crystals
crystals, molecular, see molecular crystals
crystals, mosaic, see mosaic crystals
crystals, nano-, see nanocrystals
crystals, negative, see negative crystals
crystals, nonlinear-optical, see nonlinear-optical
crystals
crystals, perfect, see perfect crystal
crystals, quantum, see quantum crystals
crystals, quasi-, see quasi-crystals
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crystals, quasi-one-dimensional, see
quasi-one-dimensional crystals
crystals, quasi-two-dimensional, see
quasi-two-dimensional crystals
crystals, thread-like, see thread-like crystals
crystals, uniaxial, see uniaxial crystals
crystals, virtual, see virtual crystal
crystals, Wigner, see Wigner crystal
cubic boron nitride, 1319
cubic close packing, 180
cubic crystal ﬁeld, 242
cubic electric ﬁeld effect, 374
cubic system, 154, 244, 250, 253, 260, 364, 400, 433,
449, 586, 655, 731, 865, 1256
cumulation in a medium with varying density, 260
cumulative effect, 260
cumulative jets, 260
cunico, 260, 548, 565
cunife, 260, 548, 565, 745, 849
cuprates, 1307
Curie constant, 261
Curie group, see limiting symmetry groups
Curie law, 260, 574, 948, 951
Curie point, 101, 111, 119, 157, 183, 229, 230, 261,
287, 292, 352, 381, 402, 449, 455–457, 478, 557,
654, 659, 689, 729, 759, 772, 773, 779, 782, 785,
787, 789, 790, 797, 799, 804, 805, 826, 852, 873,
947, 948, 954, 996, 1046, 1050, 1076, 1094,
1118, 1126, 1135, 1152, 1230, 1233, 1255, 1267,
1340, 1387, 1412, 1452, 1476
Curie principle, 255, 261
Curie range, 303
Curie theorem, 261
Curie–Weiss law, 77, 107, 261, 455, 460, 785, 873, 947,
948, 951, 1031, 1223, 1460
Curie–Weiss temperature, 261
curium, 26, 261, 1409
current, 691, see electric current
current carrier, 48
current carrier drift, 16, 108, 262, 263, 292, 368, 384,
394, 398, 411, 501, 516, 617, 758, 847, 989, 999,
1241
current carrier generation, see generation of current
carriers
current carrier mobility, see mobility of current carriers
current carrier recombination, see recombination
current carrier scattering, 72, 140, 263, 371, 392, 398,
421, 558, 588, 589, 636, 780, 803, 847, 1015,
1082, 1163, 1193, 1197, 1426, 1447
current carrier scattering in semiconductors, 264
current carriers, 12, 72, 92, 100, 150, 168, 194, 202,
222, 239, 263, 356, 358, 369, 370, 384, 385, 411,
422, 424, 478, 501, 516, 519, 538, 561, 581, 605,
615, 635, 636, 640, 644, 677, 682, 709, 712, 758,

Subject Index
769, 774, 779, 791, 808, 842, 843, 847, 864, 871,
883, 930, 938, 982, 989, 991, 1007, 1013, 1015,
1070, 1105, 1106, 1112, 1121, 1122, 1140, 1156,
1163, 1177, 1180, 1181, 1185, 1187, 1188, 1214,
1226, 1230, 1238, 1243, 1250, 1251, 1261, 1388,
1412, 1453
current channels, 54
current, critical, see critical currents
current density, 372
current, electric, see electric current
current ﬁlamentation, 136, 165, 267, 333, 384
current instability due to overheating, 588
current noise, 883
current, persistent, see persistent current
current, pyroelectric, see pyroelectric current
current states, 679, 1318
current states in metals, 267, 797
current states in superconductors, 268
current–voltage characteristic, 100, 117, 136, 267, 268,
299, 333, 356, 451, 507, 540, 561, 588, 620, 797,
815, 875, 1023, 1024, 1137, 1162, 1182, 1198,
1207, 1306, 1377, 1383, 1396, 1415–1417, 1419,
1420, 1475
curvature tensor, 269, 315, 333, 471
curve of initial magnetization, 791
curve of magnetization, see magnetization curve
curve of saturation magnetization, see saturation
magnetization curve
cut, see crystal faceting
cyaniding, 173, 269
cybotaxic clusters, 269, 360
cybotaxis, 269, 723, 836
cyclic coordinates, 58
cyclic heat treatment, 270, 555, 1374, 1376, 1383
cyclic strength, 270, 407, 437, 438, 816, 1288
cycloidal magnetic structure, 848
cyclotron (diamagnetic) resonance, 1070
cyclotron effective mass, 357
cyclotron frequency, 6, 14, 262, 270, 271–273, 285,
341, 506, 519, 784, 792, 795, 1071, 1076, 1078,
1140, 1198, 1211, 1239
cyclotron parametric resonance, 271
cyclotron–phonon resonance, 271
cyclotron resonance, 201, 271, 272, 273, 342, 357, 380,
538, 742, 778, 831, 1070, 1076, 1132, 1140,
1200, 1205, 1239, 1301, 1323, 1412, 1427, 1466
cyclotron resonance, acoustic, see acoustic cyclotron
resonance
cyclotron resonance, Doppler-shifted, see
Doppler-shifted cyclotron resonance
cyclotron resonance in metals, 272, 569
cyclotron resonance, quantum, see quantum cyclotron
resonance
cyclotron resonances, 796, 1140
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cyclotron waves, 70, 273, 380, 1239
cylindrical magnetic domain, see magnetic bubble
domain
cylindrical rigidity of the plate, 1021
Czochralski method, 857
damping, collision-free, see magnetic collision-free
damping
damping, Landau, see Landau damping
damping, magnetic collision-free, see magnetic
collision-free damping
dangling bond, 29, 52, 53, 55, 60, 101, 152, 275, 319,
325, 527, 529, 602, 949, 1027, 1114, 1186, 1210,
1242, 1340, 1343
dark current, 990
dark current carriers, 263
dark electrical conductivity, 1200
dark solitons, 924
David–Schopper theory, 1393
Davydov solitons, 1245
Davydov splitting, 73, 275, 439
dc Josephson effect, 351, 669
de Boer parameter, 275, 1075, 1508
de Broglie wave, 59, 232, 276, 494, 732, 1080, 1087,
1219, 1226, 1376, 1391
de Haas–van Alphen effect, 70, 284, 285, 293, 294, 310,
334, 445, 693, 755, 795, 832, 1070, 1071, 1083,
1164, 1211, 1232
de Haas–van Alphen oscillations, 285
Debye formula, 696
Debye frequency, 124, 245, 276, 793, 859, 887, 1254,
see speciﬁc heat
debyegram, 276
Debye–Hückel screening radius, 370, 1165
Debye–Hückel theory, 276, 370, 1165, 1234, 1271
Debye model, 245, 276, 277
Debye model of speciﬁc heat, 1254
Debye radius, 1152, 1254
Debye–Scherrer–Hull method, 1498
Debye–Scherrer method, 276, 586
Debye screening length, 1252
Debye–Sears diffraction, 24
Debye temperature, 38, 86, 92, 105, 119, 146, 230, 266,
276, 277, 411, 500, 580, 659, 661, 675, 826, 984,
987, 1111, 1215, 1220, 1254, 1368, 1371, 1373,
1384, 1456
Debye theory of dielectric relaxation, 298
Debye theory of speciﬁc heat, see speciﬁc heat
Debye–Waller factor, 277, 302, 349, 431, 861, 960, 983,
1298, 1371, 1488, 1494
deca. . . , 277
decarburizing annealing, 555
decay, isostructural, see isostructural decay
dechanneling, 164, 277, 955
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dechanneling length, 278
deci. . . , 278
decomposition of alloys, see alloy decomposition
decomposition of supersaturated solid solutions, 1236
decomposition, spinodal, see spinodal decomposition
decoration, see surface decoration
decoupling critical current, 226
decrement, 1454
decrement of Landau damping, 690
deep energy levels and Green’s functions, see Green’s
functions and deep energy levels
deep level transient spectroscopy, 1259
deep levels, 55, 150, 201, 278, 369, 501, 647, 726,
1008, 1123, 1183, 1192, 1237, 1374, 1410
defect, anti-Schottky, see anti-Schottky defect
defect, antisite, see antisite defect
defect, antistructural, see antistructural defect
defect clustering, see point defect clustering
defect, dumb-bell interstitial, see dumb-bell interstitial
defect
defect elastic potential, see elastic potential of a defect
defect, extended electrically active, see electrically
active extended defects
defect formation threshold energy, see threshold energy
of defect formation
defect, Frenkel, see Frenkel defect
defect, grain-boundary, see grain-boundary defects
defect interaction, elastic, see elastic interaction of
defects
defect interaction, strain, see strain interaction of
defects
defect, intrinsic, see intrinsic defects
defect, macroscopic, see macroscopic defects
defect, monopole-type, see monopole-type defect
defect, needle-shaped, see needle-shaped defect
defect, planar, see planar defect
defect, point, see point defects
defect resistance, 280, 486
defect resistance parameter, 280
defect, rod-shaped, see rod-shaped defects
defect, Schottky, see Schottky defect
defect, stacking, see stacking faults
defect, stoichiometric, see stoichiometric defects
defect stress scale, see stress scales of defect structures
defect structure analysis, see microprobe X-ray defect
structure analysis
defect, surface, see surface defects
defect, swirl, see swirl defects
defect symmetry group, 282, 727, 1026, 1353
defect, thermal, see thermal defects
defect threshold energy, see threshold energy of defect
formation
defecton, 278, 350, 606, 1094, 1447
defecton band, 278
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defectoscopy, 6, 9, 10, 196, 279, 399, 457, 721, 778,
789, 886, 917, 1158, 1161, 1376, 1399, 1432,
1485, 1494
defectoscopy, optical, see optical defectoscopy
defects, continuum theory, see continuum theory of
defects
defects, elastic interaction, see elastic interaction of
defects
defects, elastic polarizability, see elastic polarizability
of defects
defects, healing, see healing of defects
defects in crystals, 4, 8, 10, 23, 29, 42, 49, 55, 57, 66,
72, 81, 82, 86, 92, 99, 100, 106, 117, 131, 142,
143, 156, 158, 181, 194, 197, 202, 211, 220, 221,
231, 251, 257, 258, 263, 269, 275, 278, 279, 280,
282, 283, 300, 302, 304, 310, 312–314, 322, 333,
334, 336, 338, 345, 350, 351, 359, 362, 365, 369,
383, 384, 395, 398, 428, 479, 482, 490, 491, 494,
502, 505, 510, 518, 535, 538, 539, 551, 567, 575,
602–605, 633, 635, 644, 647, 655, 704, 712, 714,
721, 723, 726, 739, 746, 750, 752, 754, 768, 769,
776, 787, 809, 814, 816, 830, 836, 838, 839,
842–844, 854, 856, 859, 862, 864, 865, 871, 872,
874, 883, 909, 913, 917, 925, 935, 938, 947, 960,
966, 981, 984, 987, 989, 1003, 1019, 1046, 1047,
1057, 1063, 1073, 1075, 1076, 1078, 1084, 1090,
1093, 1101, 1106–1108, 1119, 1120, 1122–1124,
1140, 1158, 1163, 1164, 1170, 1176, 1232, 1234,
1236, 1238, 1261, 1274, 1276–1278, 1281–1284,
1288, 1289, 1291, 1298, 1330, 1332, 1359, 1367,
1368, 1370, 1375, 1389, 1394, 1410, 1411, 1423,
1426, 1432, 1443, 1451, 1481, 1482, 1499, 1501
defects in liquid crystals, 281, 316, 721, 858
defects in phase transitions, 281
defects of interstitial packing, 1274
defects of subtraction packing, 1274
defects, strain interaction, see strain interaction of
defects
defects, X-ray structure analysis, see microprobe X-ray
defect structure analysis
deﬂectors of light, see light deﬂectors
defocusing of atomic collisions, 480
deformable alloys, 47
deformable high-temperature alloys, 573
deformation at low temperatures, see low-temperature
deformation
deformation by explosion, see explosion deformation
deformation by penetration, see penetration
deformation
deformation curve, 283
deformation diagram, 7, 282, 283, 316, 438, 1283,
1287, 1322, 1431, 1483, 1501
deformation interaction, 231
deformation kinetics, 283
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deformation, low-temperature, see low-temperature
deformation
deformation mechanism, 20
deformation, plastic, see plastic deformation
deformation, plastic twisting, see plastic twisting
deformation
deformation polygonization, 1040
deformation rate, see plastic deformation rate
deformation tensor, see strain tensor
deformation texture, 1364
deformation vector, see displacement vector
deformation work, see work of deformation
deformations of stretching (compression), 1285
degeneracy, 112, 130, 265, 283, 284, 394, 408, 440,
641, 839, 847, 885, 1206, 1258, 1363, 1385, 1448
degeneracy factor, 284
degeneracy, pseudo-, see pseudodegeneracy
degeneracy, spin, see spin degeneracy
degeneracy temperature, 284
degenerate bands, 1190
degenerate four-wave mixing laser, see holographic
laser
degenerate semiconductor, 284, 285, 440, 576, 1013,
1202, 1211, 1314, 1419, 1429, 1474
degradation of polymers, see polymer degradation
degradation of surface, see surface degradation
degree of carbonization, 182
degree of compensation, 1195
degree of graphitization, 1421
degree of order, 132, 284, 935
degree of surface ionization, 1338
dehardening, 108, 225, 286, 317, 349, 438, 551, 716,
735, 817, 832, 1040, 1116, 1125, 1482
dehardening by alloying, 286
dehydration, 593
delay length, 307
delay line, ultrasonic, see ultrasonic delay lines
delta ferrite, 449
delta phase, 286, 449, 1304
demagnetization, 34, 229, 287, 571, 750, 767, 805
demagnetization cooling, see adiabatic paraelectric
cooling
demagnetization curve, 548
demagnetization factor tensor, 287, 288, 458, 629, 630
demagnetization factors, 287, 630
demagnetization ﬁelds, 75, 166, 288, 337, 448, 458,
629, 630, 682, 757, 760, 765, 772, 791, 873, 967,
1134, 1157, 1218, 1387
demarcation level, 1411
Dember emf, 1002
demodulation, 310
dendrite structure, 289
dendrites, 247, 251, 256, 288, 485, 574
densimeters, 289
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density, 64, 141, 182, 200, 289, 296, 309, 361, 363, 401,
426, 551, 645, 705, 723, 725, 770, 939, 946,
1142, 1145, 1147, 1249, 1378, 1455, 1466
density effect, 169
density functional, 289
density functional, nonlocal, see nonlocal density
functional
density functional theory, 102, 104, 216, 289, 669, 725,
858, 892, 1061, 1074, 1130
density matrix, 120, 191, 210, 216, 290, 679, 682, 687,
901, 1056, 1058, 1079, 1149, 1269
density of electron states, 1, 61, 101, 103, 127, 291,
370, 393, 460, 494, 555, 576, 712, 907, 959, 995,
1059, 1152, 1205, 1304, 1315, 1419
density of spins, see spin density
density of states, 54, 57, 103, 124, 212, 222, 230, 273,
291, 380, 392, 397, 402, 405, 441, 446, 472, 477,
485, 498, 501, 522, 549, 566, 570, 615, 648, 710,
711, 722, 727, 846, 859, 863, 864, 880, 887, 915,
952, 961, 963, 982, 987, 995, 1115, 1130, 1133,
1143, 1146, 1186, 1199, 1255, 1281, 1312, 1411,
1416, 1417, 1420, 1421, 1425, 1435, 1450, 1474,
1488, 1496
density shock wave, 1210
density wave of Josephson current, 351
depairing current density, 679
depairing curve, 268
dephasing time, 118
depletion, 292, 431, 874, 1182
depletion layer, 1333
depolarization, 1032
depolarization current, 368
depolarization factor tensor, 287
depolarization factors, 288
depolarization ﬁeld, 992, 1134, see photodomain effect
deposition, cluster, see cluster deposition
derived units, 1437, 1438
desorption, 3, 148, 292, 386, 387, 426, 813, 992, 1002,
1100, 1236, 1338, 1370, 1386
desorption cooling, 234, 292
desorption, electron-induced, see electron-induced
desorption
desorption, photo-, see photodesorption
desorption, thermal, see thermal desorption
destabilization of lattice, see lattice destabilization
Destriau effect, 378
destruction of Cooper pairs, 769
destruction with cup and cone, 1403
detection, pyroelectric, see pyroelectric detection
detector, 905
detector of crystals, see crystal detector
detector of speciﬁc energy losses, 906
detectors of nuclear radiation, see nuclear radiation
detectors
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detectors of optical radiation, see optical radiation
detectors
detectors, pyroelectric, see pyroelectric radiation
detectors
detonation, 428
deuterated crystals, 292
device, superconducting quantum interference, see
superconducting quantum interference device
devices, acousto-optic, see acousto-optic devices
devices, charge coupled, see charge coupled devices
devices, eletronic superconducting, see
superconducting microwave electronic devices
devices on magnetic bubble domains, see magnetic
bubble domain devices
devices, photocontrolled microwave, see
photocontrolled microwave semiconductor
devices
devices, semiconductor, see semiconductor devices
devices, semiconductor microwave, see microwave
semiconductor devices
“devil’s staircase”, 194, 293, 711
diagonal glide plane, 524
diagram, indenter–hardness, see indenter–hardness
diagram
diagram, Mohr, see Mohr diagram
diagram of deformation, see deformation diagram
diagram of loading, 283
diagram of molecular energy, see molecular energy
diagram
diagram, phase, see phase diagram
diagram, Tanabe–Sugano, see Tanabe–Sugano
diagrams
diagram technique, 534
diamagnet, 128, 293, 500, 791
diamagnetic anisotropy, 65
diamagnetic cyclotron resonance, 273
diamagnetic domains, 293, 334, 1164
diamagnetism, 124, 174, 293, 294, 693, 698, 785, 832,
948, 951, 1003, 1232
diamagnetism, absolute, see absolute diamagnetism
diamagnetism, ﬂuctuation, see ﬂuctuation
diamagnetism
diamagnetism, ideal, see absolute diamagnetism
diamagnetism, Landau, see Landau diamagnetism
diamagnetism, perfect, see absolute diamagnetism
diamagnets, 294, 746, 772, 782, 785, 788, 790, 791,
799, 801, 804, 819, 851
diamond, 40, 129, 139, 141, 152, 153, 159, 172, 192,
213, 223, 237, 294, 296, 332, 511, 517, 527, 560,
571, 592, 615, 619, 639, 647, 653, 659, 700, 731,
882, 912, 955, 1043, 1054, 1185, 1202, 1213,
1223, 1225, 1231, 1318, 1397, 1421
diamond-like carbon ﬁlms, 181, 296, 470, 645, 1014
diamond plane, 524
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diazotype materials, 893
dichroism of crystals, 3, 296, 302, 915, 921, 1022,
1034, 1175
dichroite, 514
dielectric anisotropy, 65
dielectric constant, 25, 38, 64, 65, 74, 92, 105, 107, 114,
115, 124, 140, 146, 150, 178, 222, 253, 255, 261,
287, 297, 298, 299, 303, 313, 329, 357, 361, 369,
370, 375, 377, 380, 381, 394, 401, 411, 424, 426,
450, 453, 455, 495, 508, 536, 542, 546, 563, 570,
585, 604, 612, 620, 629, 638, 645, 682, 685, 691,
696, 707, 713, 742, 802, 815, 829, 848, 850, 891,
914, 928, 982, 987, 992, 993, 999, 1004, 1006,
1007, 1013–1015, 1025, 1029, 1032, 1060, 1067,
1078, 1092, 1099, 1105, 1108, 1114, 1115, 1128,
1164, 1168, 1169, 1174, 1183, 1205, 1209, 1211,
1218, 1238, 1251, 1252, 1256, 1271, 1332, 1353,
1362, 1377, 1406, 1426, 1441, 1451, 1452, 1460,
1469, 1470
dielectric constant dispersion analysis, see dispersion
dielectric constant analysis
dielectric constant of vacuum, 298
dielectric dispersion, spatial, see spatial dielectric
dispersion
dielectric dispersion, temporal, see temporal dielectric
dispersion
dielectric function, see dielectric constant
dielectric hysteresis, 1135
dielectric loss, 298, 381, 950, 1032, 1105, 1108, 1132,
1452
dielectric loss tangent angle, 298
dielectric measurements, 298
dielectric mirrors, 628
dielectric polarization, 375
dielectric relaxation, see Maxwell relaxation
dielectric strength, 620
dielectric susceptibility, 297, 1350
dielectric viscosity, 299
dielectric viscosity coefﬁcient, 299
dielectric waveguide, 621
dielectrics, see insulators
dielectrometry, see dielectric measurements
dielectronics, 299, 621
differential cross-sections, 232
differential domain wall mobility, 337
differential magnetic permeability, 772
differential mobility, 337
differential scattering cross-section, 713, 1163
differential susceptibility, 785, 1350
diffraction, 366
diffraction, acoustic, see acoustic diffraction
diffraction, acousto-optic, see acousto-optic diffraction
diffraction analysis, X-ray, see X-ray structure analysis
diffraction, Bragg, see Bragg diffraction

Subject Index
diffraction efﬁciency, 300
diffraction-free spectrometers, 1495
diffraction grating, 24, 25, 299, 301, 330, 623, 712, 997,
1343
diffraction, Laue, see Laue diffraction
diffraction methods of investigation, 300, 684
diffraction of electrons, see electron diffraction
diffraction of electrons of medium energies, 383
diffraction of light, 138, 299, 300, 301, 302, 331, 713,
923, 928
diffraction of light by sound, see acousto-optic
diffraction
diffraction of low-energy electrons, see low-energy
electron diffraction
diffraction of radiations, 301, 349
diffraction of radiations in ultrasonic ﬁeld, 1485
diffraction of waves, 301, 348, 383, 1429
diffraction of X-rays, see X-ray diffraction
diffraction pattern of X-rays, see X-ray diffraction
pattern
diffraction polarization, 302
diffraction, self-, see self-diffraction of light
diffraction spectrometers, crystal, see crystal diffraction
spectrometers
diffraction, thermal neutron, see thermal neutron
diffraction
diffraction topography, 1494
diffraction X-ray microscopy, 1492
diffractometer, texture, see texture diffractometer
diffractometer, X-ray, see X-ray diffractometer
diffractometers, 300, 1296
diffractometry, gamma ray, see gamma diffractometry
diffractometry, neutron, see neutron diffractometry
diffractometry, neutron structural, see structural
neutron diffractometry
diffractometry, proton, see proton microscopy
diffractometry, X-ray, see X-ray diffractometry
diffuse light reﬂection, 1127
diffuse phase transition, 303, 450, 478, 977
diffuse reﬂection, 1126, 1219
diffuse scattering, 69, 195, 300, 304, 349, 478, 686, 702,
965, 1025, 1225, 1299, 1370, 1459, 1488, 1494
diffuse surfaces, 1326
diffusion, 27, 28, 45, 48, 59, 67, 68, 73, 84, 122, 131,
143, 146, 154, 158, 172, 176, 180, 191, 195, 197,
210, 219, 225, 233, 256, 266, 280, 304, 306–308,
322, 325, 326, 339, 350, 355, 410, 478, 481, 485,
490, 491, 493, 494, 516, 528, 530, 551, 560, 574,
585, 595, 616, 628, 647, 724, 733, 787, 813, 815,
821, 825, 835, 836, 844, 858, 869, 873, 893, 894,
909, 912, 988, 1002, 1019, 1024, 1026, 1027,
1029, 1038, 1045, 1056, 1061, 1076, 1081, 1087,
1101, 1106, 1113, 1115, 1119, 1123, 1178, 1187,
1220, 1228, 1232, 1236, 1260, 1272, 1273, 1323,
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1331, 1332, 1340, 1343, 1349, 1370–1373, 1376,
1378–1380, 1386, 1389, 1404, 1408–1411, 1414,
1432, 1447, 1462, 1477, 1478, 1497, 1506
diffusion, ambipolar, see ambipolar diffusion
diffusion annealing, see homogenization
diffusion, anomalous, see anomalous diffusion
diffusion, ascending, see ascending diffusion
diffusion, boundary, see boundary diffusion
diffusion capacitance, 833, 1183
diffusion chrome plating, 176
diffusion coefﬁcients, 45, 48, 68, 84, 96, 107, 131, 167,
195, 276, 305, 306, 307, 308, 334, 358, 410, 494,
560, 595, 616, 678, 681, 746, 813, 815, 826, 844,
847, 961, 963, 1003, 1017, 1027, 1081, 1102,
1115, 1177, 1182, 1303, 1379, 1414
diffusion creep, see diffusion mechanism of crystal
creep
diffusion current, 372
diffusion dislocation–dislocation interaction, 319
diffusion-drift detectors, 906
diffusion-free transformation, 306, 811, 940
diffusion in alloys, 306
diffusion, inter-, see interdiffusion
diffusion length, 4, 97, 168, 262, 307, 999, 1182, 1278,
1391
diffusion mechanism of crystal creep, 210, 307, 313,
324, 1017
diffusion, nuclear spin, see nuclear spin diffusion
diffusion photo-emf, 1002
diffusion porosity, 308, 746, 1219
diffusion, quantum, see quantum diffusion
diffusion, radiation-induced, see radiation-induced
diffusion
diffusion, reactive, see reactive diffusion
diffusion, spin, see spin diffusion
diffusion spin length, 616
diffusion, surface, see surface diffusion
diffusion, thermo-, see thermodiffusion
diffusion, tubular, see tubular diffusion
diffusion waveguides, 18
diffusion welding, 113, 308, 1477
diffusion width, 131
diffusion zinc plating, 1510
diffusion zone, 308, 491, 628, 681, 1349, 1399
diffusive creep, 226
diffusivity, 309, 554, 1067
dilatation, 309, 518, 690, 889, 1301, 1447
dilatation center, 221, 309, 1025
dilatometer, 309, 1466
dilatometric analysis, 195, 309, 1299, 1374
dilaton, 310
dilute magnetic semiconductor, see semimagnetic
semiconductor
dimensional crossover, 1310

1539
dimensionless system of units, 1441
dimers, 421, 422
Dingle factor, 285, 310
diode, 100, 268, 310, 501, 516, 517, 540, 617, 621, 758,
833, 836, 871, 981, 1164, 1179, 1180, 1183,
1184, 1359, 1377, 1451
diode, BARRITT, see barrier injection transit time
diode
diode, generation type, see generation type
semiconductor diodes
diode, Gunn, see Gunn diode
diode, IMPATT, see impact ionization avalanche transit
time diode
diode laser, 617
diode, light emitting, see light emitting diode
diode, photo-, see photodiode
diode, p–i–n, see p–i–n diode
diode, Schottky, see Schottky diode
diode, semiconductor, see semiconductor diode
diode, TPATT, see trapped plasma avalanche triggered
transit diode
diode, tunnel, see tunnel diode
diode, varactor, see varactor
dipolar glass, 1295
dipolar instability, see vibronic instability
dipole dielectrics, 621
dipole–dipole interaction, 116, 311, 391, 454, 597, 604,
609, 701, 751, 851, 855, 867, 871, 900, 908,
1076, 1156, 1245, 1260, 1269, 1278, 1318
dipole–dipole reservoir, 311, 389, 733, 868
dipole dislocation walls, 321
dipole-forbidden transition, 311
dipole glass, 303, 311, 454, 600, 933
dipole, induced, see induced dipoles
dipole instability, 1458
dipole interaction, magnetic, see magnetic dipole
interaction
dipole layer, 312, 1344
dipole, magnetic, see magnetic dipole
dipole moment, 15, 34, 82, 171, 298, 311, 312, 356,
367, 372, 373, 422, 454, 474, 488, 493, 604, 612,
615, 621, 725, 759, 778, 867, 884, 898, 925, 942,
947, 949, 970, 1030, 1031, 1069, 1117, 1261,
1275, 1278, 1295, 1350, 1437, 1458, 1482
dipole moment of a paramagnetic center, see electric
dipole moment of a paramagnetic center
dipole relaxation, 312, 1131
Dirac equations, 1130
Dirac monopole, see magnetic monopole
direct band-to-band transitions, 925
direct-gap semiconductors, 618, 1184
direct integral, 1074
direct-lattice vector, 121
direct magnetoelastic interaction, 798
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direct magnetostriction, 804
direct piezoelectric effect, 1005, 1007
direct pole ﬁgure, 1035
direct processing metallurgy, 828
direct relaxation process, 313, 1111, 1131, 1213
direct transitions, 313, 611, 637, 1198, 1287, 1435
directional dispersion, 356
directly heated thermionic cathodes, 1377
director, 65, 126, 131, 176, 281, 285, 312, 313, 317,
335, 350, 360, 399, 489, 540, 556, 584, 721, 801,
876, 921, 935, 939, 1227, 1424
disclination–dislocation model, 1017
disclination loops, 313
disclination models of plastic deformation, 313, 322,
438, 1016, 1018, 1207, 1208
disclination multipoles, 313
disclination of slope, 315
disclinations, 122, 126, 211, 269, 283, 313, 314, 328,
332, 335, 359, 360, 433, 471, 556, 603, 714, 721,
858, 876, 921, 1010, 1020, 1244, 1246, 1291,
1301, 1365, 1401, 1483, 1501
discontinuous plastic deformation, 316
discotic nematics, 317
discotics, 65, 146, 317, 720, 721, 876, 935, 1227
discrete acoustic emission, 7
discrete characteristic spectrum, 1495
discrete deﬂectors, 712
discrete Gauss model, 1427
discrete random walk on a lattice, 1115
discrete spectrum, see electromagnetic waves with
discrete spectrum in a metal
disks, optical storage, see optical storage disks
dislocation acoustic radiation, see acoustic radiation by
dislocations
dislocational diffusion, 324
dislocation annihilation, see annihilation of dislocations
dislocation barrier, local, see local barriers
dislocation barriers, 324
dislocation boundaries, see dislocation walls
dislocation clusters, 558
dislocation contrast, 318, 1499
dislocation core, 323
dislocation density, 1009
dislocation density tensor, 67, 269, 318, 323, 529
dislocation-diffusion creep mechanism, 307
dislocation–dislocation interaction, 319
dislocation, edge, see edge dislocation
dislocation elastic ﬁeld, see elastic ﬁeld of dislocation
dislocation, epitaxial, see epitaxial dislocations
dislocation exciton, 320, 423
dislocation, Frank, see Frank dislocation
dislocation-free crystals, 320
dislocation grids, 320, 321, 323, 488, 529, 1017, 1040,
1433
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dislocation, helical, see helical dislocation
dislocation interlacements, 122, 156, 321
dislocation internal friction, 530
dislocation kink, see kinks on dislocations
dislocation lattice model, 1017
dislocation line, 529
dislocation loop, 66, 277, 279, 282, 304, 307, 321, 321,
323, 325, 349, 359, 488, 635, 715, 724, 867, 957,
1038, 1101, 1104
dislocation microcrack, 224
dislocation model of a twin, 1422
dislocation model of plastic deformation, 283, 314, 321,
324, 486, 738, 837, 1016–1018, 1207, 1283, 1501
dislocation multipoles, 321
dislocation, partial, see partial dislocation
dislocation, perfect, see perfect dislocation
dislocation pile-up, see pile-up of dislocations
dislocation rosettes, 1175
dislocation, screw, see screw dislocation
dislocation self-action force, 319
dislocation sign, 66, 325, 1299
dislocation slip, 66, 227, 233, 321, 325, 1040, 1224
dislocation, Somigliana–Volterra, see
Somigliana–Volterra dislocations
dislocation step, 320, 326, 1025, 1448
dislocation string, 13, 326, 715, 1432
dislocation subboundary, critical disorientation, see
critical disorientation of dislocation subboundary
dislocation substructure, 482
dislocation superconductivity, 327, 1312
dislocation, surface, see surface dislocations
dislocation tangles, 321
dislocation tension, linear, see linear dislocation tension
dislocation transition radiation, see transition radiation
by dislocations
dislocation, vertex, see vertex dislocations
dislocation walls, 122, 314, 327, 433, 737, 835, 1010,
1040, 1170, 1291
dislocations, 8, 12, 23, 27, 28, 41, 46, 49, 50, 57, 66, 69,
86, 106, 108, 117, 122, 139, 140, 142, 143, 156,
176, 186, 188, 210, 211, 220, 221, 224, 225, 227,
233, 251, 255, 257, 263, 269, 277–281, 283, 286,
306–308, 313, 315, 318–321, 322, 325–327, 330,
332, 333, 336, 350, 355, 359–361, 366, 369, 376,
393, 406, 413, 414, 416, 433, 438, 471, 475, 479,
488, 491, 518, 528, 529, 538, 546, 551, 554, 557,
627, 633, 642, 644, 656, 681, 701, 702, 715, 716,
724, 727, 735, 738, 741, 747, 748, 752, 754, 776,
782, 802, 809, 810, 813, 814, 816, 832, 834,
837–839, 856, 857, 867, 888, 938, 954, 957–959,
965, 985, 1009, 1010, 1017, 1018, 1025, 1027,
1028, 1039, 1040, 1045, 1047, 1048, 1052, 1056,
1076, 1085, 1086, 1089, 1094, 1101, 1105, 1120,
1123–1125, 1136, 1141, 1144, 1165, 1171, 1193,
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1208, 1210, 1224, 1226, 1228, 1232, 1235, 1244,
1246, 1278, 1280, 1282, 1283, 1286, 1290, 1291,
1293, 1294, 1297, 1299, 1301, 1302, 1323, 1327,
1330, 1331, 1334, 1352, 1359, 1361, 1367, 1368,
1370, 1378, 1401, 1404, 1407, 1411, 1414, 1422,
1432, 1443, 1447, 1453, 1483, 1499, 1501
dislocations, acoustic radiation, see acoustic radiation
by dislocations
dislocations, annihilation, see annihilation of
dislocations
dislocations, kinks, see kinks on dislocations
dislocations, multiplication, see multiplication of
dislocations
dislocations, prismatic, see prismatic dislocations
dislocations, ultrasound absorption, see ultrasound
absorption by dislocations
dismite, 1319
disorder, 328
disorder, electron-induced, see electron-induced
disordering
disordered alloy, 43, 934
disordered phase, 933
disordered solids, 52, 59, 61, 156, 186, 203, 328, 402,
476, 533, 587, 614, 734, 846, 858, 874, 1094,
1115, 1193
disordered solids, spectra, see elementary excitation
spectra of disordered solids
disordered systems, 913
disordered systems theory, 61
disordering, electron-induced, see electron-induced
disordering
disordering of alloys, see alloy disordering
dispersed phase, 328
disperse-hardened alloys, 110
disperse structure, 110, 328, 329, 332, 510, 627, 661,
1026, 1053, 1116, 1175, 1230
dispersion, 329, 375, 475, 538, 620, 919, 920, 1029,
1036, 1051, 1150, 1432, 1455
dispersion, anomalous, see anomalous dispersion of
light
dispersion dielectric constant analysis, 329
dispersion, dielectric spatial, see spatial dielectric
dispersion
dispersion, dielectric temporal, see temporal dielectric
dispersion
dispersion equation, 253, 1428
dispersion grinding, 329
dispersion hardening, 41, 188, 330, 546, 575, 1290,
1399
dispersion laser resonator, 300, 330, 1414
dispersion law, 11, 15, 52, 58, 71, 79, 100–102, 109,
149, 186, 201, 205, 244, 264, 273, 276, 285, 291,
329, 331, 338, 357, 362, 370, 395, 404, 408, 422,
459, 474, 491, 519, 525, 576, 660, 675, 694, 710,
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782, 793, 798, 805, 815, 885, 984, 985, 995,
1013, 1014, 1016, 1030, 1053, 1071, 1083, 1089,
1093, 1189, 1254, 1269, 1271, 1328, 1332, 1342,
1345
dispersion law, Kane, see Kane’s dispersion law
dispersion of a random variable parameter, 329
dispersion of light, 68, 329, 331, 924, 928
dispersion of light, anomalous, see anomalous
dispersion of light
dispersion of magnetic anisotropy, 332
dispersion of sound velocity, see sound velocity
dispersion
dispersion relation, 329
dispersity, 332
dispersive medium, 329
displaced layer structures, 332
displacement current, 368
displacement, electric, see electric ﬂux density
displacement processes of domain wall, see domain
wall displacement processes
displacement spike, 332, 1103, 1107
displacement vector, 38, 332, 334, 361, 362, 409, 471,
537, 604, 872, 889, 946, 1145, 1147, 1282, 1285
displacements of atoms, static, see static displacements
of atoms
displacements of atoms, thermal, see thermal
displacements of atoms
displacive type ferroelectrics, 453, 456
displacive type phase transition, 74, 455, 933, 1296
dispyrations, 211, 315, 332, 1010
disrupted surface layer, 333, 349
dissipation, 691
dissipation function, 333, 493, 638
dissipative forces, 333, 493
dissipative structures, 96, 194, 333, 1354
dissipative systems, 1455
distant ENDOR, 389
distortion, 319, 334, 1010, 1019, 1026
distortion, Jahn–Teller, see Jahn–Teller distortion
distortion tensor, 334, 358
distortion transition, 1296
distributed Bragg reﬂection lasers, 700
distributed feedback lasers, 700
distribution, Boltzmann, see Boltzmann distribution
distribution function, 125, 130, 142, 245, 290, 334, 370,
379, 441, 676, 679, 717, 728, 847, 886, 964,
1035, 1079, 1115, 1133, 1145, 1248, 1346
distribution, Gaussian, see Gaussian distribution
distribution, Gibbs, see Gibbs distribution function
distribution, Maxwell, see Maxwell distribution
distribution of impurities, see interphase impurity
distribution coefﬁcient
distribution of molecular mass, see molecular mass
distribution of polymers
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distribution, Planck, see Planck formula
divacancy, 334, 1448
divertor, 206
domain, 2, 75, 203, 255, 269, 282, 294, 298, 333, 334,
335, 367, 376, 401, 452, 453, 458, 586, 629, 630,
760, 770, 775, 779, 791, 819, 825, 844, 849, 874,
909, 914, 971, 1004, 1135, 1234, 1240, 1295,
1330, 1422, 1476, 1502
domain, acousto-electric, see acousto-electric domain
domain, antiferromagnetic, see antiferromagnetic
domain
domain boundaries, 1330
domain boundary, see domain wall
domain branching, 682
domain, bubble magnetic, see magnetic bubble domain
domain, confocal, see confocal domain
domain, diamagnetic, see diamagnetic domains
domain, dumb-bell, see dumb-bell domain
domain electroluminescence, 378
domain, ferroelectric, see ferroelectric domains
domain, incomplete magnetic, see incomplete magnetic
domain
domain, magnetic, see magnetic domain
domain of closure, 693, 760
domain, opposed, see opposed domains
domain, resistive, see resistive domains
domain splitting in ferroelectrics, 335
domain, structural, see structural domain
domain structure, 166, 335, 770, 954, 1271, 1387
domain structure, ferroelectric, see ferroelectric domain
structure
domain structure, honeycomb, see honeycomb domain
structure
domain structure, Kittel’s, see Kittel’s domain structure
domain structure, labyrinthine magnetic, see
labyrinthine magnetic domain structure
domain structure, Landau–Lifshits, see
Landau–Lifshits domain structure
domain structure, magnetic, see magnetic domain
structure
domain, thermoelectric, see thermoelectric domain
domain wall, 75, 120, 166, 281, 334, 335, 336, 338,
346, 351, 443, 452, 453, 548, 629, 680, 693, 768,
775, 778, 781, 787, 873, 914, 1033, 1126, 1146,
1225, 1250, 1339, 1400, 1476
domain wall braking, see domain wall drag
domain wall displacement processes, 335, 766, 767,
779, 791, 805, 1118, 1157, 1229
domain wall drag, 99, 336, 337, 1245
domain wall dynamics, see magnetic domain wall
dynamics
domain wall in liquid crystals, 721
domain wall, magnetic, see magnetic domain wall
domain wall mobility, 336, 337, 762, 764, 766, 786

Subject Index
domain wall peak velocity, 337, 338, 756, 1225, 1470
domain wall twisting, 119, 176, 336, 337, 338,
761–763, 765, 1225, 1470
domain wall velocity limit, 337, 338, 762, 766
domain walls with transverse coupling, 762
domain walls without leakage ﬁelds, 762
donor, 57, 82, 171, 213, 216, 263, 338, 339, 385, 396,
422, 440, 483, 501, 517, 581, 585, 617, 647, 726,
745, 769, 918, 949, 1027, 1187, 1192, 1206,
1214, 1232, 1238, 1255, 1370
donor–acceptor pairs, 213, 338, 739
donor impurity, 338
doped amorphous semiconductors, 54, 56, 59, 338,
1202
doped superlattices, 1321
doping, 54, 55, 111, 150, 192, 257, 284, 322, 338, 339,
369, 467, 497, 504, 508, 563, 566, 606, 617, 626,
646, 647, 701, 723, 779, 836, 851, 962, 1014,
1027, 1046, 1181, 1187, 1193, 1201, 1309, 1331,
1377, 1391
doping atom, 27, 87, 280, 286, 340, 627, 1143, 1227,
1228, 1235, 1280, 1284
doping impurities, 339
doping, ion implantation, see ion implantation doping
doping, nuclear, see nuclear doping
doping, surface, see surface doping
Doppler effect, 94, 138, 340, 342, 860, 862, 1086, 1122,
1239
doppleron, 70, 341, 343, 380, 506, 1221, 1239
doppleron–phonon resonance, 5, 341
Doppler-shifted acoustic cyclotron resonance, 342
Doppler-shifted cyclotron resonance, 5, 14, 70, 341,
342, 1239
dose, 343
dose, small, see small-dose effect
dosimetry, 117, 192, 343
double alloys, see binary alloys
double-axis instruments, 240
double cross slip, 233
double electric layer, see electric double layer
double heterostructure, 1185
double layer, electric, see electric double layer
double magnetic resonance, 344
double manganin, 215
double-micaceous granite, 530
double resonance, 388, 919, 1141
double resonance, acoustic magnetic, see acoustic
double magnetic resonance
double resonance, electron–nuclear, see
electron–nuclear double resonance
double resonances, 6, 10, 344, 901, 1269
double transverse slipping, 322
double vacancy, 1164
double-well potential, 809

Subject Index
doublet, 345, 685, 1456
doublet, Kramers, see Kramers doublet
doubly-degenerate E-term, 665
Dow–Redﬁeld model, 55, 345
drag of domain wall, see domain wall drag
drawing, 113, 260, 345, 393, 398, 546, 595, 1286, 1431,
1482
drift, ambipolar, see ambipolar drift
drift coefﬁcients, 480
drift current, 262, 372
drift length, 262, 307
drift, magnetic, see magnetic drift
drift mobility, 847
drift of current carriers, see current carrier drift
drift of photons, see photon drift
drift waves, surface, see surface drift waves
drop-impact erosion, 345, 1335
Drude formula, 546, 567
Drude–Lorentz nonlinearity, 583
Drude–Lorentz–Sommerfeld model, 839, see
macroscopic description
Drude–Zener–Kronig theory, 331
druses, 257
dry lubricant, 80
dry plasma etching, 1014
ductile fracture, see tough fracture
ductility failure, see tough failure
Dulong and Petit law, 1253
dumb-bell domain, 119, 334, 346, 1146
dumb-bell interstitial defect, 340, 346, 635
Dupin cyclides, 202
duplex structures, 1116
durability, 66, 270, 346, 435, 437, 802, 1003, 1301,
1347
dye lasers, 347, 1241
dyes, 73, 212, 281, 347, 540, 698, 720, 851, 919, 925,
938, 1136
dynamic absorption of ultrasound by dislocations, 1433
dynamic braking, 336
dynamic calorimeters, 148
dynamic chaos, 347
dynamic cooling, see dynamic nuclear polarization
dynamic cooling method, 348
dynamic creep, 575
dynamic crowdion, 233, 479
dynamic dehardening, 286
dynamic diffraction, 302
dynamic edge angle, 1273
dynamic effective charge, 356
dynamic extinction, 430
dynamic friction, 493
dynamic grating laser, see holographic laser
dynamic holography, see real-time holography
dynamic hysteresis, 633
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dynamic intermediate state, 630
dynamic intrinsic central peak, 158
dynamic light scattering, 378
dynamic line narrowing effect, 718
dynamic loss, 768
dynamic magnetic solitons, 781
dynamic matrix, 986
dynamic method of pyroelectric coefﬁcient
determination, 1065
dynamic mixed state, 348, 846, 1137, 1138
dynamic negative resistance, 875
dynamic nuclear polarization, 232, 348, 898, 903, 943,
1034, 1233
dynamic polarization holography, 1031
dynamic properties of quasi-particles, 1092
dynamic radiation scattering, 69, 129, 302, 348, 366,
610, 678, 684, 808, 960, 1428
dynamic recovery, 68, 349, 551
dynamic recrystallization, 551, 1125, 1361
dynamic scaling, 349, 1159
dynamic scattering of X-rays, 1494
dynamic spin Hamiltonian, 1268, see spin–phonon
Hamiltonian
dynamic strain aging, 1282
dynamic strength, 605
dynamic susceptibility, 785, 1350
dynamic transformation of magnetic bubble domains,
351, 763
dynamic viscosity, 1461
dynamics of crystal lattice, see crystal lattice dynamics
dynamics of defects, 350
dynamics of imperfect crystals, 244, 350
dynamics of liquid crystals, 350
dynamics of magnetic domain walls, see magnetic
domain wall dynamics
dynamics of quantum vortices, 351
dynamics of surface, see surface dynamics
dynistor, 1396
Dyson equation, 351, 535, 536, 812, 1033
Dyson–Gorkov equations, 536
Dyson–Maleyev representation, 1266, see spin operator
representations
Dyson shape, 352, 719
dysprosium, 352, 697
Dzialoshinskii interaction, 75, 89, 353, 421, 773, 849,
859
easiest magnetization axis, 355
easy axis, 78, 752
easy magnetization axis, 63, 77, 166, 332, 355, 458,
548, 571, 608, 682, 689, 693, 750, 752, 756, 760,
761, 765, 770, 773, 779, 787, 791, 1126, 1157,
1218, 1225, 1257, 1322, 1469
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easy-plane antiferromagnets, 79
easy slip, 716
echelette, 300, see diffraction grating
echo, acoustic spin, see acoustic spin echo
echo, electroacoustic, see electroacoustic echo
echo-method, 279
echo, phonon, see electroacoustic echo
echo, photon, see photon echo
echo, spin, see spin echo
edge angle, 151, 207, 247, 355, 593, 742, 1478
edged dendrites, 289
edge dislocation, 221, 307, 314, 319, 321, 323,
325–327, 355, 359, 529, 954, 957, 959, 1025,
1040, 1113, 1224, 1280, 1414, 1447
edge of light absorption, see intrinsic light absorption
edge
edge of mobility, see mobility edge
edge slip bands, 1224
Edwards–Anderson order parameter, 1262
e–2e experiment, 397
effect, 519, 1502
effective anisotropy constant, 773
effective atomic charge, 356
effective electrical conductivity, 356
effective electrical conductivity tensor, 356
effective electrons, 70
effective enhancement of space dimensionality, 356
effective impurity-atom charge, 357
effective ionic charges, 641
effective mass, 10, 12, 32, 119, 124, 140, 146, 174, 201,
271, 272, 278, 310, 327, 338, 343, 357, 385, 394,
395, 399, 401, 408, 421, 437, 442, 484, 489, 491,
500, 501, 517, 538, 555, 563, 569, 585, 615, 625,
635, 683, 741, 762, 795, 808, 832, 847, 870,
1013–1015, 1034, 1071, 1073, 1078, 1156, 1176,
1189, 1205, 1206, 1214, 1215, 1238, 1245, 1287,
1368, 1397, 1412, 1450, 1451, 1466, 1474
effective mass method, 1189
effective pairwise potential, 946
effective points, 70
effective refractive indices, 1393
effective Rydberg, 357, 869, 1035, 1206
effective self-focusing length, 1173
effective spin, 658, 1263
effective spin Hamiltonian, 1264
effect of composition stabilization, 722
effect of giant spin splitting, 1204
effects of retardation, 124, 357, 803, 1015, 1130
eigenenergy parts, 536
eigenfrequencies, 1455
eight-vertex model, 1427
Einstein approximation, 1254
Einstein–de Haas effect, 106, 358, 800

Subject Index
Einstein relation, 305, 358, 678, 847, 993
Einstein tensor, 269
einsteinium, 26, 358, 1409
Einstein’s equation, 995
elastic, 633
elastic compliance tensor, 586
elastic creep, 225
elastic energy, 358, 471, 834
elastic energy, stored, see stored elastic energy
elastic ﬁeld of dislocation, 66, 315, 320–322, 324, 359
elastic hysteresis, 599
elastic interaction of defects, 229, 359, 1284
elastic limit, 108, 324, 363, 816, 832, 1042, 1057, 1175,
1414
elastic medium, 471
elastic moduli, 8, 10, 13, 41, 45, 52, 64, 77, 128, 137,
141, 156, 158, 182, 204, 206, 210, 228, 277, 283,
330, 361, 363, 365, 416, 429, 453, 457, 481, 518,
529, 548, 560, 608, 656, 662, 746, 750, 798, 816,
889, 965, 983, 1007, 1018, 1060, 1106, 1129,
1142, 1144, 1208, 1209, 1215, 1235, 1252, 1282,
1378, 1399, 1407, 1422, 1432, 1455, 1465, 1468,
1483, 1502
elastic moduli, complex, see complex elastic moduli
elastic moduli, relaxed and unrelaxed, 364
elastic modulus tensor, 10, 18, 64, 141, 358, 361, 363,
364, 379, 586, 1253, 1465, 1466
elastic polarizability of defects, 365
elastic potential of a defect, 365, 1277
elastic precursor, 1054
elastic recovery, 365, 551
elastic-rheological similarity, 1145
elastic scattering of radiation, 187, 302, 366, 856, 1163,
1494
elastic strain, ﬁnite, see ﬁnite elastic strain
elastic tunneling, 1419
elastic twinning, 334, 366, 1248, 1407, 1422
elastic waves, 365
elastically isotropic solids, 662
elasticity, 7, 66, 99, 215, 225, 255, 324, 359, 363, 365,
450, 471, 601, 631, 632, 662, 745, 818, 831, 834,
880, 1003, 1039, 1208, 1209, 1216, 1250, 1276,
1282, 1483, 1501
elasticity anisotropy, see anisotropy of elasticity
elasticity isotropy, see isotropy of elasticity
elasticity of liquid crystals, 269, 360, 721, 876, 1473
elasticity, super-, see superelasticity
elasticity theory, 8, 112, 141, 176, 209, 269, 324, 334,
358, 361, 365, 472, 481, 793, 817, 889, 1029,
1145, 1147, 1151, 1155, 1216, 1245, 1289, 1331,
1383, 1466, 1468, 1476, 1502
elasticity theory contact problem, see contact problem
of elasticity theory

Subject Index
elasticity theory invariants, 362, 471, 889, 1208, 1357,
1482
elasticity theory, nonlinear, see nonlinear elasticity
theory
elasticity theory plane problem, see plane problem of
elasticity theory
elasticity theory potentials, 363
elasticity, thermo-, see thermoelasticity
elastomers, 367, 937, 1041
elastooptic tensor, see photoelastic tensor
elecronics, nano-, see nanoelectronics
electret state of an insulator, 367
electrets, 367, 1005, 1031, 1379, 1437
electrets with heterocharge, 367
electrets with homocharge, 367
electric-acoustic interaction, see acousto-electronic
interaction
electric aging of insulators, 137
electric breakdown, 136, 137, 370, 1286
electric charge screening, 20, 81, 105, 265, 276, 298,
367, 370, 424, 536, 570, 866, 1032, 1114, 1165
electric current, 263, 368, 371, 393, 771, 1385, 1392
electric dipole echo, 1261
electric dipole induction, 898
electric dipole moment, 1033
electric dipole moment of a paramagnetic center, 372
electric dipole transitions, 373
electric displacement, see electric ﬂux density
electric double layer, 372, 376, 382, 640, 1180, 1230,
1242, 1481
electric ﬁeld, 48, 71
electric ﬁeld, crystalline, see crystal ﬁeld
electric ﬁeld effects, 157, 243, 372, 373, 374, 392, 640
electric ﬁeld gradient, 374, 414, 597, 778, 899, 903,
905, 970, 1265, 1507
electric ﬁeld, local, see local electric ﬁeld
electric ﬁeld modulation method, 374
electric ﬁeld penetration depth, see penetration depth of
electric ﬁeld
electric ﬁeld, quantized, see quantizing electric ﬁeld
electric ﬂux density, 253, 375, 381, 891, 999, 1006,
1007, 1256, 1261
electric form factor, 482
electric hexadecapole nuclear moment, 896
electric metallurgy, 1477
electric phonon resonance, 1071
electric pinch, 758
electric pulse machining, 375, 473
electric–spin interaction, 372, 373
electric strength, 135
electric tempering, 1116
electrical and thermal properties of metals, 830
electrical conductance, 368, 1159
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electrical conductivity, 4, 5, 27, 29, 41, 47, 54, 55, 59,
64, 83, 84, 130, 171, 195, 201, 231, 257, 265,
305, 310, 327, 338, 339, 347, 356, 368, 381, 385,
411, 466, 477, 501, 534, 551, 567, 581, 593, 606,
607, 620, 636, 638, 650, 672, 722, 746, 774, 797,
816, 826, 827, 829, 837, 839, 863, 871, 877, 883,
912, 936, 938, 963, 975, 989, 990, 1007, 1029,
1038, 1059, 1082, 1089, 1105, 1131, 1138, 1142,
1156, 1159, 1163, 1185, 1188, 1195, 1196, 1219,
1247, 1248, 1251, 1281, 1332, 1341, 1374, 1384,
1386, 1391, 1409, 1479
electrical conductivity, effective, see effective electrical
conductivity
electrical conductivity, surface, see surface electrical
conductivity
electrical conductivity tensor, 368
electrical conductivity, thermally stimulated, see
thermally stimulated electrical conductivity
electrical conductors, see conductors
electrical defectoscopy, 279
electrical information recording, 614
electrical neutrality condition, 440, 1194
electrical probes, 369
electrical surface erosion, 1335
electrically active extended defects, 150, 369, 1192
electroacoustic echo, 375
electrocapillary curve equation, 376
electrocapillary phenomena, 151, 375, 1349
electrochemical corrosion, 218
electrochemical etching, 417
electrochemical lead plating, 705
electrochemical potential, 173
electrochromic effect, 376
electrocrystallization, 376
electrodynamic method, 800
electroelectrets, 368
electrogyration, 254, 377, 542, 1151
electrohydrodynamic instabilities, 377, 720
electrohydrodynamic instabilities in liquid crystals, 721
electroluminescence, 174, 378, 732, 738, 740, 741,
1200, 1243
electrolysis, 643
electrolyte, poly-, see polyelectrolytes
electrolyte, solid, see solid electrolytes
electrolytic chrome plating, 176
electrolytic conductivity, 643
electrolytic etching, 1170
electrolytic polishing, 379, 1036, 1181
electrolytic zinc plating, 1510
electromagnetic-acoustic effect, see
acousto-electromagnetic effect
electromagnetic generation of sound, 14, 19, 379
electromagnetic mechanism, 20
electromagnetic resonator, see resonators
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electromagnetic shock waves, 1210
electromagnetic waves absorption, see absorption of
electromagnetic waves
electromagnetic waves with discrete spectrum in a
metal, 380
electromechanical bonding factors, 1006
electromechanical effects, 380, 1006
electromotive force, 880, 1230, 1385, 1392
electromotive force noise, 883
electron absorption coefﬁcient, 16
electron-acoustic quasi-waves, 70
electron-acoustic transformation, 71
electron afﬁnity, 146, 173, 188, 200, 381, 383, 427, 707,
938, 988, 1003, 1166, 1203, 1213, 1338, 1451
electron-beam evaporation, 383
electron-beam heat treatment, 383
electron-beam melting, 383
electron beam pumped laser, 382, 699, 1184
electron beam technology, 382, 1478
electron-beam welding, 382
electron color centers, 192
electron compounds, 111, see Hume-Rothery phases
electron concentration, 504
electron diffraction, 88, 153, 366, 383, 468, 678, 1086,
1166, 1326
electron diffraction analysis, 168, 236, 250, 300, 383,
678, 702, 732, 860, 1003, 1088, 1298, 1302,
1364, 1407
electron–electron collisions, 266
electron–electron double resonance, 345
electron–electron relaxation, 394
electron–electron scattering, 265
electron emission, 955
electron emission, secondary, see secondary electron
emission
electron Fermi surfaces, 444
electron gas overheating, 588
electron gas, two-dimensional, see two-dimensional
electron gas
electron gun, 382
electron heating, 268, 384, 398, 588, 590, 853, 884,
1156, 1211, 1268, 1386
electron heating by a ﬁeld, 384
electron–hole drops, 385
electron–hole liquid, 347, 384, 385, 396, 423, 424, 566,
1122, 1199, 1301
electron–hole pair, 4, 113, 136, 154, 382, 385, 491, 588,
677, 691, 695, 740, 864, 905, 1013, 1015, 1040,
1114, 1163, 1172, 1182, 1258, 1341–1343, 1479
electron–hole plasma, 384, 385, 396, 424, 566, 1240,
1412
electron–hole scattering, 265
electron-induced desorption, 386, 992
electron-induced disordering, 386, 396
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electron-induced ordering, 386
electron–ion emission, 386
electron lithography, 723
electron micrograph, 383
electron microprobe, 838
electron microscope, 96, 279, 387, 387, 468, 825, 1105,
1136, 1160, 1422
electron microscope, scanning, see scanning electron
microscope
electron microscopy, 114, 196, 250, 279, 322, 387, 394,
468, 527, 643, 726, 741, 759, 809, 1003, 1016,
1020, 1086, 1147, 1208, 1244, 1295, 1298, 1322,
1326, 1330, 1407, 1414, 1493
electron microscopy, ﬁeld, see ﬁeld emission
microscopy
electron microscopy, scanning, see scanning electron
microscopy
electron–nuclear ADMR, 6
electron–nuclear double resonance, 62, 344, 373, 388,
392, 597, 598, 734, 777, 899, 901, 918, 1109,
1132, 1142, 1264
electron orbit collapse, see collapse of electron orbits
electron pair, unshared, see unshared electron pairs
electron paramagnetic resonance, 6, 11, 53, 62, 116,
118, 275, 288, 338, 339, 345, 372–374, 388, 390,
398, 414, 458, 489, 510, 542, 573, 581, 597, 616,
640, 693, 734, 776–778, 789, 801, 805, 892, 899,
903, 917, 949, 950, 952, 970, 991, 1073, 1106,
1108, 1131, 1132, 1139, 1142, 1171, 1232, 1244,
1260, 1266, 1268, 1271, 1450, 1456
electron paramagnetic resonance ﬁne structure, see ﬁne
structure of electron paramagnetic resonance
(EPR) spectra
electron–phonon interaction, 9, 11, 13, 14, 33, 38, 56,
100, 104, 123, 146, 192, 212, 230, 231, 241, 266,
271, 290, 357, 392, 395, 404, 411, 472, 495, 526,
536, 559, 576, 579, 588, 609, 620, 636, 661, 687,
718, 812, 830, 864, 949, 975, 981, 982, 985, 987,
1006, 1024, 1062, 1072, 1112, 1132, 1295, 1304,
1311, 1315, 1317, 1369, 1419, 1459, 1461
electron–phonon interaction constant, 392
electron–phonon interaction in one dimension, see
cross-deformation interaction
electron–phonon relaxation, 266
electron–phonon scattering, 265
electron–photon spectroscopy, 393, 639
electron–plasmon interaction, 1015
electron-plastic effect, 393, 398
electron polaron, 1034
electron–positron annihilation, 279
electron–positron annihilation method, see positron
spectroscopy
electron–positron pairs, 504
electron probe, 394, 838, 1160, 1400
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electron-probe processing, 394
electron-probe X-ray spectrum analysis, 1497
electron relaxation times, 394
electron resists, 1137
electron–ripplon, 708
electron scattering, 59, 61, 70, 72, 118, 273, 285, 310,
683, 830, 1083, 1211, 1268, 1383, 1479, see
current carrier scattering
electron spectroscopy, 396, 648, 1327, 1344
electron spectroscopy for chemical analysis (ESCA),
397, 427, 995
electron spin-ﬂip scattering, 1, 265, 398, 507, 683, 874,
1078, 1152, 1303, 1346
electron spin resonance, 398
electron state density, see density of electron states
electron state, surface, see surface electron states
electron-stimulated desorption, 292, 955
electron-strain effect, 398
electron temperature, 384, 394, 398, 587, 589, 1361
electron X-ray tubes, 1494
electronegative valence effect, 592
electronegativity, 39, 172, 383, 593, 632, 643, 644
electronic compounds, 592
electronic conductivity, 368, 369, 385, 912, 938
electronic conﬁguration, 243, 385
electronic conﬁnement, 561
electronic crystal, 1480
electronic devices, superconducting, see
superconducting microwave electronic devices
electronic level, local, see local electronic levels
electronic phase transitions, 573
electronic polarizability, 1030
electronic structure, 53
electronic thermal conductivity, 265
electronic-vibrational states, 1459
electronics, acousto-, see acousto-electronics
electronics, di-, see dielectronics
electronics, functional, see functional electronics
electronics, high-energy, see high-energy electronics
electronics, micro-, see microelectronics
electronics, opto-, see optoelectronics
electronics, solid-state quantum, see solid-state
quantum electronics
electronics, superconductor, see superconductor
electronics
electronics, vacuum, see vacuum electronics
electronographs, 300
electrons, 87, 97, 125, 130, 263, 313, 370, 371, 395,
398, 534, 587, 611, 712, 715, 1071, 1092, 1114,
1163, 1232, 1481
electrons, cold, see cold electrons
electrons, conduction, see conduction electrons
electrons, hot, see hot electrons
electrons, levitating, see levitating electrons
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electrooptical deﬂectors, 712
electrooptical effects, 64, 377, 399, 400, 451, 540, 583,
677, 712, 801, 850, 923, 1001, 1023, 1121, 1140,
1241
electrooptical effects in liquid crystals, 399, 720, 876
electrooptical method of recording, 1121
electrooptical modulators, 293, 399, 400, 498, 881
electrooptic materials, 304, 400, 923, 1354
electrophotography, 892
electroplating, 182, 400
electroreﬂection, 372, 401, 926, 1243
electrostatic dislocation–dislocation interaction, 319
electrostriction, 7, 200, 211, 255, 304, 381, 401, 668,
677, 819, 891, 1005, 1211
electrostriction coefﬁcient, 401
electrothermal gradient effect, 401
electrovalent bond, see ionic bond
elemental semiconductor materials, 1185
elementary excitation spectra of disordered solids, 59,
61, 111, 291, 402, 476, 1059, 1460, 1465
elementary excitations, 246, 1092
elementary parallelepiped, see primitive parallelepiped
Eliashberg effect, 887
Eliashberg equations, 231, 404, 526, 536, 576, 1256,
1421
Eliashberg expression, 1420
Eliashberg function, 404, 1419
ellipsoid, see characteristic surface
ellipsometer, 405
ellipsometry, 405, 1243, 1407
elliptic domain, 346
ellipticity of acoustic wave, see acoustic wave
ellipticity
elongation modulus, see Young’s modulus
embrittlement, 47, 69, 308, 406, 528, 595, 1229, 1399,
1482
embrittlement, irradiation, see irradiation embrittlement
emerald, 511
Emersleben transform, 406
emission, acoustic, see acoustic emission
emission, autophotoelectronic, see autophotoelectronic
emission
emission constant, 1145
emission, electron explosive, see explosive electron
emission
emission, electron–ion, see electron–ion emission
emission electron microscope, 387
emission electronics, see vacuum electronics
emission, exoelectronic, see exoelectronic emission
emission, exoionic, see exoionic emission
emission, exophoton, see exophoton emission
emission, ﬁeld electron, see ﬁeld electron emission
emission-free recombination, 712
emission from surface states, 995
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emission, hot electron, see hot electron emission
emission, ion, see ion emission
emission, ion–electron, see ion–electron emission
emission, ion–photon, see ion–photon emission
emission of atoms, ﬁeld, see ﬁeld emission of atoms
emission of electrons, ﬁeld, see ﬁeld emission of
electrons
emission of hot electrons, see hot electron emission
emission of particles, see particle emission
emission, photoelectron inverse, see inverse
photoelectron emission
emission recombination, 712
emission, secondary electron, see secondary electron
emission
emission, secondary ion, see secondary ion emission
emission spectral analysis, 398, 406, 1243
emission spectroscopy, X-ray, see X-ray emission
spectroscopy
emission, synchrotron, see synchrotron radiation
emission, thermal electron ﬁeld, see thermal electron
ﬁeld emission
emission, thermionic, see thermionic emission
emission, thermoionic, see thermoionic emission
emission X-ray spectrum analysis, 1497
emitters, 1377
empty core pseudopotential, 1060
enameling, 407
enantiomorphism, 175, 256, 407, 1165
enantiotropic transformations, 1043
encounter, 66
ENDOR, see electron–nuclear double resonance
ENDOR at doping nucleus, 389
ENDOR frequencies, 388
ENDOR signal, 388
endoscopy, 407, 886, 1399
endoscopy, EPR, see EPR imaging
endoscopy, NMR, see magnetic resonance imaging
endurance limit, 270, 407, 437, 809
energy, activation, see activation energy
energy afﬁnity, 381
energy balance equation, 395
energy bands, 87, 92, 101, 200, 231, 263, 329, 408, 443,
580, 636, 753, 826, 929, 966, 1070, 1093, 1130,
1143, 1177, 1203, 1327, 1449
energy-dispersion X-ray diffractometry, 409, 1487
energy dissipation, 333
energy, elastic, see elastic energy
energy, Fermi, see Fermi energy
energy, free, see free energy
energy gap, 3, 14, 61, 104, 124, 184, 190, 212, 226, 404,
409, 483, 507, 522, 576, 670, 678, 769, 812, 819,
887, 949, 1023, 1078, 1082, 1094, 1146, 1303,
1309, 1312, 1337, 1380, 1417, 1419, 1421, 1434
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energy loss, characteristic, see characteristic energy
loss, characteristic energy loss spectroscopy
energy loss of charged particles, see charged particle
energy loss
energy of correlation, see correlation energy
energy of surface, see surface energy
energy product, 548
energy relaxation time, 265
energy threshold, 1107
energy transfer, 63, 409, 410, 844
energy transfer by excitons, 410, 423, 426, 1177
energy yield of luminescence, 740
enhanced magnetic resonance, see low-frequency
enhanced magnetic resonance absorption
enhanced Raman scattering of light, 410, 1243
enriched layer, 640
enthalpy, 411, 416, 1277, 1380
entrainment current, 411
entrainment of electrons by phonons, 411
entrainment of electrons by photons, 411
entropy, 34, 46, 85, 125, 237, 251, 289, 412, 416, 572,
592, 603, 647, 658, 661, 676, 818, 1044, 1129,
1142, 1253, 1277, 1334, 1360, 1380–1382, 1447
entropy of melting, 553
envelope soliton, 924
epigrams, 86
epitaxial dislocations, 325, 413, 560, 1310
epitaxial ﬁlms, 413
epitaxial iron garnet ﬁlms, 413, 449, 470, 539, 764
epitaxy, 49, 94, 95, 181, 196, 199, 200, 413, 470, 508,
563, 722, 733, 766, 836, 851, 870, 1062, 1095,
1102, 1178, 1201, 1330, 1334, 1354, 1364, 1391,
1507
epitaxy, amorphous, see amorphous epitaxy
epitaxy, gas phase, see gas phase epitaxy
epitaxy, hetero-, see heteroepitaxy
epitaxy, laser, see laser epitaxy
epitaxy, liquid-phase, see liquid-phase epitaxy
epitaxy, molecular beam, see molecular beam epitaxy
EPR, see electron paramagnetic resonance
EPR imaging, 414, 777
epsilon expansion, 228, 415, 773, 1255
epsilon phase, 134, 415, 592, 810, 1275
equation of a solid in equilibrium, 362
equations of state, 416, 572, 702, 964, 975, 1277, 1382,
1389
equidistributed phonons, 264
equilibrium, 474
equilibrium current carriers, 263
equilibrium domains, 334
equilibrium of phases, see phase equilibrium
equilibrium plasma, 1238
equilibrium radiation, 1376
equilibrium segregation, 416
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equilibrium, thermodynamic, see thermodynamic
equilibrium
“equivalent” doses, 1108
equivalent operators, 657
erbium, 416, 697
Erginsoy formula, 265
ergodicity, 347
erosion, drop-impact, see drop-impact erosion
erosion of surface, see surface erosion
erosion resistances, 1335
Esaki diode, 1418, see tunnel diode
ESR, see electron spin resonance
etch ﬁgures, 642
etching, 94, 279, 322, 417, 468, 508, 527, 564, 642,
649, 651, 656, 701, 723, 726, 821, 836, 839, 870,
896, 961, 1013, 1014, 1120, 1137, 1170, 1181,
1302, 1322, 1330, 1478
etching groove, thermal, see thermal etching groove
etching, ion, see ion etching
etching, selective, see selective etching
Ettingshausen effect, 284
Euler angles, 418, 542, 900, 1221, 1364
Euler equations, 418, 1011
Euler method, 210
Euler theorem, 256
Eulerian coordinates, 418
europium, 418, 697
eutectic, 111, 154, 419, 706, 1322, 1372
eutectic alloys, 186, 419, 849, 858
eutectic transformation, 974
eutectoid, 419, 974
eutectoid alloys, 328, 419, 592, 957
evaporating, 1448
evaporation, 173, 180, 187, 199, 394, 419, 813, 821,
1272, 1274, 1386, 1451
evaporation in vacuum, see vacuum evaporation
Ewald construction, 1498
Ewald method, 179, 241, 406, 419
Ewald pendulum solution, 703
Ewald sphere, 133, 1428, 1498, see X-ray structure
analysis
exa. . . , 419
exact integrability, 1244
excess noise, see ﬂicker noise
exchange, 461
exchange anisotropy, 421
exchange-correlation energy, 216, 289
exchange-coupled pairs, 419, 421, 1263
exchange ﬁeld, 420, 773, 1303
exchange integral, 420, see exchange interaction
exchange interaction, 1, 50, 51, 60, 77, 89, 101, 116,
198, 216, 243, 353, 385, 391, 398, 420, 421, 441,
448, 449, 458, 461, 463, 555–557, 591, 609, 632,
648, 658, 665, 683, 732, 760, 761, 766, 769, 774,
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775, 779, 788–790, 797, 798, 803, 804, 806, 852,
855, 871, 944, 1044, 1074, 1126, 1133, 1140,
1204, 1222, 1257, 1262, 1264, 1267, 1269, 1270,
1460, 1470, 1476, 1506, 1507
exchange interaction, indirect, see indirect exchange
interaction
exchange interaction, magnetoelastic, see
magnetoelastic exchange interaction
exchange magnetic anisotropy, 752
exchange magnetoelastic interaction, 798
exchange magnetostriction, 804, see magnetostriction
exchange narrowing, 871
exchange resonances, 448
exchange scattering, 398, 421, 769
exchange spin waves, 79
exchange splitting, 76, 421, 1142
excimer, 421, 422, 815, 1177
exciplex, 421, 422
excitation, indirect, see indirect excitation
excitation relaxation, see relaxation of excitation
excitations, collective, see collective excitations
exciton, 32, 39, 97, 112, 129, 130, 146, 189, 217, 234,
246, 297, 320, 329, 356–358, 408, 410, 421, 422,
423–425, 491, 557, 566, 576, 583, 615, 644, 709,
712, 736, 774, 844, 850, 851, 864, 916, 925, 926,
944, 966, 999, 1008, 1024, 1033, 1035, 1040,
1063, 1107, 1110, 1114, 1121, 1122, 1132, 1176,
1199, 1245, 1253, 1261, 1275, 1301, 1335, 1343,
1347, 1405, 1443, 1470, 1473, 1488
exciton, bi-, see biexciton
exciton dielectric, 1259
exciton, dislocation, see dislocation exciton
exciton, energy transfer, see energy transfer by excitons
exciton, Frenkel, see Frenkel exciton
exciton–impurity complex, 423, 1040
exciton ion, see trion
exciton luminescence, 423, 740, 1103
exciton mechanism of superconductivity, 424, 576, 626,
937
exciton molecule, see biexciton
exciton–phonon interaction, 32, 425, 426, 987, 1177
exciton, photo-, see photoexciton
exciton, poly-, see polyexcitons
exciton precursor, 1054
exciton, self-localized, see self-localized exciton
exciton spectroscopy, 426
exciton Stark effect, see Stark effect of excitons
exciton, surface, see surface exciton
exciton, triplet, see triplet excitons
exciton, Wannier–Mott, see Wannier–Mott exciton
exciton, X-ray, see X-ray excitons
excitonic Rydberg energy, 1471
excitons and Stark effect, see Stark effect of excitons
excitons, high-density, see high-density excitons
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exoelectronic emission, 426, 427, 469, 955
exoionic emission, 426
exophoton emission, 427
expansion, high-temperature, see high-temperature
expansion
expansion, thermal, see thermal expansion
experimental methods of photoelectron spectroscopy,
427
explosion, 68, 159, 260, 428, 1209, 1272
explosion, Coulomb, see Coulomb explosion
explosion deformation, 35, 428
explosion hardening, see shock hardening
explosion magnetic generators, 1323
explosion noise, see telegraph noise
explosion pressing, 1054
explosion techniques of spraying, 1272
explosion welding, 1477
explosive acoustic emission, 7
explosive diamond, 296
explosive electron emission, 428, 468, 567, 955
exponent, critical, see critical exponents
extended dislocation, 954
extended X-ray absorption ﬁne structure, 398, 470
extensive state parameters, 1277
external conical refraction, 204
external friction, 429, 493, 532, 1411, 1475
external work function, 1481
extinction, 133, 302, 348, 430, 1106
extinction coefﬁcient, 109
extinction length, 133, 301, 302, 318, 348, 366, 430,
431, 703, 1429, 1485
extraction, 431, 886
extraordinary phase transition, 1340
extraordinary ray, 431, 917, 920, 1034, 1256
extraordinary wave, 116
extrinsic ferroelectric phase transition, 455
extrinsic (impurity) semiconductor, 1194
extrusion, 438, 595, 1054
Fabry–Perot interferometer, 299, 330, 433, 915, 1237
face-centered lattice, 95, 180, 433, 524
faceting, see crystal faceting
facets, 88, 140, 433, 1326, 1330, 1460
facets, polar, see polar facets
factor, antiscreening, see antiscreening factor
factor, Debye–Waller, see Debye–Waller factor
factor, Dingle, see Dingle factor
factor, form, see form factor
factor-group, 1474
factor, Kulik, see Kulik factor
factor of anisotropy, see anisotropy factor
factor of coherence, see coherence factors
factor of demagnetization, see demagnetization factor
tensor
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factor of heat conductivity, see thermal conductivity
coefﬁcient
factor of magnetic splitting, see landé g-factor
factor of reﬂectance, see reﬂectance
factor of stress intensity, see stress intensity factor
factor of temperature conductivity, see diffusivity
factor of volume compressibility, see compressibility
Fahrenheit scale, 1360
failing stress, see breaking stress
failure, 7, 35, 134, 137, 139, 140, 187, 209, 224, 225,
230, 270, 280, 310, 345, 361, 406, 407, 426, 427,
433, 435–438, 473, 482, 485, 486, 574, 575, 605,
647, 725, 726, 809, 810, 816–818, 841, 842, 872,
909, 1016, 1019, 1086, 1158, 1242, 1252, 1285,
1287, 1289, 1290, 1292, 1293, 1297, 1301, 1327,
1335, 1336, 1366, 1376, 1383, 1403, 1404, 1410,
1423, 1431, 1475, 1476
failure, brittle, see brittle failure
failure, intercrystalline, see intercrystalline failure
failure kinetics, 435
failure of amorphous metallic alloys, 436
failure, quasi-brittle, see quasi-brittle failure
failure, stratiﬁcation-type, see stratiﬁcation-type failure
failure, tough, see tough failure
failure, transcrystalline, see transcrystalline failure
fan confocal texture, 1365
fan shaped structure, 848
Fano contour, 436
Fano resonance, 436, 915
Faraday, 437
Faraday effect, 5, 254, 413, 437, 612, 698, 739, 759,
764, 777, 780, 801, 802, 902, 919, 1151, 1162,
1323, 1387, 1466
Faraday effect, acoustic analog, see acoustic analog of
Faraday effect
Faraday law, 643
fast kinetic phenomena, 680
fast passage, adiabatic, see adiabatic fast passage
fatigue, 108, 142, 219, 270, 314, 408, 437, 438, 486,
573, 575, 816, 818, 1019, 1033, 1133, 1302,
1336, 1349, 1374, 1383, 1389, 1475
fatigue, adsorption, see adsorption fatigue
fatigue, corrosion, see corrosion fatigue
fatigue crack, 438
fatigue crack growth, 270, 437, 438, 835
fatigue curve, 408
fatigue limit, 816
fatigue resistance, 437
fatigue strength, 816
fatigue, thermal, see thermal fatigue
fault, 438
fault bands, 1208
fault, stacking, see stacking faults
faulting, 438, 439, 832, 961, 1020
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faults, 438, 439, 486, 1020, 1362
F-center, 1035
Fedorov group, 259
Fedorov symmetry group, 439
femto. . . , 439
Fermi constant, 597, see hyperﬁne interaction
Fermi–Davydov combined resonance, 275, 439, 444
Fermi–Dirac distribution, 439
Fermi–Dirac statistics, 32, 83, 125, 173, 191, 221, 266,
284, 334, 342, 370, 408, 420, 439, 440, 443, 447,
534, 535, 602, 840, 894, 911, 956, 1032, 1080,
1093, 1145, 1152, 1168, 1193, 1211, 1238, 1378,
1419
Fermi energy, 1, 20, 34, 102, 123, 124, 173, 201, 231,
266, 284, 285, 398, 404, 440, 441, 443, 446, 460,
501, 587, 594, 683, 779, 824, 859, 894, 952,
1076, 1130, 1165, 1211, 1481, 1509
Fermi gas, 1169, 1277
Fermi holes, 581
Fermi level, 32, 54, 55, 61, 94, 101, 102, 104, 124, 144,
212, 216, 222, 230, 291, 369, 370, 392, 402, 408,
425, 428, 440, 443, 466, 469, 506, 536, 555, 570,
581, 585, 631, 648, 695, 859, 863, 864, 887, 894,
959, 1048, 1072, 1078, 1083, 1159, 1180, 1181,
1193, 1304, 1305, 1312, 1315, 1334, 1337, 1371,
1395, 1416, 1435, see Fermi energy
Fermi level pinning, 54, 440, 1203
Fermi liquid, 20, 58, 190, 201, 213, 266, 273, 285, 289,
370, 395, 440, 447, 464, 559, 576, 590, 830, 840,
951, 1032, 1078, 1080, 1114, 1270, 1271, 1277,
1317, 1318
Fermi liquid, microscopic theory, see microscopic
theory of Fermi liquid
Fermi momentum, 440, see Fermi energy
Fermi quasi-levels, 32, 443, 1184, 1411
Fermi resonance, 439, 444
Fermi sphere, 440
Fermi statistics, see Fermi–Dirac statistics
Fermi surface, 10, 14, 20, 34, 61, 67, 70, 71, 76, 101,
103, 105, 119, 169, 212, 230, 231, 265, 273, 284,
285, 291, 341, 342, 370, 380, 392, 393, 395, 411,
440, 441, 444, 460, 463, 494, 501, 505, 506, 517,
519, 522, 568, 581, 591, 682, 703, 711, 789, 792,
796, 831, 840, 858, 872, 887, 936, 952, 959, 961,
982, 985, 1024, 1046, 1048, 1060, 1076, 1080,
1083, 1091, 1096, 1109, 1126, 1130, 1140, 1143,
1152, 1205, 1207, 1238, 1246, 1254, 1258, 1305,
1307, 1311, 1315, 1368, 1402, 1479, 1481, 1508
Fermi system, 447
Fermi velocity, 12, 14, 21, 58, 71, 124, 184, 190, 342,
440, 522, 555, 691, 913, 1013, 1015, 1024, 1084,
1221, 1239, 1277, 1420, 1474, see Fermi energy
Fermi wave number, 494
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fermiology, 445
fermion, 284, 439, 440, 447, 1092
fermion, heavy, see heavy fermions
fermions in a soliton ﬁeld, 442, 1037
fermium, 1409, see transuranium elements
ferrimagnet, 80, 90, 262, 338, 447, 448, 449, 457, 512,
693, 751, 757, 768, 773, 779, 782, 785, 788, 790,
791, 797, 799, 802, 804, 805, 873, 892, 953,
1270, 1322
ferrimagnetic ordering, 448
ferrimagnetic resonance, 288, 448, 776–778
ferrimagnetic structure, 90
ferrimagnetism, 89, 448, 449, 790
ferrite power limiters, 953
ferrite spinels, 74, 447, 448, 449, 565, 630, 689
ferrites, 5, 154, 157, 338, 419, 447, 448, 449, 614, 655,
758, 782, 787, 797, 819, 845, 889, 941, 943, 957,
1160, 1186, 1211, 1220, 1230, 1247, 1279, 1389,
1414, 1503
ferroalloys, 655
ferroelastic domains, 449, 1422
ferroelastic phase, 450
ferroelastic transition, 1297
ferroelastics, 367, 381, 449, 457, 798, 1033, 1295,
1301, 1422, 1423
ferroelectric ceramics, 450, 1004, 1045, 1452
ferroelectric domain splitting, see domain splitting in
ferroelectrics
ferroelectric domain structure, 452, 992, 1412
ferroelectric domains, 334, 335, 451
ferroelectric hysteresis, 599
ferroelectric liquid crystals, 454, 720, 721
ferroelectric ordering of dipoles, 454
ferroelectric phase, 452, 455, 947, 1035, 1076
ferroelectric phase transition, 97, 261, 303, 357, 377,
381, 453, 455, 456, 731, 885, 933, 977, 980,
1090, 1223, 1297, 1421, 1459, 1460
ferroelectric–semiconductor, 1045
ferroelectricity, 57, 73, 255, 303, 367, 381, 452, 453,
454–457, 716, 891, 947, 996, 1001, 1004, 1006,
1030, 1033, 1035, 1065, 1458, 1459
ferroelectricity induced by impurities, 453, 1461
ferroelectricity, vibronic theory, see vibronic theory of
ferroelectricity
ferroelectrics, 57, 63, 105, 141, 158, 178, 210, 228, 261,
292, 298–300, 303, 311, 335, 367, 374, 376, 380,
400–402, 444, 450, 452, 453, 455, 456, 457, 498,
561, 599, 607, 621, 658, 725, 729, 798, 834, 845,
849, 858, 873, 881, 890, 891, 893, 914, 933, 939,
947, 948, 969, 971, 978, 979, 982, 993, 996,
1001, 1031, 1033, 1050, 1066, 1076, 1134, 1168,
1179, 1186, 1230, 1271, 1272, 1295, 1301, 1309,
1412, 1459, 1460
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ferroelectrics, domain splitting, see domain splitting in
ferroelectrics
ferroelectrics, magneto-, see magnetoferroelectrics
ferroelectrics of the oxygen-octahedron type, 450
ferroelectrics, photo-, see photoferroelectrics
ferroelectrics, quantum, see quantum ferroelectrics
ferroelectrics-semiconductors, 996
ferroelectrics, virtual, see virtual ferroelectrics
ferroelectrics with a diffuse phase transition, 303
ferroﬂuid, 457, 1218
ferroics, 457
ferromagnet, 37, 45, 51, 57, 74, 75, 79, 106, 117, 119,
183, 184, 210, 261, 290, 299, 300, 335, 336, 338,
367, 455, 457, 458, 478, 525, 551, 556, 557, 564,
611, 613, 677, 746, 751, 752, 759–761, 764, 767,
772–775, 778, 779, 781, 782, 785, 787, 788, 790,
791, 793, 797, 799, 801, 804–806, 819, 834, 852,
892, 933, 939, 947, 951–953, 971, 978, 979,
1007, 1081, 1118, 1125, 1134, 1157, 1168, 1179,
1221, 1225, 1245, 1255, 1257, 1270, 1301, 1321,
1322, 1349, 1401, 1412, 1448, 1469, 1476, 1502
ferromagnetic Curie point, 1476
ferromagnetic domain, see magnetic domain
ferromagnetic particles, 1226
ferromagnetic resonance, 288, 380, 448, 449, 458, 751,
752, 767, 776–778, 789, 803, 953, 1139
ferromagnetic spiral, 848
ferromagnetic structure, 89
ferromagnetism, 75, 89, 101, 106, 124, 255, 352, 457,
458, 459, 556, 632, 783, 785, 788, 790, 883, 941,
1233, 1281, 1413, 1506
ferromagnetism of metals and alloys, 101, 441, 457,
459, 788, 832, 1293, 1506
ferronichrome, 880
ferrons, 463, 774, 780, 781
ferroprobe method, 279
ferrous metallurgy, 828
FET, see ﬁeld-effect transistor
few-cyclic fatigue, 1374
Feynman diagrams, 123, 352, 464, 533, 534, 812, 1032,
1461
Feynman integral, see path integral
ﬁanites, 464
ﬁber acoustic waveguides, 18
ﬁber glass, 207, 464, 524, 1473
ﬁber light guides, 465
ﬁber-optical communication lines, 931
ﬁber optics, 30, 464, 465, 622, 713, 919, 928, 930,
1085, 1128
Fick equations, 308, 480
ﬁeld, coercive, see coercive force
ﬁeld, demagnetization, see demagnetization ﬁelds
ﬁeld desorption, 292, 468, 955, see ﬁeld emission of
atoms
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ﬁeld desorption microscope, 469
ﬁeld effect, 466, 467, 641, 1203, 1333, 1341, 1345
ﬁeld-effect mobility, 847
ﬁeld-effect transistor, 50, 100, 168, 467, 566, 641, 833,
843, 851, 892, 1077, 1085, 1179, 1243, 1333,
1341, 1405, 1406
ﬁeld electron emission, 96, 173, 428, 467, 468, 469,
831, 955, 1243, 1371, 1494
ﬁeld electron microscopy, see ﬁeld emission
microscopy
ﬁeld-emission cathode, 188, 468, 894, 1394
ﬁeld emission microscopy, 468, 469, 1243
ﬁeld emission of atoms, 468
ﬁeld emission of electrons, 188, 469, 853
ﬁeld emission, thermal, see thermal electron ﬁeld
emission
ﬁeld evaporation of atoms, see ﬁeld emission of atoms
ﬁeld, exchange, see exchange ﬁeld
ﬁeld-ion microscope, see ion projector
ﬁeld ion microscopy, 469, 652, 1105, 1243, 1294, 1298,
1299, 1424
ﬁeld ionization, 93, 378, 469
ﬁeld, Lorentz, see Lorentz ﬁeld
ﬁeld, magnetic, see magnetic ﬁeld
ﬁeld, molecular, see molecular ﬁeld
ﬁeld of elliptic instability, 755
ﬁeld of superconductor supercooling, 1347
ﬁeld, self-consistent, see self-consistent ﬁeld
ﬁlamentary crystals, see thread-like crystals
ﬁlamentation of current, see current ﬁlamentation
ﬁlm growth, radiation-induced, see radiation-induced
ﬁlm growth
ﬁlm ionic modiﬁcation, see ionic modiﬁcation of ﬁlms
ﬁlm lasers, 1241
ﬁlm vibrations, see vibrations of rods and plates
ﬁlms, 10, 50, 55, 56, 73, 81, 181, 182, 219, 248, 296,
380, 386, 393, 427, 470, 508, 530, 553, 560, 594,
645, 646, 703, 722, 796, 820, 851, 857, 874, 896,
924, 947, 977, 1043, 1045, 1083, 1102, 1120,
1158, 1186, 1272, 1274, 1302, 1319, 1338, 1346,
1372, 1391, 1407, 1425, 1448, 1497, 1507
ﬁlms, amorphous, see amorphous ﬁlms
ﬁlms, granular, see granular ﬁlms
ﬁlms, insular, see insular ﬁlms
ﬁlms, ionic modiﬁcation, see ionic modiﬁcation of
ﬁlms
ﬁlms, iron garnet, see epitaxial iron garnet ﬁlms
ﬁlms, Langmuir–Blodgett, see Langmuir–Blodgett
ﬁlms
ﬁlms, magnetic, see magnetic ﬁlms
ﬁlms of carbon, see diamond-like carbon ﬁlms
ﬁlms, thin, see thin ﬁlms
ﬁlter, nuclear, see nuclear ﬁlters
ﬁlter, optical, see optical ﬁlters
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ﬁlter, polarization, see polaroid
ﬁne structure, 55, 189, 398, 470, 900, 1131, 1268, 1353,
1456, 1496, 1507
ﬁnite clusters, 198
ﬁnite elastic strain, 471, 596
ﬁnite zone potential, 472
ﬁrst Born approximation, 126
ﬁrst critical ﬁeld, see lower critical ﬁeld
ﬁrst Fick law, 305
ﬁrst law of thermodynamics, 412
ﬁrst-order ferroics, 457
ﬁrst-order moment, 867
ﬁrst-order phase transition, 8, 27, 40, 42, 43, 74, 112,
199, 229, 249, 251, 352, 385, 452, 453, 472, 478,
496, 508, 522, 553, 580, 599, 600, 607, 629, 659,
661, 711, 728, 737, 772, 811, 817, 819, 822, 933,
971, 977–979, 1043, 1050, 1058, 1095, 1103,
1131, 1138, 1223, 1230, 1271, 1295, 1296, 1300,
1307, 1317, 1351, 1382, 1412, 1429, 1451
ﬁrst-order phase transition critical point, 1412
ﬁrst-principle pseudopotentials, 1061
ﬁrst sound, 1169
Fischer–Kao size effect, 567
Fiske steps, 351, 472, 671, 1352
ﬁssures, 473, 1482
ﬁxed point, 473, 1135
ﬂaking, see scabbing
ﬂaking fracture, 1158
ﬂash hardening, 473, 546
ﬂaw detection, see defectoscopy
ﬂexibility of polymer chain, 474, 570, 1390
ﬂexoelectric effect, 132, 474
ﬂexural waves, 474, 763, 1147, 1225, 1455
ﬂexure, 86, 137, 283, 439, 464, 474, 475, 518, 601, 818,
834, 894, 1020, 1040, 1147, 1218, 1250, 1278,
1404, 1431
ﬂicker noise, 475, 883, 884
ﬂip-ﬂip transition, 1233
ﬂip-ﬂop transition, 906, 1233
ﬂip-over, 264
ﬂoating bond, 1028
ﬂotation, 742
ﬂotational method, 1466
ﬂuctuation diamagnetism, 475, 477
ﬂuctuation-dissipation theorem, 475
ﬂuctuation levels, 403, 476, 710
ﬂuctuation limit, 402
ﬂuctuation region, see critical region
ﬂuctuation wave, see ﬂuctuations of atomic positions
ﬂuctuation waves, 1284
ﬂuctuations, 27, 50, 55, 56, 112, 158, 217, 328, 329,
333, 347, 357, 412, 475, 476, 478, 490, 510, 515,
523, 635, 670, 671, 687, 710, 717, 723, 738, 835,
883, 884, 921, 971, 977, 979, 1081, 1164, 1174,
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1177, 1301, 1305, 1312, 1354, 1359, 1392, 1428,
1434, 1447, 1475
ﬂuctuations, critical, see critical ﬂuctuations
ﬂuctuations in superconductors, 475, 477, 947
ﬂuctuations, mesoscopic, see mesoscopic ﬂuctuations
ﬂuctuations of atomic positions, 190, 478, 1284
ﬂuctuon, 263, 478, 774, 979, 1035
ﬂuids, 1276
ﬂuorescence, 73, 421, 422, 478, 559, 987, 1003, 1110,
1259, 1261, 1375
ﬂuorescent spectra, 1495
ﬂuorides, 478, 1443
ﬂux density, electric, see electric ﬂux density
ﬂux, magnetic, see magnetic ﬂux
ﬂuxmeter, 800
ﬂux of magnetic ﬁeld, see magnetic ﬂux
ﬂuxoid, see ﬂux quantum
ﬂuxon, see Josephson vortex
ﬂux quantization, see quantization of ﬂux
ﬂux quantum, 37, 167, 479, 522, 670, 672, 724, 733,
748, 845, 1070, 1084, 1212, 1311, 1313, 1380,
1429, 1444, 1467
Flyorov ﬁlters, see nuclear ﬁlters
focal conic domain, see confocal domain
Fock–Dirac density matrix, 550
Fockian, 550
Fock operator, 550
focusing of acoustic waves, see acoustic wave focusing
focusing of effective electrons, 70
focuson, 479, 940, 1453
Fokker–Planck equation, 480, 493, 494, 913
forbidden band, 408, see band gap
forbidden energy zone, see band gap
forbidden quantum transitions, 40, 481, 1265, 1276
forbidden transition, dipole, see dipole-forbidden
transition
force, bulk, see bulk force
force, central, see central forces
force, coercive, see coercive force
force constants, 246, 257, 277, 481, 1332, 1454
force, image, see image forces
force, Kanzaki, see Kanzaki forces
force, Lorentz, see Lorentz force
force, magnetomotive, see magnetomotive force
force, surface, see surface force
force, van der Waals, see van der Waals forces
forced growth shapes, 257
forced magnetostriction, 804
forced vibrations, 1454
forerunner, see precursor
forest of dislocations, 546
forgeability, 482, 824, 829
forgeable cast iron, 154
forging, 68, 109, 473, 482, 546, 585, 705, 829, 1449
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formation of radiation defects, 386
formation zone, 185
form factor, 482, 718, 772, 879, 1298
form factor, atomic, see atomic form factor
forwarding circuits, 756
forwarding circuits on magnetic bubble domains, see
magnetic bubble domain forwarding circuits
four-center integral, 1074
four-photon light scattering, 599
four pole, 536
four-probe method, 370
Fourier law, 1367
Fourier spectrometers, 482
Fourier spectroscopy, 299, 482, 914, 1301
Fourier synthesis, 1499
Fowler–Nordheim law, 1420
fractal, 68, 180, 403, 484, 485, 962, 963, 1116
fractal dimensionality, 484, 485, see fracton
dimensionality
fractal system, 485
fractality, 963
fractional charge, 443
fractional quantum Hall effect, 83, 1078
fractional valence, 357
fractography, 485
fracton dimensionality, 485, 1116
fractons, 59, 485
fracture, 134, 139, 140, 239, 316, 346, 435, 438, 439,
485, 486, 510, 537, 575, 633, 655, 730, 1252,
1372, 1404
fracture branching, see branching of fractures
fracture, brittle, see brittle fracture
fracture ductility, see fracture toughness
fracture, tough, see tough fracture
fracture toughness, 160, 195, 280, 434, 435, 485, 486,
608, 818, 837, 1289, 1290, 1320, 1376,
1403–1405, 1462
fragmentary alloy decomposition, 42
fragmentation, 227, 270, 314, 430, 486, 546, 726, 816,
970, 1020, 1040, 1123, 1124, 1282, 1283, 1291,
1361
fragments, 314, 486
francium, 487
Franck–Condon principle, 487
Frank criterion, 965
Frank dislocation, 325, 332, 488
Frank elasticity constants, 269
Frank energy, 360
Frank–Kasper phases, 603
Frank moduli, 360
Frank networks, 143, 321, 488
Frank–Read source, 8, 57, 322, 488, 488, 867
Frank vector, 313, 315

Subject Index
Franz–Keldysh effect, 378, 401, 489, 637, 850, 1199,
1418
Fraunhofer diffraction, 301
Frederiks transition, 131, 335, 399, 489, 540, 721, 876,
1424
free energy, 358, 433, 489, 704, 1273, 1277
free exciton, 422
free ﬁeld, 1427
free (intrinsic) vibrations, 1455
free radicals, 116, 162, 489, 566, 680, 740, 949, 1041,
1105
free spectral region, 300
free spin complexes, see high-spin complexes
free volume, 490
free volume model, 490, 735, 825, 1016, 1113, 1208,
1465
freezing of spin glass, see spin glass freezing
“freezing-out” of carriers, 1195
freezing point, 773
freezing temperature, 303
Frenkel defect, 32, 39, 440, 480, 490, 567, 635, 637,
643, 682, 701, 989, 1087, 1280, 1394, 1443
Frenkel effect, 306, 308, 491, 1198
Frenkel exciton, 38, 396, 422, 423, 425, 491, 557, 1081,
1092, 1177, 1470
Frenkel–Kontorova model, 491, 1245
Frenkel orientational melting, 508
Frenkel pair, 490, 1370, see unstable Frenkel pair
Frenkel–Stoner theory, 460
frequency, 1454
frequency, cyclotron, see cyclotron frequency
frequency dielectric dispersion, see temporal dielectric
dispersion
frequency mixing, 113, 492
frequency spectrum, 713
freshly prepared surface, see juvenile surface
Fresnel band, 301
Fresnel diffraction, 301
Fresnel equations, 253, 405, 492, 1126, 1128, 1256
friction, 4, 33, 80, 176, 331, 333, 367, 379, 429, 480,
493, 542, 647, 735, 818, 998, 1019, 1224, 1243,
1250, 1317, 1411, 1454
friction coefﬁcient, 429
friction constant, 493, 1318
friction, external, see external friction
friction force, 429, 493
friction, internal, see internal friction
friction of channeled particles, 493, 494
frictional loss, 1177
Friedel oscillations, 371, 494, 701, 1152
Friedel sum rule, 494
Fröhlich collective mode, 960, 1092
Fröhlich conductivity, 495, 960, 1092
Fröhlich constant, 495

Subject Index
Fröhlich Hamiltonian, 123, 392, 425, 495, 982, 1035,
1169
frozen conductivity, 495
frustration, 496
Fuchs model, 1221
Fulde–Ferrell–Larkin–Ovchinnikov state, 496, 949
fullerene, 40, 152, 496, 579, 902, 1028
fulleride, 579
fullerides, 497
fullerite, 497, 1028
function, Airy, see Airy stress function
function, Brillouin, see Brillouin function
function, Clementi, see Clementi function
function, correlation, see correlation function
function, dielectric, see dielectric constant
function, Green’s, see Green’s functions
function, Langevin, see Langevin function
function of dissipation, see dissipation function
function of distribution, see distribution function
function of partition, see partition function
function, symmetrized, see symmetrized functions
function, Wannier, see Wannier functions
function, work, see work function
functional electronics, 22, 498, 836, 1179
functional integral, see path integral
functional resistors, 1139
fundamental frequency, 1455
fundamental gap, 201
fusion welding, 1477
gadolinium, 499, 697
gallium, 500, 564, 1449
gallium arsenide, 48, 95, 500, 541, 621, 647, 842, 869,
991, 1179, 1186, 1187, 1405, 1416, 1451
galvanic corrosion, see contact corrosion
galvanomagnetic effects, 23, 45, 68, 201, 215, 263, 309,
357, 368, 445, 501, 506, 579, 636, 641, 675, 682,
732, 750, 768, 801, 802, 831, 847, 875, 982,
1163, 1198, 1259, 1268, 1304, 1323, 1375, 1391
galvanomagnetic methods, 801
galvanomagnetic phenomena, 1198
galvanomagnetic recombination effect, 758
galvanomagnetic size effects, 796
gamma, 503
gamma activation analysis, 27
gamma defectoscopy, 279, see defectoscopy
gamma diffractometers, 503
gamma diffractometry, 503, 703
gamma phase, 42, 95, 134, 286, 415, 504, 592, 661,
1298
gamma quantum, 195, 822, 859, see gamma ray
gamma ray, 277, 279, 397, 504, 504, 587, 894, 905,
906, 1046–1048, 1233, 1450
gamma ray laser, 1491
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Gantmakher–Kaner effect, 70, 505, 505, 1109
gap, Coulomb, see Coulomb gap
gap, forbidden, see band gap
gap in superconductors, see energy gap
gap, magnetoelastic, see magnetoelastic gap
gap, pseudo-, see pseudogap
gap, quasi-, see quasi-gap
gap vibrations, 727
gap waves, 1324
gapless semiconductors, 101, 103, 396, 506, 563, 870,
1189, 1202
gapless superconductors, 507, 769, 1303, 1312, 1314
garnet ﬁlms, see epitaxial iron garnet ﬁlms
garnet, iron, see iron garnets
garnet, yttrium–aluminum, see yttrium–aluminum
garnet
garnets, 511
gas, Bose, see Bose gas
gas corrosion, 218, 1371
gas expander, 234, 508
gas-ﬁlled pores, 1045, 1104
gas, ideal, see ideal gas
gas-laser cutters, 700
gas, lattice, see lattice gas
gas phase epitaxy, 413, 414, 508, 722, 1302, 1408
gaseous crystalline state, 200, 508, 1231
gaseous state, 1276
gaser, 1491
gate, 823
gate emf, 673, 1002
gate layer, 832
gate, optical, see optical gate
gate photoeffect, see junction photoeffect
gauge covariance, 223
gauge ﬁeld, 509, 565
gauge invariance, 37, 223, 509, 523, 565, 637
gauge, strain, see strain gauge
gauge transformation, 509
Gauss model, 1427
Gauss system, 1441
Gaussian, 510
Gaussian distribution, 510, 1115, 1173, 1364
Gaussian random ﬁeld, 217, 1115
Gaussian shape, 426, 510, 584, 719, 855
gaussmeter, 800
Gay-Lussac law, 659
gel, 498, 510, 963
geminal pairs, 988
geminals, 215, 510
gems, 511
general regular system of points, 1129
general theory of spin ﬂuctuations, 461
generalized coordinates, 58
generalized crystallography, 251

1556
generalized density expansion, 892
generalized momenta, 58
generalized spin Hamiltonian, 1264
generalized velocities, 58
generation, 515, 758
generation current, 1182
generation of current carriers, 262, 515, 617, 709, 1343
generation of harmonics, 888
generation of hot electrons, see hot electron generation
generation of nonequilibrium carriers, 1200
generation of phonons, see phonon generation
generation of second harmonic, see second harmonic
generation
generation–recombination noise, 515, 635, 883, 884
generation–recombination particle coagulation, 516
generation type semiconductor diodes, 310, 516, 842,
875, 1180, 1416
generator, quantum radio-frequency, see quantum
radio-frequency generator
generator, thermomagnetic, see thermomagnetic
generator
genetic pairs, 988
geometric crystallography, 250
geometric phase transition, 962
geometric structure factor, 1498
geometrical acoustics, 6, 18, 516, 1126
geometrical interface, 200
geometrical resonance, 14, 516, 792
germanium, 90, 95, 96, 172, 265, 357, 369, 433, 509,
517, 560, 593, 606, 635, 681, 808, 830, 847, 905,
942, 949, 987, 991, 998, 1123, 1147, 1156, 1179,
1185, 1214, 1240, 1416, 1460
germanium–silicon alloys, 517
German silver, 214, 518
gettering, 518, 741, 1178, 1243
g-factor, see Landé g-factor
g-factor anisotropy, see anisotropy of g-factor
g-factor shift, see nuclear g-factor shift
giant Kohn singularities, 682
giant magnetic breakdown oscillations, 754
giant magnetoresistance, 803, 875
giant magnetostriction, 519, 668, 789, 804
giant quantum oscillations, 14, 519, 792, 1076, 1084
giant Raman scattering, 1112
giant resonance, 895
Gibbs canonical ensemble, 520
Gibbs distribution, 27, 125, 130, 173, 412, 439, 473,
526, 888, 951, 955, 1360, 1381
Gibbs distribution function, 334, 520
Gibbs equation, 375
Gibbs factor, 477
Gibbs free energy, 46, 173, 489, 1277, 1380, 1381
Gibbs grand canonical ensemble, 520

Subject Index
Gibbs phase rule, 173, 419, 521, 971, 973, 975, 1277,
1382, 1412, 1451
giga. . . , 521
Gilbert relaxation constant, 1225
Gilberts relaxation term, 1469
Gilman model, 1017
Ginzburg–Landau–Abrikosov–Gorkov (GLAG) theory,
522, 961, 1303
Ginzburg–Landau parameter, 185, 521, 522, 846, 961,
1303, 1334, 1347, 1393, 1429, 1430, 1444
Ginzburg–Landau theory of superconductivity, 184,
509, 521, 523, 565, 961, 962, 1059, 1308, 1444
Ginzburg–Levanyuk parameter, see Ginzburg number
Ginzburg number, 229, 261, 477, 523, 696, 959
GLAG theory, see Ginzburg–Landau–Abrikosov–
Gorkov theory of superconductivity
Glan prism, 1034
glass, 56, see vitreous state of matter
glass carbon, 531
glass-ceramic materials, 1039
glass-ceramic photomaterials, 524
glass ceramics, 523, 1039
Glass constant, 141, 524
glass, dipole, see dipole glass
glass, ﬁber, see ﬁber glass
glass forming, 824
glass freezing temperature, 1262
glass, high molecular weight, see high molecular
weight glasses
glass, ideal, see ideal glass
glass, metallic, see metallic glasses
glass, optical, see optical glass
glass, photochromic, see photochromic glasses
glass-reinforced plastics, 524
glass-reinforced plastics based on linens and mats, 524
glass, spin, see spin glass
glass, structural, see structural glasses
glass textolites, 524
glide component, 524
glide of dislocations, see dislocation slip, dislocation
glide
glide plane, 355
glide reﬂection, 259
glide-reﬂection plane, 524
glide vector, 524
global action, 193
global Green’s functions, 534
globar, 524, 922
gold, 73, 140, 293, 525, 564, 882, 991, 1230
Goldstone bosons, 525
Goldstone excitations, see Goldstone theorem, 58, 525,
565, 1093, 1272, spontaneous symmetry breaking
Goldstone modes, see Goldstone theorem, 124, 525,
557, spontaneous symmetry breaking

Subject Index
Goldstone theorem, 12, 525, 565, 798, 921, 1272, 1448
goniometer, 526
goniometer, X-ray, see X-ray goniometer
goniometry, 299, 526, 865
Goodenough–Kanamori–Anderson rules, 610
Gorkov anomalous functions, 526, 1032
Gorkov function, 190
Gorkov–Nambu method, 526, 536
Gorsky–Bragg–Williams approximation, 44, see alloy
ordering
Gorsky effect, 85
Gorter–Rose method, 903
Gouy–Chapman layer, 372, 1180
governing parameters, 1216
G-P zones, see Guinier–Preston zones
Grabner effect, 526
gradient, electrothermal, see electrothermal gradient
effect
gradient light guides, 465
gradient of electric ﬁeld, see electric ﬁeld gradient
grain boundary, 41, 42, 49, 106, 109, 131, 143, 187,
220, 226, 227, 255, 270, 280, 307, 314, 315, 333,
361, 369, 406, 416, 434, 469, 473, 486, 526,
527–529, 546, 554, 560, 626, 633, 642, 656, 725,
809, 829, 834, 841, 859, 909, 970, 985, 1009,
1010, 1039, 1045, 1105, 1123, 1124, 1136, 1170,
1252, 1282, 1285, 1293, 1297, 1323, 1331, 1368,
1372, 1399, 1404, 1407, 1468, 1478, 1483
grain-boundary defects, 527, 528
grain-boundary dislocation, 527
grain-boundary effects, 528
grain boundary lattice, 187, 527, 528, 529
grain-boundary stacking fault, 528
grain junctions, 528
Granato–Lücke model, 57, 529, 1432
grand canonical ensemble, 1381
grand potential, 1381
granite, 530
granular ﬁlms, 50, 410, 470, 530, 1393, see insular
ﬁlms
granular superconductors, 530, 671, 962, 1314
graphite, 1, 24, 33, 40, 80, 152, 153, 157, 182, 202, 223,
238, 293, 295, 296, 308, 332, 429, 497, 530, 532,
559, 592, 625, 626, 731, 1043, 1096, 1104, 1204,
1231, 1421
graphitization, 295, 532, 555, 645, 655
graphoepitaxy, 49
graphs, 533, 592, 1299
gravimetric analysis, 533, 1070
gravimetry, 173
gray cast iron, 154
gray selenium, 1172
gray tin, 1397
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Green’s functions, 59, 186, 278, 289, 351, 526, 533,
535, 536, 590, 694, 717, 812, 839, 840, 1029,
1032, 1074, 1459
Green’s functions and deep energy levels, 535
Green’s functions and magnetism, 535
Green’s functions and superconductivity, 536
Green’s functions in superconductivity, 404
Green’s tensor, 537
Greninger–Troiano orientation relation, 940
grids of dislocations, see dislocation grids
Grifﬁth crack, 626
Grifﬁth criterion, 537
Grifﬁth critical stress, 537
Grifﬁth–Orowan criterion, 1403
Grifﬁth theory, 139, 433, 537, 626, 841, 1120, 1287,
1293, 1300, 1403, 1476
grinding, 537, 1036
grinding, dispersion, see dispersion grinding
grossular, 512
group character, see character of group representation
matrix
group dimensionality, 209
group integral, 1075
group of colored symmetry, see colored symmetry
group
group of continuous symmetry transformation, see
continuous symmetry transformation groups
group of defect symmetry, see defect symmetry group
group of local symmetry, see local symmetry group
group of magnetic symmetry, see magnetic symmetry
group
group of symmetry, see symmetry group
group of symmetry, limiting, see limiting symmetry
group
group of wave vector, see wave vector group
group orbitals, 1352
group, point, see point groups
group, Shubnikov, see Shubnikov groups
group, space, see space group
group theory, 44, 168, 363, 386, 509, 538, 637, 638,
686, 742, 925, 986, 1008, 1027, 1075, 1135,
1252, 1352, 1353, 1363, 1458
group velocity, 12, 18, 141, 410, 538, 1053, 1127, 1249,
1256
group, Wittke–Garrido, see Wittke–Garrido groups
growth anisotropy, 413, 539, 752
growth of monocrystals, see monocrystal growth
growth of thin ﬁlms, see thin ﬁlm growing
growth pyramid, 539
growth, radiation-induced, see radiation-induced shape
change
growth shape, 256
growth spiral, 1120
growth texture, 1364
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growth twins, 1421
Grüneisen constants, 540, 1373
Grüneisen law, see thermal expansion
Grüneisen rule, 1373
Grüneisen tensor, 435, 539
guest–host effect, 399, 540, 721, 745, 876, 921
Guinier–Preston zones, 41, 304, 406, 540, 1052, 1236
Gulyaev–Bleustein wave, 1324
Gunn diode, 310, 333, 516, 540, 541, 589, 843, 875,
1179
Gunn domain, 541
Gunn effect, 96, 334, 370, 378, 384, 540, 589, 636, 808,
1198, 1240, 1354, 1384
Gurney–Mott model, 701
gyration, 254, 377, 541, 543
gyration tensor, 543
gyroelectric, 542
gyromagnetic, 542
gyromagnetic frequency, see cyclotron frequency
gyromagnetic medium, see gyrotropic medium
gyromagnetic phenomena, see magnetomechanical
phenomena
gyromagnetic phenomena, acoustic, see acoustic
gyromagnetic phenomena
gyromagnetic ratio, 106, 118, 121, 414, 448, 542, 696,
759, 763, 776, 803, 898, 908, 953, 1157, 1270,
1469
gyroscope, 542, 698
gyroscope, quantum, see quantum gyroscope
gyroscope wheel, 542
gyroscopic effect, 542
gyroscopic force, 763
gyrotropic medium, 178, 496, 542, 1176, 1350
gyrotropy, 542
habit, 240
Hadﬁeld steel, 545
haematite, 888
hafnium, 545, 1409
Hagen–Rubens approximation, 546
half-life, 1108
halite, see rock salt
Hall constant, 263, 1198
Hall effect, 201, 501, see galvanomagnetic effects
Hall effect, quantum, see quantum Hall effect
Hall–Ettingshausen effect, 502
Hall factor, 847
Hall ﬁeld, 501, 502
Hall mobility, 847
Hall–Petch relation, see Petch relation
Hall resistance, 1078
Ham–Bersuker effect, see vibronic reduction
Hamiltonian, 58, 899
Hamiltonian, Fröhlich, see Fröhlich Hamiltonian
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Hamiltonian, Heisenberg, see Heisenberg Hamiltonian
Hamiltonian, Lifshits–Onsager, see Lifshits–Onsager
Hamiltonian
Hamiltonian, Luttinger, see Luttinger Hamiltonian
Hamiltonian, spin, see spin Hamiltonian
Hamiltonian, spin–phonon, see spin–phonon
Hamiltonian
Hamilton–Jacobi partial differential equation, 58
Hamilton’s canonical equations, 58
Hamilton’s dynamic chaos, 347
Hamilton’s principal function, 58
Hamilton’s principle, 58
hardening, 8, 41, 188, 225, 233, 283, 286, 340, 416,
546, 716, 860, 880, 955, 1053, 1055, 1125, 1128,
1136, 1141, 1209, 1224, 1283, 1290, 1336, 1346,
1351, 1358, 1482, 1501
hardening by dispersion, see dispersion hardening
hardening by irradiation, see irradiation hardening
hardening by shock, see shock hardening
hardening by sound, bulk, see bulk sound hardening
hardening by sound, surface, see surface sound
hardening
hardening by strain, see strain hardening
hardening coefﬁcients, 1283
hardening curve, 283, 1283
hardening, ﬂash, see ﬂash hardening
hardening, linear, see linear hardening of crystals
hardening of materials, 188, 816
hardening, programmed, see programmed hardening
hardening, solid-solution, see solid-solution hardening
hardening, surface, see surface hardening
hardening, work, see work hardening
hard magnetic materials, 42, 46, 51, 63, 260, 459, 546,
566, 761, 764, 767, 770, 771, 787, 791, 797, 814,
943, 967, 1051, 1134, 1156, 1218, 1396, 1460
hard magnetization axis, 355, 458, 548, 750, 752, 760,
792
hardness, 50, 64, 109, 153, 158, 173, 176, 188, 206,
214, 296, 330, 407, 416, 548, 571, 608, 609, 645,
646, 650, 656, 703, 705, 729, 745, 810, 816, 818,
827, 837, 998, 1059, 1116, 1143, 1159, 1229,
1247, 1284, 1349, 1361, 1370, 1391, 1399, 1414,
1460, 1475
hardness diagram, see indenter–hardness diagram
hardness, long-term, see long-term hardness, long-term
high-temperature hardness
hardness, macro-, see macrohardness
hardness, magnetic, see magnetic hardness
hardness, micro-, see microhardness
hardness, secondary, see secondary hardness
hard-sphere model, 549, 965
harmonic approximation, 63, 156, 189, 244, 246, 361,
456, 549, 625, 661, 894, 946, 983–985, 1090,
1168, 1254, 1508
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harmonic oscillations, 1454
harmonic oscillator, 1088
harmonic (semilinear) energy, 472
Hartree–Fock method, 86, 202, 215, 510, 550, 683, 807,
815, 851, 865, 1061, 1073, 1174, 1218
Hartree method, 86, 550, 1174
Hasiguti peak, 551, 633, 1434
Hausdorff–Bezikovich dimensionality, 484
Haüy law, see law of rational indices
healing of defects, 106, 229, 349, 551, 835, 964, 1141,
1170
healing of solids, 551
heat capacity, see speciﬁc heat
heat conduction, see thermal conductivity
heat conductivity, see thermal conductivity
heat conductivity factor, see thermal conductivity
coefﬁcient
heat content, 1380, see enthalpy
heat emission, see heat loss
heat exchange, see heat transport
heat explosion, 428
heat function, 1380
heat, Joule, see Joule heat
heat loss, 552, 554
heat of melting, 552, 553
heat of phase transition, 227, 472, 508, 552, 553, 554,
977, 979, 1003
heat of polymorphic transformation, 553
heat of solution, 553, 742
heat of sublimation, 1300
heat radiation, see thermal radiation
heat-reﬂecting coatings, 553
heat release, see heat loss
heat removal, see heat loss
heat resistance, see thermal resistance
heat sink, 311, 520, 553, 734, 980, 1058, 1269
heat, speciﬁc, see speciﬁc heat
heat switch, 211, 554
heat transfer, 211, 552, 554, 1029, 1117, 1178
heat transport, 4, 35, 211, 552, 553, 554, 676, 1360,
1367, 1382
heat treatment, 29, 66, 95, 157, 172, 180, 193, 270, 406,
523, 546, 548, 554, 573–575, 627, 655, 701, 748,
782, 787, 817, 827–829, 832, 848, 895, 956, 967,
1027, 1051, 1097, 1116, 1117, 1147, 1170, 1219,
1229, 1246, 1279, 1280, 1290, 1362, 1372, 1388,
1389, 1399, 1479
heat treatment, chemical, see chemical heat treatment
heat treatment, combined, see combined heat treatment
heat treatment, cyclic, see cyclic heat treatment
heat treatment, mechanical, see mechanical heat
treatment of metals
heat treatment, rapid electric, see rapid electric heat
treatment
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heating of electrons, see electron heating
heating pulse, see pulse heating
heavily doped semiconductors, 1195
heavy fermion systems, 555
heavy fermions, 12, 115, 555, 806, 1016, 1024, 1311,
1413, 1435
heavy (slow) holes, 581
hecto. . ., 556
hedgehog, 126, 281, 556, 858, 1401
Heine–Abarenkov pseudopotential, 1060
Heisenberg Hamiltonian, 79, 556, 557, 591, 779, 1258,
1262, 1264, 1316
Heisenberg magnet, 60, 79, 525, 557, 577, 658, 694,
779, 806, 852, 1272
Heisenberg magnetism, 459
Heisenberg model, 111, 415
Heisenberg’s uncertainty principle, 1075
Heitler–London approximation, 222, 242, 386, 556,
557, 592, 1396
helical and sinusoidal antiferromagnets, 78
helical axis, see screw axis
helical dislocation, 325, 557, 867, 1055
helical instability, 1240
helical magnetic structure, 848, see modulated
magnetic structures
helical slip bands, 1224
helical wave, see helicon
helical waves, 1239
helicoidal waves, 1259
helicomagnet, 76, 558
helicon, 69, 341, 380, 395, 506, 519, 558, 774, 1221,
1239
helicon–phonon resonance, 5, 341, 558, 796
heliodor, 511
helium, 69, 130, 131, 235, 249, 278, 508, 559, 675, 689,
707, 735, 818, 934, 1044, 1076, 1080, 1084,
1231, 1317, 1419, 1426, 1427, 1448
helium-3, superﬂuid, see superﬂuid phases of 3 He
helium analogy, 936
Helmholtz free energy, 173, 237, 362, 489, 1277, 1380,
see free energy
Helmholtz layer, 372, 1204
HEMT, see high electron mobility transistor
Henry’s law, 235
Herring mechanism, 1248
Herzberg–Teller interaction, 559
heterochain polymers, 937
heterodesmic crystals, 1354
heterodesmic structures, 223, 237, 559, 632, 650
heterodiffusion, 305, 306, 560, 628
heterodiffusion coefﬁcient, 560
heteroepitaxy, 508, 560, 1085, 1354, 1408
heterogeneous alloy decomposition, 42
heterogeneous alloys, 1372
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heterogeneous catalysis, 182
heterogeneous-chain polymers, 1042
heterogeneous precipitation, 247
heterogeneous structure, 42, 208, 560, 618, 660, 699,
722, 1116, 1248, 1335, 1372
heterogeneous system, 174, 561, 563, 585, 817, 972
heterogenization of alloys, see alloy heterogenization
heterojunction, 101, 107, 146, 150, 401, 560, 561, 561,
563, 566, 589, 618, 660, 869, 926, 1002, 1085,
1181, 1193, 1201, 1230, 1251, 1333, 1391, 1392,
1451
heterojunction, isoperiodic, see isoperiodic
heterogeneous systems
heterojunction laser, 561, 618, 660, 699
heteronuclear NNDR, 344
heterophase self-localization, 780
heterophase structure, 560, 561
heteropolar bond, 65
heteropolymers, 1042
heterostructural alloy decomposition, 42
heterostructure, 30, 257, 396, 560, 561, 563, 874, 1077,
1084, 1193, 1201–1203, 1406, 1418, 1426, 1452
heterostructure of the ﬁrst kind, 563
heterostructure of the second kind, 563
heterostructure of the third kind, 563
heterovalent mixing, 845
Heusler alloys, 459, 564
hexadecapole interaction, 896
hexadic smectics, 1227
hexaferrites, 449, 565, 689, 767, 802
hexagonal close-packed, 180
hexagonal discotics, 318
hexagonal lattice of magnetic bubble domains, 756
hexagonal system, 154, 244, 250, 364, 565, 1205, 1412
hierarchic theory, 83
Higgs Abelian model, 565
Higgs effect, see Higgs mechanism
Higgs ﬁeld, 129, 509, 565
Higgs mechanism, 129, 509, 525, 565
high-coercive materials, see hard magnetic materials
high-coercivity alloys, 565, 845, 1459
high-density discrete spectrum, 403
high-density excitons, 384, 385, 422, 423, 566
high-elasticity state, 817
high electron mobility transistor, 566, 1406
high-energy cascade, 191
high-energy chemistry, 566
high-energy electron diffraction, 383
high-energy electronics, 567
high-frequency conductance, 272, 369, 567, 1221
high-frequency electrical conductivity, 579
high-frequency size effects, 567, 1221

Subject Index
high melting temperature materials, see refractory
materials
high molecular weight compounds, 56, 570, 912, 1042,
1463
high molecular weight glasses, 570, 1463
high-permeability magnetic materials, 571, 771, 967,
1230
high-precision laser processing, 700
high-pressure cells, 571, 572, 594, 602, 1054
high pressure measurements, 572
high pressures, 107, 128, 296, 415, 428, 551, 559, 572,
602, 635, 646, 817, 819, 830, 912, 1003, 1051,
1054, 1063, 1141, 1231, 1273, 1296, 1320, 1436,
1486
high-resolution NMR, 902
high-resolution NMR spectroscopy, 174
high-spin complexes, 573
high-temperature alloys, 46, 183, 545, 573, 574, 661,
745, 854, 1372, 1399
high-temperature creep, 225
high-temperature expansion, 574
high-temperature hardness, see long-term hardness
high-temperature irradiation embrittlement, 656
high-temperature materials, 177, 574, 881, 1129
high-temperature resistance, 1415
high-temperature strength, 41, 42, 45, 226, 328, 573,
574, 575, 729, 735, 854, 883, 1128, 1143, 1170,
1235, 1288, 1358, 1372, 1399
high-temperature superconductivity, 61, 75, 83, 161,
393, 424, 521, 575, 662, 806, 982, 1015, 1096,
1307, 1311, 1312, 1504
high-temperature superconductors, 56, 60, 115, 425,
483, 498, 575, 577, 578, 591, 662, 697, 969, 983,
1179, 1304, 1310, 1311, 1314, 1369, 1429
high-temperature X-radiography, 580, 1485
higher bainite, 99
highly damping alloys, 1248
highly-doped semiconductors, 369, 570, 606, 710, 929,
1196, 1202, 1480
highly-elastic deformations, 937
Hilbert relaxation term, see Landau–Lifshits equation
Hill equation, 966
Hoffmann method, 550, 580, 866, 1073
Hohenberg–Kohn theorem, 289
hole, 4, 20, 39, 61, 71, 97, 112, 115, 125, 130, 188, 201,
212, 217, 262, 263, 284, 313, 329, 357, 358, 371,
378, 385, 392, 395, 398, 411, 426, 439, 440, 501,
538, 566, 567, 578, 580, 581, 587, 648, 691, 712,
736, 742, 774, 843, 847, 883, 966, 991, 1007,
1013–1015, 1037, 1082, 1092, 1112, 1122, 1132,
1137, 1156, 1163, 1165, 1176, 1181, 1183, 1189,
1309, 1375, 1405, 1410, 1412, 1461, 1479, 1488,
1491
hole burning, 581, 616

Subject Index
hole color centers, 192
hole conductivity, 369, 581, 912, 938
hole Fermi surfaces, 444
hole polaron, 1034
hole (p-type) conduction, 581
hollows, 266
holmium, 581, 697
hologram, 583, 1120
holographic grating, see diffraction grating
holographic gratings, 300
holographic laser, 582, 699, 1473
holographic light ampliﬁcation, 997
holographic recording, 1121
holography, 9, 55, 254, 301, 582, 583, 686, 698, 828,
893, 924, 989, 997, 1001, 1120, 1387, 1390,
1462, 1472, 1473
holography, acoustic, see acoustic holography
holography, polarization, see polarization holography
holography, real-time, see real-time holography
holohedries, 135, 584
holon, 60
holon conﬁnement, 60
Holstein–Primakoff representation, 1266
Holstein–Primakoff representations, see spin operator
representations
Holtsmark shape, 584, 719
homeotropic orientation, 131
homeotropy, 584
homodesmic ones, 237
homoepitaxy, see autoepitaxy
homogeneous alloy decomposition, 42
homogeneous alloys, 1372
homogeneous broadening, 584, 616, 717, 732, 901
homogeneous-chain polymers, 1042
homogeneous deformation, 1016
homogeneous precipitation, 247
homogeneous structure, 560
homogeneous system, 585
homogenization, 66, 69, 95, 308, 573, 585, 681, 1044,
1116, 1219, 1447
homojunction, 401, 585
homologous temperature scale, 1017
homology, 585
homology group, 586
homology recrystallization temperature, 1125
homology transformations, 586
homomorphism, 209, 261
homonuclear NNDR, 344
homopolar bond, see covalent bond
homopolar bonds, 172
homopolar crystals, 222
homopolymers, 1042
homotopic groups, 281, 1402
homotropic textures, 1365
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honeycomb crystal, 707
honeycomb domain structure, 334, 586
honing, 1349
Hooke’s law, 194, 358, 360, 361, 363, 364, 450, 586,
634, 888, 1057, 1147, 1208, 1276, 1282, 1436,
1466
Hopﬁeld parameter, 392
Hopkinson maximum, 785
hopping conductivity, 54, 55, 222, 263, 369, 372, 385,
587, 607, 863, 864, 874, 938, 962, 990, 1163,
1197, 1426
hopping photoconductivity, 990
hopping polarization mechanism, 1260
horizontal Bloch lines, 119
horophilic impurities, 528
horophobic impurities, 528
hot atoms, 587, 1122
hot carriers, 1197
hot deformation, 1361
hot electron emission, 587, 620
hot electron generation, 384, 588
hot electron photoluminescence, 588
hot electron transistor, 589, 1406
hot electrons, 379, 384, 395, 587, 588, 589, 590, 620,
1197, 1226, 1386
hot hardness, 575
hot holes, 588
hot luminescence, 589, 738, 740, 1133, 1167
hot magnons, 589
hot photoluminescence, see hot electron
photoluminescence
hot spots, 266
hot zinc plating, 1510
“Hubbard 1 state” approximation, 590
“Hubbard 3 state” approximation, 590
Hubbard band, 864
Hubbard Hamiltonian, 590, 1315
Hubbard model, 60, 577, 590, 864, 1092, 1315, 1506
Hubbard transition, 1092
Hume-Rothery phases, 111, 175, 415, 504, 591
Hume-Rothery rules, 592, 1236
Hund rules, 420, 459, 573, 592, 1152, 1506
Husimi cactus, 592
Huygens–Fresnel principle, 6
hybrid devices, 198
hybrid IC, 836
hybrid valence, see intermediate valence
hybridization of orbitals, 152, 172, 223, 296, 532, 592
hybridization potential, 1061
hydration of surfaces, 593
hydrides, 128, 593, 595, 911, 1410
hydrodynamic approximation, 398
hydrodynamic cavitation, 156
hydrodynamic equations, 210
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hydrodynamic regime, 429, 594
hydrodynamic sound, 12
hydrodynamic spreading regime, 1273
hydroextrusion, 207, 416, 473, 551, 594, 595, 817,
1020, 1054
hydrogen bond, 114, 132, 171, 172, 292, 456, 560, 594,
851, 1232
hydrogen brittleness, 219
hydrogen in metals, 594, 614
hydrogen-like atom, 87
hydrogen, metallic, see metallic hydrogen
hydrolysis, 593
hydrophilic and hydrophobic behavior, see lyophilic
and lyophobic behavior
hydrostatic treatment of materials, 594, 595
hydrothermal crystallization, 595
hygroscopic humidity, 595
hygroscopicity, 132, 464, 595
hyperbolic hedgehog, 556
hyperchanneling, 165, 596, 1107
hyperelastic material, 471, 596
hyperelastic medium, 471
hyperﬁne coupling constants, 596
hyperﬁne ﬁelds, 596
hyperﬁne interaction, 62, 137, 373, 390, 391, 484, 596,
597, 616, 719, 753, 861, 868, 897, 899, 900, 902,
903, 907, 919, 943, 970, 1108, 1140, 1171, 1261,
1264, 1267, 1269, 1304, 1507
hyperﬁne structure, 345, 470, 481, 596, 597, 859, 862,
1142, 1258, 1457
hyperﬁne tensor, 1265
hyperfullerenes, 497
hyperparametric light scattering, 599
hyper-Raman scattering, 113, 598, 1213
hyper-Rayleigh scattering, 599, 1456, 1458
hypersound, 141
hypersymmetry, 82
hypoelastic material, 599
hypothesis of planar cross-sections, 1147
hysteresis, 74, 117, 184, 267, 287, 367, 377, 381, 430,
450, 453, 472, 548, 599, 600, 609, 768, 771, 800,
804, 967, 971, 978, 992, 996, 1033, 1144, 1212,
1224, 1229, 1240, 1384, 1387, 1412, 1433, 1477
hysteresis absorption of ultrasound by dislocations,
1433
hysteresis in phase transitions, 600, 768, 909
hysteresis internal friction, 633
hysteresis loop, see hysteresis, 50, 74, 600, 632, 751,
764, 768, 770, 785, 791, magnetic hysteresis
hysteresis loss, 530, 768, 770
hysteresis, magnetic, see magnetic hysteresis
ice, 36, 172, 472, 521, 594, 601, 1039, 1232
ice bomb, 602

Subject Index
ice in the atmosphere, 601
ideal crystal, 59, 101, 155, 181, 187, 213, 244, 263,
278, 282, 304, 318, 323, 350, 451, 586, 602, 675,
686, 727, 872, 958, 965, 966, 979, 983, 985, 987,
1026, 1090, 1119, 1176, 1277, 1343, 1454, 1494
ideal diamagnetism, see absolute diamagnetism
ideal gas, 125, 130, 245, 602, 603, 659, 1094
ideal glass, 602
ideal glass with tetrahedral packing, 603
ideal (mathematical) pendulum, 960
ideal solid solution, 603
image forces, 359, 371, 382, 603, 701, 707, 1284, 1331,
1337
image forces in imperfect crystals, 604
image, latent photographic, see latent photographic
image
image transformers, 280
imaging, EPR, see EPR imaging
imaging, MRI, see magnetic resonance imaging
imaging, NMR, see magnetic resonance imaging
immersion ellipsometry, 405
immersion wetting, 1478
impact diamonds, 296
impact electroluminescence, 378
impact hardening, 1346
impact ionization, 92, 136, 268, 378, 515, 585, 588,
604, 606, 853, 1183, 1238, 1410
impact ionization avalanche transit time diode, 267,
311, 516, 605, 842, 1179, 1240, 1301
impact malleability, see toughness
impact strength, 189, 206, 482, 574, 605, 656, 750, 816,
848, 1278, 1288, 1302, 1336, 1347, 1349, 1388,
1479
IMPATT diode, see impact ionization avalanche transit
time diode
impedance, 13, 19, 506, 567, 605, 875, 884, 1118, 1308,
1337
impedance, acoustic, see acoustic impedance
impedance, reactive, see reactance
impedance, surface, see surface impedance
imperfect crystals, dynamics, see dynamics of
imperfect crystals
imperfect superlattice, see macrolattice
implantation metallurgy, see ion metallurgy
implantation of recoil atoms, 1122
implosion impurities, 257
impregnation, 42, 606, 614, 1228
impressing force, 208
impurities, 1093
impurities and defects in semiconductors, 1191
impurities, isovalent, see isovalent impurities
impurities, magnetic, see magnetic impurities
impuriton, 278, 606, 1094, 1419
impurity-atom atmosphere, 1026

Subject Index
impurity atom charge, see effective impurity-atom
charge
impurity atoms, 13, 21, 29, 39, 52, 68, 84, 85, 100, 143,
180, 192, 194, 205, 217, 240, 257, 263, 277, 278,
280, 282, 286, 292, 309, 336, 340, 350, 357, 384,
389, 395, 396, 402, 406, 416, 444, 469, 479, 528,
529, 551, 560, 567, 606, 615, 635, 644, 662, 682,
724, 726, 727, 738, 741, 748, 769, 802, 816, 817,
873, 894, 925, 949, 991, 1008, 1025, 1026, 1038,
1062, 1064, 1081, 1087, 1101, 1106–1108, 1185,
1191, 1203, 1206, 1226, 1228, 1235, 1255, 1282,
1284, 1291, 1301, 1330, 1332, 1368, 1370, 1404,
1432, 1443, 1447, 1461, 1491, 1501
impurity band, 222, 263, 350, 606, 607, 710, 864, 1007,
1196, 1309, 1369, 1416
impurity breakdown, 137, 370, 606, 1198
impurity central peak, 158
impurity color centers, 191
impurity conductivity, 369, 607
impurity distribution, see interphase impurity
distribution coefﬁcient
impurity-induced ferroelectricity, see ferroelectricity
induced by impurities
impurity interaction, see magnetic impurity interaction
impurity levels, 726
impurity photoconductivity, 989
impurity state, surface, see surface impurity states
impurity temperature, 1361
impurity valence, 357
in-between statistics, 83
inclined vortices, 607
inclusion, macroscopic, see macroscopic inclusions
inclusions, 747
incoherent acoustic wave scattering, 18
incoherent phonons, 981
incoherent scattering, 265
incommensurability parameter, 608
incommensurate, 169, 1259
incommensurate–commensurate phase transition, 194,
607
incommensurate lattices, 1338
incommensurate magnetic structure, 848, see
modulated magnetic structures
incommensurate phases, 57, 453, 971
incommensurate structure, 76, 194, 607, 755, 857, 971,
979, 1245
incompatibility tensor, 608
incomplete magnetic domain, 608, 765
incompressible Fermi liquid, 1078
incongruent melting, 608
increment, 1454
indenter, 429, 548, 608, 609, 745, 818, 837, 998, 1159
indenter–hardness diagram, 609
indenter hardness test, 609
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indenting force, 1175
index of absorption, see absorption index
index of refraction, see refractive index
indicating surface, 168
indicator, luminescent, see luminescent indicator
indicator, thermal, see thermal indicators
indices, critical, see critical exponents
indices, crystallographic, see crystallographic indices
indirect band gap semiconductors, 611
indirect band-to-band transitions, 925
indirect electron spin–spin coupling, 609, 769
indirect exchange interaction, 421, 447, 449, 457, 609,
683, 780, 783, 789, 1126, 1152
indirect excitation, 610, 809, 1008
indirect nuclear spin–spin coupling, 610, 902, 1264
indirect transitions, 611, 709, 713, 1199, 1215, 1435
indium, 564, 611, 1064, 1423
induced dipoles, 612
induced ferrimagnetism, 448
induced light scattering, 612, 714, 890, 918, 1112, 1472
induced magnetic anisotropy, 752
induced magnetic phase transitons, 773
induced optical anisotropy, 612
induced radiation, 612, 710, 931, 980, 1072, 1082,
1241, 1354
inductance, 613, 1118, 1455
induction, 15
induction, electric, see electric ﬂux density
induction interaction, 20
induction, magnetic, see magnetic ﬂux density
induction mechanism, 380
induction method, 800
induction, nuclear, see nuclear induction
inductive impedance, 1118
inelastic neutron scattering, 79, 228, 246, 291, 613, 662,
682, 727, 795, 805, 879, 880
inelastic scattering, 1163
inelastic tunneling, 1419
inertia mechanism, 380
inertia moment, see moment of inertia
inertial gas ﬂow, 248
inertial interaction, 231
inertial spreading regime, 1273
inﬁltration, 606, 614
inﬁltration from the gas phase, 159
inﬁnite cluster, 199, 403, 963
inﬁnite or delocalized state, 403
inﬂuence of external ﬁelds, 1199
information recording, 51, 73, 119, 496, 614, 720, 756,
923, 926, 1100, 1188, 1227, 1237, 1390
information recording, optical techniques, see optical
techniques of information recording
information recording, thermomagnetic, see
thermomagnetic information recording
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infrared radiation, 553, 615, 999, 1014
infrared spectroscopy, 338, 615, 712, 1136
inherent light absorption, 1198
inhibitors, 218
inhomogeneities of surface, see surface
inhomogeneities
inhomogeneity, topological, see topological
inhomogeneity
inhomogeneous broadening, 240, 391, 584, 616, 718,
719, 900, 939, 981, 1108, 1260
inhomogeneous deformation, 1016
inhomogeneous level width, 717
initial magnetic permeability, 772
initial recrystallization, 1124
initial splitting, 1069
initial susceptibility, 785
injection, 54, 100, 108, 201, 262, 265, 284, 299, 369,
376, 378, 385, 431, 443, 516, 560, 589, 616, 712,
732, 758, 875, 886, 1182, 1200, 1211, 1238,
1250, 1329
injection electroluminescence, 378
injection factor, 617
injection laser, 561, 617, 699, 700, 1085, 1183, 1184
injection plasma, 1182
Ink, 608
inner level photoemission effect, 831
inner photoeffect, 1008
inorganic polymers, 619, 1042
InSb-type semiconductors, 675
instability, 691
instability, electrohydrodynamic, see
electrohydrodynamic instabilities
instability of photocurrent, thermoelectric, see
thermoelectric instability of photocurrent
instability of spin waves, see kinetic instability of spin
waves
instability of superconductors, see structural instability
of superconductors
instability, Peierls, see Peierls instability
instability, structural, see structural instability of
superconductors
instability, vibronic, see vibronic instability
instability zone, 1103
instantaneous axes, 619
instant ﬂaking, 1158
instrumentation, 898
insular ﬁlms, 393, 470, 475, 530, 588, 589, 620, 1226,
1391
insulating materials, 48, 620, 834, 1416
insulator polarization, see polarization of insulator
insulators, 10, 33, 34, 38, 42, 49, 50, 60, 74, 101, 103,
105, 112, 135, 164, 178, 181, 199, 200, 222, 239,
263, 275, 279, 280, 295, 298, 299, 312, 319, 367,
368, 370, 380, 392, 394, 395, 401, 453, 456, 495,

Subject Index
497, 514, 535, 540, 551, 556, 558, 567, 578, 589,
590, 609, 615, 620, 637, 644, 647, 649, 696, 701,
707, 725, 731, 736, 746, 774, 779, 797, 801, 814,
819, 823, 829, 834, 851, 868, 870, 885, 888, 891,
897, 912, 914, 919, 925, 936, 948, 988, 989, 991,
1005, 1007, 1031, 1033, 1037, 1046–1048, 1050,
1072, 1082, 1100, 1104, 1107, 1127, 1128, 1133,
1166, 1177, 1185, 1188, 1211, 1220, 1232, 1237,
1248, 1250, 1300, 1368, 1375, 1379, 1393, 1407,
1411, 1419, 1425, 1428, 1443, 1449, 1470
integer (normal) quantum Hall effect, 1077
integral and fractional quantum Hall effect, 1426
integrals of motion, 58
integrated circuit, 50, 498, 501, 508, 560, 621, 643, 647,
649, 653, 723, 733, 836, 870, 912, 1014, 1137,
1179, 1187, 1204, 1332, 1346
integrated circuit electronics, see microelectronics
integrated line intensity, 717
integrated-optical circuits, 623
integrated optics, 254, 621, 713, 767, 869, 893, 928,
930, 1354
intensity of line, see line intensity
intensity of tangential stress, see tangential stress
intensity
intensive state parameters, 1277
interaction, acousto-electronic, see acousto-electronic
interaction
interaction atom–surface, see atom–surface interaction
interaction, cross-deformation, see cross-deformation
interaction
interaction dipole–dipole, see dipole–dipole interaction
interaction dislocation–dislocation, see
dislocation–dislocation interaction
interaction, Dzialoshinskii, see Dzialoshinskii
interaction
interaction electron–phonon, see electron–phonon
interaction
interaction, exchange, see exchange interaction
interaction, exchange magnetoelastic, see
magnetoelastic exchange interaction
interaction exciton–phonon, see exciton–phonon
interaction
interaction, Herzberg–Teller, see Herzberg–Teller
interaction
interaction, hyperﬁne, see hyperﬁne interaction
interaction ion–lattice, see ion–lattice interaction
interaction, lateral, see lateral interaction
interaction, magnetoelastic, see magnetoelastic
interaction
interaction magnon–phonon, see magnon–phonon
interaction
interaction microcrack–dislocation, see
microcrack–dislocation interaction

Subject Index
interaction, nuclear quadrupole, see nuclear quadrupole
interaction
interaction of fast charged particles with solids, 1233
interaction of magnetic dipoles, see magnetic dipole
interaction
interaction of magnetic impurities, see magnetic
impurity interaction
interaction, pairwise, see pairwise interaction of atoms
interaction phonon–phonon, see phonon–phonon
interaction
interaction point defect–dislocation, see point
defect–dislocation interaction
interaction, RKKY, see
Ruderman–Kittel–Kasuya–Yosida interaction
interaction spin–lattice, see spin–lattice interaction
interaction spin–orbit, see spin–orbit interaction
interaction spin–spin, see spin–spin interaction
interaction vacancy–dislocation, see
vacancy–dislocation interaction
interactions, vibronic, see vibronic interactions
interatomic interaction potentials, 87, 156, 237, 346,
549, 623, 945, 1073, 1300, 1366
interband tunneling, 625, 753, 831, 1071, 1088, 1183,
1415, 1418
intercalants, 625, 626
intercalated compounds, 625
intercalated structures, 625, 1095
intercalation, 626, 1310
interconﬁguration ﬂuctuation states, 631
intercrystalline brittleness, 627
intercrystalline corrosion, 626, 725, 1279
intercrystalline cracks, 627
intercrystalline failure, 188, 435, 486, 626, 1018, 1252,
1285, 1297, 1404
interdiffusion, 84, 131, 305, 306, 308, 480, 517, 560,
627, 746, 964, 975, 1119
interdiffusion coefﬁcient, 306, 628
interface, see condensed matter interface
interface metal–insulator, see metal–insulator interface
interface of phases, see phase interface
interfacial surface tension, 1348
interference, 884
interference coatings, 628
interference light ﬁlter, 628
interference of light, 331, 1391
interference optical compensators, 917
interference, quantum, see quantum interference
phenomena
interfering conoscopic images, 254
interferometer, 483, 629, 914
interferometer, Fabry–Perot, see Fabry–Perot
interferometer
interferometers, 917, 1488
interferometry, X-ray, see X-ray interferometry
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interior conical refraction, 204
interlacements of dislocations, see dislocation
interlacements
intermediate asymptotic, 1178
intermediate order, 52, 629, 706, 728
intermediate state, 61, 75, 78, 226, 288, 333, 334, 599,
629, 768, 773, 788, 791, 819, 972, 1137, 1138,
1369, 1380, 1429
intermediate state of superconductors, 630
intermediate statistics, 83
intermediate type of antiferromagnetic metals, 77
intermediate valence, 631, 1506
intermediately doped semiconductors, 606
intermetallic compounds, 41, 45, 69, 80, 113, 175, 183,
237, 445, 457, 459, 573, 627, 632, 668, 703, 722,
750, 773, 824, 881, 964, 1051, 1064, 1088, 1103,
1119, 1156, 1212, 1302, 1303, 1311, 1314, 1399,
1429
intermetallic compounds, superconducting, see
superconducting intermetallic compounds
intermetallic superconductor, see superconducting
intermetallic compounds
internal conical refraction, 204
internal crystal ﬁeld, see crystal ﬁeld
internal domains, 755
internal energy, 1380, 1381, see thermodynamic
potentials
internal ﬁeld, 287
internal friction, 57, 86, 152, 314, 324, 350, 430, 493,
529, 551, 632, 705, 734, 869, 1026, 1106, 1131,
1144, 1148, 1235, 1294, 1465, 1502, 1506
internal friction, amplitude-dependent, see
amplitude-dependent internal friction
internal standard, 407
internal stress tensor, 633
internal stresses, 8, 13, 66, 140, 176, 257, 269, 319,
327, 359, 361, 434, 539, 600, 633, 724, 810, 817,
842, 957, 959, 1009, 1020, 1025, 1033, 1053,
1120, 1136, 1246, 1276, 1290, 1292, 1297, 1331,
1361, 1432
internal symmetries, 509
internal work function, 1481
internal X-ray emission lines, 1495
International System of Units, 1437
International Tables for Crystallography, 259, 282, 634,
727, 1130
internuclear double resonance, 344
interphase impurity distribution coefﬁcient, 634, 1511
interstice, 634
interstice–vacancy pair, 490
interstitial alloys, 43, 113, 157, 634, 817, 1506
interstitial atom, 29, 52, 66, 68, 81, 99, 191, 192, 202,
225, 233, 257, 278, 280, 307, 319, 322, 326, 332,
340, 346, 349, 350, 440, 490, 516, 535, 551, 634,
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634, 636, 644, 710, 724, 810, 837, 843, 845, 857,
1016, 1026, 1045, 1087, 1101, 1102, 1104, 1106,
1107, 1123, 1141, 1143, 1147, 1193, 1226, 1232,
1236, 1280, 1282, 1284, 1352, 1370, 1405, 1411,
1414
interstitial compounds, 634
interstitial impurities, 309
interstitial prismatic dislocations, 1055
interstitial solid solutions, 634, 1235
intervalley noise, 635, 808, 883, 884
intervalley phonons, 635, 984
intervalley redistribution, 588, 635, 636, 808, 1156,
1240
intervalley scattering, 264, 588, 635, 636, 1220
intraband absorption, 1200
intra-center luminescence, 39
intramolecular vibrations, 234, 497, 615, 636, 650, 925,
929
intravalley scattering, 264, 636
intrinsic and extrinsic semiconductors, 1194
intrinsic chemiluminescence, 174
intrinsic color centers, 191
intrinsic conductivity, 368, 636, 1281
intrinsic defects, 29, 636, 1026, 1280
intrinsic diffusion coefﬁcients, 306
intrinsic-energy part, 404
intrinsic ferrimagnetism, 448
intrinsic ferroelectric phase transition, 455
intrinsic light absorption edge, 143, 489, 583, 611, 637,
660, 779, 925, 929, 983, 990, 1172, 1199
intrinsic photoconductivity, 989
intrinsic (pure) semiconductor, 1194
intrinsic surface electron states, 1333
intrusions, 438
invar, 880
invariance, 223, 507, 509, 637, 1078, 1268
invariance, scaling theory, see scaling invariance
hypothesis
invariant, elastic, see elasticity theory invariants
invariants, 62, 638, 1263, 1351
invar magnetic alloys, 1374
inverse Compton effect, 196
inverse effective mass tensor, 357
inverse photoelectron emission, 393, 638
inverse piezoelectric effect, 1005, 1007
inverse pole ﬁgure, 1035
inverse-rotation axes of homology, 586
inversion, 5, 258, 1102
inversion asymmetry, 639
inversion axis, 157, 639
inversion center, see center of symmetry
inversion coefﬁcient, 1072
inversion-inequivalent positions, 373, 639, 900

Subject Index
inversion layer, 12, 101, 151, 371, 466, 561, 640, 691,
824, 1077, 1251, 1309, 1333, 1345, 1425
inversion of population, see level population
inversion of time, see time inversion
inversion splitting, 34, 639, 641, 666, 668, 884, 1456,
1458
inversion twins, 1421
Ioffe effect, 817
Ioffe–Regel hypothesis, 53
Ioffe–Regel rule, 830
iolite, 514
ion, 39, 86, 90, 91, 94, 97, 99, 164, 165, 169, 171, 181,
189–191, 221, 241, 258, 277, 281, 358, 370, 371,
396, 426, 566, 593, 604, 641, 642, 644–648,
650–652, 656, 733, 865, 896, 940, 945, 949,
1102, 1103, 1107, 1122, 1165, 1166, 1231, 1251,
1329, 1332, 1357, 1363, 1376, 1405, 1449
ion beam channeling, see channeling of ion beams
ion-beam deposition, 652
ion beam epitaxy, 851
ion bombardment, 94, 180, 181, 339, 642, 645, 646,
651–653, 1061, 1107, 1273, 1377, 1453
ion-chemical etching, 652
ion–electron emission, 469, 642, 940, 955, 1205, 1206
ion emission, 642, 1386
ion emission, secondary, see secondary ion emission
ion etching, 93, 388, 397, 417, 642, 653, 870, 1170,
1274
ion exchanger, see ionite
ion implantation, 45, 50, 328, 339, 564, 606, 622, 642,
645, 646, 647, 650, 652, 653, 699, 756, 912,
1059, 1061, 1062, 1102, 1137, 1146, 1147, 1187,
1332, 1336, 1351
ion implantation doping, 585, 647, 733, 870, 1106, 1107
ion implantation doping of semiconductors, 653
ion injection, 733
ion–ion emission, 642, 955, see secondary ion emission
ion, Kramers, see Kramers ion
ion–lattice interaction, 649
ion–lattice relaxation, 584, 649, 1131
ion lithography, 642, 647, 649, 653, 723, 1313
ion, magnetic, see magnetic ion
ion metallurgy, 650, 653
ion-mixing, 642, 650, 653
ion-molecular crystals, 650
ion-neutralization spectroscopy, 94, 642
ion–photon emission, 642, 651
ion–photon interaction, see ion–lattice interaction
ion–photon spectroscopy, 651
ion-plasma cleaning, 652
ion-plasma deposition, 652
ion-plasma treatment, 642, 652, 1013, 1014, 1349
ion polarization, 1031
ion projector, 469, 527, 652

Subject Index
ion-radical salt, 171
ion sputtering, 1274
ion-stimulated surface modiﬁcation, 642, 652, 1104
ion treatment, 653, 748
ionic bond, 69, 146, 171, 222, 264, 559, 593, 641, 643,
644, 645, 650, 817, 945, 1035, 1186
ionic conductivity, 39, 263, 276, 372, 385, 643, 644,
1007, 1233
ionic conductivity compensation, 644, 1038
ionic-covalent bond, 172, 222, 275, 644, 1103, 1319
ionic crystals, 21, 38, 82, 115, 155, 159, 192, 213, 237,
245, 293, 298, 311, 319, 325, 326, 392, 396, 419,
454, 456, 457, 624, 643, 644, 645, 650, 676, 738,
749, 774, 839, 923, 928, 983, 1008, 1025, 1029,
1034, 1052, 1102, 1110, 1136, 1169, 1225, 1232,
1233, 1261, 1344, 1354, 1412, 1447
ionic insulators, 621
ionic mass-spectrum microscope, 1167
ionic microprobe, 1167
ionic modiﬁcation of ﬁlms, 642, 645, 653
ionic polarizability, 1030
ionic radius, 91, 237, 258, 449, 454, 518, 641, 645, 885
ionic sputtering, 1272
ionic superconductors, 1196
ionic synthesis, 339, 642, 645, 650, 653, 1107
ionic X-ray tubes, 1494
ionicity, 38, 643, 644
ionite, 648, 1064, 1507
ionization energy, 383
ionization, ﬁeld, see ﬁeld ionization
ionization, impact, see impact ionization
ionization of surface, see surface ionization
ionization spectroscopy, 165, 166, 397, 648
ionization, surface, see surface ionization
ionizing radiations, 906
ionoluminescence, 651, 1109
ions, low-energy, see low-energy ions
ions, noncentral, see noncentral ions
IR imagers, 1386
iridium, 653, 882
iron, 34, 47, 80, 83, 99, 140, 154, 157, 220, 286, 329,
449, 504, 519, 555, 627, 654, 655, 706, 810, 828,
841, 909, 1010, 1086, 1228, 1229, 1275, 1288,
1302, 1370, 1403, 1415
iron alloys, 157, 220, 585, 655, 940, 1422, 1449
iron, ARMCO, see ARMCO iron
iron carbide, 151, 157
iron, cast, see cast iron
iron ferrite spinel, 790
iron garnets, 5, 74, 336, 413, 447, 448, 621, 655, 658,
689, 755, 758, 953, 998, 1146, 1150, 1270, 1431
irradiation annealing, 655, 1227
irradiation doping, see nuclear doping
irradiation embrittlement, 656, 817
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irradiation hardening, 546, 656, 817, 1141, 1169
irrational twinning, 656
irreducible polynomial basis, 657
irreducible representations of a group, 638
irreducible tensor operators, 470, 657, 1263, 1265, 1267
irreversible displacement processes, 336
irreversible magnetic aging, 750
irreversible magnetization rotation processes, 546
irreversible processes, 211, 291, 364, 560, 658, 791,
923, 1380
irreversibly inducing metastable phases, 978
Ising magnet, 74, 658
Ising model, 44, 111, 197, 415, 421, 533, 658, 858, 913,
1050, 1262, 1427
isobar, 659
isobaric process, 659
isochor, 659
isochoric process, 659
isochromat curve of the X-ray spectrum, 1496
isochromates, 205
isochronal annealing, 66
isoelectronic, 659
isoelectronic sequence, 189, 660
isoenergetic surface, 271, 285, 408, 444, 660, 808,
1083, 1190, 1450, 1452, 1466
isofrequency surface, 660
isogyres, 205
isohedron, 1216
isolated pores, 1045
isolated thermodynamic systems, 1382
isomer shift, 174, 660, 862
isometric polyhedra, 240
isomorphic decomposition, 41
isomorphism, 41, 135, 237, 261, 660, 745
isoperiodic heterogeneous systems, 660
isostructural, 660
isostructural decay, 42, 46, 661
isostructural phase transitions, 1297
isostructure, 237
isotherm, 661
isothermal annealing, 66
isothermal compressibility, 661
isothermal elastic moduli, 364
isothermal process, 661
isothermal volume compressibility, 195
isotope effect, 579, 661, 982, 1015, 1305, 1311
isotope effect, kinetic, see kinetic isotope effect
isotope tracers, see tracers
isotopic diffusion coefﬁcient, 306
isotopic ordering, 662
isotropic EPR spectrum, 63
isotropic heterojunctions, 561
isotropic hyperﬁne interaction, 597
isotropic medium, 633
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isotropic scattering, 264
isotropic viscoelasticity, 1144
isotropy, 64, 141, 362, 363, 365, 586, 662, 889, 1144,
1147, 1282
isotropy of elasticity, 221, 326, 355, 359, 485, 662, 872,
1165, 1277, 1483
isovalent impurities, 662, 1193
isovalent mixing, 845
itinerant magnetism, 101
Jaccarino–Peter effect, 665, 949
Jahn–Teller cluster effect, 667
Jahn–Teller cooperative effect, 667
Jahn–Teller distortion, 665, 668
Jahn–Teller effect, 35, 213, 397, 641, 648, 665, 668,
809, 885, 996, 1026, 1059, 1135, 1255, 1297,
1305, 1343, 1456–1459
Jahn–Teller multimode effect, 667
Jahn–Teller pseudoeffect, 665, 667
Jahn–Teller theorem, 665, 668
jellium model, 668, 1479
jewels, see gems
jj -coupling, 1152
Johnson–Larsen effect, 1035
joint disclinations, 1020
jolt, see radiation-induced jolt
Josephson coupling energy, 669, 670
Josephson current, 669, 670
Josephson effects, 234, 268, 495, 579, 669, 671, 672,
736, 747, 801, 884, 934, 976, 1016, 1023, 1084,
1096, 1137, 1138, 1146, 1207, 1306, 1308, 1311,
1313, 1321, 1352, 1392, 1416, 1418, 1421, 1467,
1474
Josephson frequency expression, 672
Josephson inductance, 671
Josephson junction, 472, 530, 669, 670, 671, 748, 962,
1016, 1023, 1077, 1245, 1304, 1306, 1308, 1313,
1419, 1421
Josephson medium, 530, 671, 1084, 1475
Josephson penetration depth, 166, 671, 672
Josephson plasma frequency, 671
Josephson plasmons, 1016
Josephson radiation, 351, 669, 671
Josephson relation, 671
Josephson vortex, 351, 671, 672, 1084, 1244, 1466
Joule effect, 819, 1478
Joule heat, 672, 757, 1384
Joule–Lenz effect, 393
Joule–Lenz law, 672
Joule–Thomson effect, 234, 672, 1395
Joule–Thomson process, 1395
jump conductivity, see hopping conductivity
junction, 1452
junction capacitance, see barrier capacitance

Subject Index
junction disclination, 528
junction dislocation, 528
junction, hetero-, see heterojunction
junction, homo-, see homojunction
junction, Josephson, see Josephson junction
junction, metal–semiconductor, see
metal–semiconductor junction
junction photoeffect, 672
junction, semiconductor, see semiconductor junction
junction, tunnel, see tunnel junction
juvenile surface, 673
Kadomtsev–Nedospasov helical instability, 942, 1240
Kadomtsev–Petviashvili equation, 1244, see soliton
Kagan–Afanasyev effect, 861
Kaiser effect, 7
Kane model, 675, 1191
Kane’s dispersion law, 675
Kanzaki forces, 675, 702
Kapitza law, 502, 675, 802
Kapitza temperature jump, 675
Kapitza thermal boundary resistance, 675
Kapustin–Williams domain texture, 1366
Kapustin–Williams domains, 921, 1295
Kauzman paradox, 676
Keating potential, 625
Kellerman model, 676, 986
Kelvin equation, 199, 676
Kelvin scale, 1360
Kerr constant, 677
Kerr effect, 116, 377, 399, 400, 612, 677, 759, 764, 801,
802, 850, 919, 1162, 1387, 1458
Khaikin–Khlyustikov effect, 1310
Khaikin oscillations, 677
Kikoin–Noskov effect, 677, 1002
Kikuchi bands, 678
Kikuchi lines, 678
Kikuchi patterns, 678
kilo. . . , 678
kinematic contrast, 366
kinematic (relaxation) resonance, 1131
kinematic viscosity, 1461
kinetic beam, 691
kinetic coefﬁcients, 228, 518, 535, 567, 678, 680, 687,
754, 1079, 1092, 1131, 1212, 1273, 1345
kinetic decoupling, 1137
kinetic decoupling effect, 678
kinetic decoupling of Cooper pairs, 4, 226, 678
kinetic electrons, 581
kinetic equation, 120, 125, 263, 283, 334, 379, 480,
493, 494, 574, 679, 680, 717, 839, 886, 1056,
1079, 1131, 1260, 1368, 1378, 1409
kinetic equation, quantum, see quantum kinetic
equation

Subject Index
kinetic ﬂexibility, 474
kinetic hardness, 609
kinetic holes, 581
kinetic instability of spin waves, 679
kinetic ion–electron emission, 642
kinetic isotope effect, 680
kinetic moment, see angular momentum
kinetic phenomena, 256, 402, 538, 594, 680, 799, 1112,
1345, 1409
kinetic roughness, 1326
kinetic spreading regime, 1273
kinetic stage of evolution, 679
kinetics of deformation, see deformation kinetics
kinetics of failure, see failure kinetics
kinetics of relaxation, see relaxation kinetics methods
kink, 60, 442, 680
kink energy, 680
kinks on dislocations, 286, 320, 326, 680, 959, 1017
Kirchhoff–Love hypothesis, 1209
Kirkendall effect, 306, 308, 627, 681
Kirkwood approximation, 45, 681, 914
Kirkwood formula, 914
Kittel equation, 803
Kittel’s domain structure, 334, 682, 760
Kjeldaas edge, 342
KKR method, see Korringa–Kohn–Rostoker method
Kleiner correction, 243
knife-line corrosion, 626
Knight shift, 597, 897
Knopp hardness, 608
Kohler rule, 501, 682, 803
Kohn anomaly, 682, 959
Kohn construction, 682
Kohn–Luttinger theory, 682
Kohn–Sham equations, 289
Kondo effect, 1, 265, 398, 591, 683, 769, 802, 874, 1418
Kondo impurity, 555
Kondo lattice, 555, 683, 1024
Kondo scattering, 1418
Kondo temperature, 1, 683
Koopmans theorem, 683, 1074
Korringa–Kohn–Rostoker method, 102, 683, 716, 865
Korringa relaxation, 908
Korteweg–de Vries equation, see Boussinesq equation,
132, 1244, soliton
Kossel cones, 684
Kossel line, 678, 684
kosselogram, 684
Koster–Slater model, 535, 685
Kosterlitz–Thouless transition, 3, 530, 671, 684, 1136,
1392, 1402
Kramers–Anderson indirect exchange, 609
Kramers degeneracy, 685
Kramers doublet, 313, 345, 685, 686, 1111
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Kramers ion, 685
Kramers–Kronig relations, 297, 483, 685, 746, 785,
915, 1250, 1350, 1362
Kramers theorem, 443, 685, 686, 1131, 1397
Kretschmann modiﬁcation, 92
Krivoglaz–Clapp–Moss formula, 686
Kronig–Penney potential, 966, see periodic potential
Kronig–Van Vleck mechanism, 313, see Van Vleck
mechanism
k-sites, 320
k-space, 101, 103, 127, 133, 138, 291, 304, 408, 444,
581, 686, 847, 855, 1008, 1071, 1258, 1418,
1480, 1498
Kubo formulae, 717
Kubo linear response theory, 717
Kubo theory, see linear response
Kubo–Tomita method, 687, 717, 1058
Kulik factor, 687, 1024
Kulik’s vortices, 1466, see inclined vortices
kurchatovium, 1409, see transuranium elements
Kurdyumov effect, see thermoelastic phase equilibrium
Kurdyumov–Sachs orientation relation, 940
Kyropoulos method, 857
labeled atoms, see tracers
labyrinthine magnetic domain structure, 689, 755, 765
Lagrange coordinates, 471, 689
Lagrange method, 210
Lagrange’s equations, 58
Lamb–Mössbauer factor, 277
Lamb waves, 1325
lambda phase, see Laves phases
lambda point, 130, 249, 523, 689, 818, 1317
Lambert law, 1127, see reﬂection of light
Lamé coefﬁcients, 65, 141, 363, 690, 946
lamellar pearlite, 958
lamellar phases, 721, 743
lamina, see plates
laminated crystals, see quasi-two-dimensional crystals
laminated shells, 1209
Landau correlation function, 441
Landau critical points, 866, 1412
Landau damping, 12, 17, 72, 341, 690, 757, 1013, 1015,
1239
Landau diamagnetism, 293, 294, 693, 832
Landau levels, 272, 1071, 1084, 1199, 1425, see
quantizing magnetic ﬁeld
Landau–Lifshits domain structure, 334, 693, 760
Landau–Lifshits equation, 80, 336, 693, 770, 781, 788,
803, 837, 1225, 1244, 1258, 1270, 1469
Landau parameters, 441
Landau quantization, 285, 1070
Landau–Rumer mechanism, 1248
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Landau superﬂuidity criterion, 115, 149, 213, 507, 694,
819, 1317
Landau theory of Fermi liquid, 201
Landau theory of second-order phase transitions, 44, 79,
228, 229, 282, 415, 455, 521, 523, 695, 773, 934,
980, 1050, 1168, 1174, 1255, 1256, 1271, 1297
Landé g-factor, 65, 106, 138, 542, 696, 852, 897, 951,
1131, 1268, 1505
Langevin–Debye formula, 179, 298, 696, 1030
Langevin function, 696, 951, 1322
Langevin paramagnetism, 951
Langevin paramagnets, 948
Lang method, 150, 838
Langmuir adsorption isotherm, 1003
Langmuir–Blodgett ﬁlms, 470, 696, 857, 870, 1391
Langmuir law, 1377
Langmuir oscillations, 1238
Langmuir–Saha formula, 1338
Langreth–Mehl nonlocal density functional, 892
Langreth–Mehl processes, 290
lanthanide contraction, 697
lanthanides, 26, 241, 352, 416, 418, 459, 499, 581, 593,
697, 741, 789, 876, 968, 1028, 1052, 1056, 1155,
1363, 1395, 1406, 1503
lanthanum, 161, 451, 697
Laplace equation, 1029
large-radius exciton, 422, 1177
large-radius polaron, 1035
large-scale integrated circuit, 621
Larmor frequency, 698
Larmor precession, 174, 458, 616, 698, 757, 871, 1149
Larmor theorem, 698
laser, 39, 97, 129, 154, 174, 192, 293, 330, 347, 396,
405, 407, 411, 418, 422, 433, 464, 501, 534, 560,
561, 564, 582, 590, 599, 616, 667, 698, 699, 700,
706, 714, 722, 778, 812, 814, 851, 853, 881, 890,
919, 920, 923, 925, 927, 931, 981, 1050, 1063,
1073, 1077, 1112, 1140, 1152, 1167, 1176, 1177,
1183, 1201, 1237, 1287, 1301, 1354, 1361, 1375,
1387, 1405, 1414, 1491
laser active medium, 30, 698, 699
laser annealing, 647
laser cutting, 700
laser diode, 617
laser drilling, 700
laser, electron beam pumped, see electron beam
pumped laser
laser element, active, see active laser element
laser epitaxy, 699
laser ﬂuorescent analysis, 407
laser hardening, 701
laser heat treatment of surfaces, 700
laser heating, 701
laser, heterojunction, see heterojunction laser
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laser, holographic, see holographic laser
laser, injection, see injection laser
laser materials, active, see active solid-state laser
materials
laser mode, 923
laser of the streamer type, see streamer laser
laser resonator, dispersion, see dispersion laser
resonator
laser, semiconductor, see semiconductor lasers
laser, solid-state, see solid-state laser
laser spark, see optical breakdown
laser technology, 69, 700, 1242, 1478
laser, tunable, see tunable lasers
laser welding, 700
laser, X-ray, see X-ray laser
lasers with distributed feedback, 699
latent heat, 553
latent photographic image, 701, 996
lateral interaction, 371, 701
lattice, 72, 118, 120, 123, 135, 178, 179, 187, 243, 249,
259, 332, 391, 527, 529, 701, 1054, 1149, 1176,
1272, 1437
lattice, Bethe, see Bethe lattice
lattice, body-centered, see body-centered lattice
lattice, Bravais, see Bravais lattices
lattice clathrate compounds, 178
lattice, coincident-site, see coincident-site lattice
lattice constant, see crystal lattice constants
lattice destabilization, 702, 1295
lattice disturbances, 280
lattice, face-centered, see face-centered lattice
lattice gas, 533, 702, 1234, 1427
lattice, grain boundary, see grain boundary lattice
lattice, Kondo, see Kondo lattice
lattice, macro-, see macrolattice
lattice, magnetic bubble domain, see magnetic bubble
domain lattice
lattice models, two-dimensional, see two-dimensional
lattice models
lattice of crystal„ see crystal lattice
lattice, reciprocal, see reciprocal lattice
lattice statics method, 702, 1277, 1284
lattice, surface, see surface lattices
lattice vector, 701
lattice vibrations, see crystal lattice vibrations
lattice vibrations, silent, see silent lattice vibrations
lattice wave vector, 121
Laue classes, 702, 703
Laue conditions, 702, 703, 1498
Laue diffraction, 69, 133, 430, 431, 703, 1429, 1486
Laue geometry, see Laue diffraction
Laue method, 409, 702, 703, 1498
Laue pattern, 85, 703
Laves phases, 703, 949, 1143, 1153, 1295, 1304
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law of conservation of quasi-momentum, 205
law of conservation of quasi-particle energy, 205
law of constancy of angles, 256, 703
law of mass action, 444
law of rational indices, 256, 704
law of similarity, 1158
law of zones, 704
lawrencium, 1409, see transuranium elements
layer, Beilby, see Beilby layer
layer-by-layer analysis, 94, 397, 407, 651, 704, 1166,
1404
layer-by-layer local analysis, 724
layer, dipole, see dipole layer
layer, electric double, see electric double layer
layer, mono-, see monolayer
layer of inversion, see inversion layer
layer, surface, see surface layer
layer, surface disrupted, see disrupted surface layer
layered antiferromagnets, 78
layered compounds, 1095
layered crystals, 1095
layered structure, order–disorder, see order–disorder
layered structure
layering-type phase transition, 977
lazurite, 513
LCD, see liquid-crystal displays
lead, 80, 518, 574, 619, 704, 705, 1306, 1307, 1314
lead alloys, 705
lead bronze, 215
lead plating, 705
lead–potassium niobate, 881
leakage factor, 919, 1233
least action principle, 58
Lebedev crystallite hypothesis, 269, 705, 1463
Lebedev glass structure hypothesis, see Lebedev
crystallite hypothesis
LED, see light emitting diode
ledeburite, 157, 655, 706
LEED, see low-energy electron diffraction
length of coherence, see coherence length
length of correlation, see correlation length
length of diffusion, see diffusion length
length of extinction, see extinction length
length of imbalance relaxation, 166
lengths characteristic of magnetic materials, see
characteristic length of magnetic material
lengths characteristic of superconductors, see
characteristic lengths in superconductors
Lennard-Jones potential, 36, 276, 406, 624, 706, 1113
Leontovich boundary condition, 1336
lepidolite, 834
Leslie coefﬁcients, 351
leucocratic granite, 530
level broadening, see line (level) width
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level population, 6, 30, 82, 129, 392, 636, 706, 775,
799, 899, 904, 907, 931, 975, 980, 1058, 1072,
1109, 1149, 1157, 1171, 1172, 1237, 1242, 1286
level width, 506
levels, deep, see deep levels
levels, ﬂuctuation, see ﬂuctuation levels
levels, shallow, see shallow levels
levels, Shockley, see Shockley levels
levels, surface, see surface levels
levels, Tamm, see Tamm levels
Levi–Civita tensor, 319
levitating electrons, 604, 707, 1426, 1480
levitation crystallization, 708
levitation melting, 708, 709
librations, 709, 736, 1150
librons, 234
Lichtenberg ﬁgures, 1251, 1391
Lie group, see continuous symmetry transformation
groups
lifetime, 92, 146, 263, 615, 709, 717, 901, 1131, 1200
Lifshits method, 483
Lifshits model, 59, 403, 710
Lifshits–Onsager Hamiltonian, 710
Lifshits–Onsager quantization rules, 285, 710, 1076
Lifshits point, 711
Lifshits transition, 446, 602, 711, 830, 1402, 1450
ligand ENDOR, 389
ligand ﬁeld, 459
ligand ﬁeld theory, 242, 712
ligands, 213, 242, 389, 425, 470, 573, 597, 711, 772,
911, 1075
light absorption, 38, 129, 201, 257, 293, 296, 331, 345,
426, 436, 481, 491, 515, 524, 538, 559, 601, 712,
855, 917, 925, 928, 942, 983, 1003, 1117, 1170,
1392, 1428, 1447, 1450, 1506
light absorption edge, see intrinsic light absorption
edge
light absorption, two-photon, see two-photon light
absorption
light breakdown, see optical breakdown
light–dark capacitance ratio, 1342
light deﬂectors, 24, 301, 712, 1161, 1241
light diffraction, see diffraction of light
light dispersion, see dispersion of light
light emitting diode, 311, 378, 561, 564, 712, 722, 922,
931, 1010, 1179, 1183, 1201, 1452
light generation, see parametric light generation
light generation, parametric, see parametric light
generation
light-induced anisotropy, 1031
light (mobile) holes, 581
light on light scattering in matter, 599
light pipe, 464, 713
light polarization, see polarization of light
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light polarization change, self-induced, see
self-induced light polarization change
light polarization plane rotation, see rotation of light
polarization plane
light reﬂection, see reﬂection of light
light refraction, see refraction of light
light scattering, 138, 385, 599, 612, 698, 713, 740, 983,
997, 1132, 1167, 1170, 1213
light scattering in liquid crystals, 714
light stabilizers, 1041
light velocity, see speed of light
light wave, additional, see additional light waves
light wave, conical refraction, see conical refraction of
light waves
light wave self-action, see self-action of light waves
light waveguide, see optical waveguide
limit, elastic, see elastic limit
limit frequencies, 986
limit of endurance, see endurance limit
limit of proportionality, see proportionality limit
limit of yield, see yield limit
limit, paramagnetic, see paramagnetic limit
limit, plastic, see plastic limit
limited solubility, 1246
limiting position of Fermi level, see Fermi level pinning
limiting symmetry groups, 97, 714, 1151, 1353
limiting velocity, see Slonczewski limiting velocity
limits of quasi-particle concept, 1094
Lindhard angle, 164, 277
Lindhard–Scharf–Schiott theory, 170
line, Bloch, see Bloch line
line broadening, 900
line broadening, homogeneous, see homogeneous
broadening
line broadening, inhomogeneous, see inhomogeneous
broadening
line intensity, 62, 717, 718, 899, 1265, 1278
line, Kikuchi, see Kikuchi lines
line, Kossel, see Kossel line
line (level) width, 14, 62, 138, 373, 717, 764, 776, 855,
859, 862, 871, 905, 1139, 1265, 1278, 1435
line of nodes, 418
line, Raman, see anti-Stokes Raman lines
line shape, 240, 352, 584, 717, 718, 719, 778, 854, 900,
939, 1056, 1058, 1278, 1507
line shape convolution, 719
line shape, Dyson, see Dyson shape
line shape, Gaussian, see Gaussian shape
line shape, Holtsmark, see Holtsmark shape
line shape, Lorentzian, see Lorentzian shape
line shape, statistical theory, see statistical theory of
line shape
linear, 633
linear bulk photovoltaic effect, 142

Subject Index
linear combination of atomic orbitals, 102, 386, 550,
715, 853, 1074, 1258, 1352
linear defects, 142, 280
linear dichroism, 296, 1034
linear dislocation tension, 680, 715, 959
linear dislocation tension approximation, 715
linear electrogyration, 377
linear electrooptical effect, 399
linear hardening of crystals, 546, 715, 1208
linear magneto-optic effect, 76
linear magnetostriction, 804
linear methods of band structure computation, 95, 102,
104, 684, 716, 865
linear mufﬁn-tin orbital (LMTO) method, 716
linear nonsingular vortex, 1401
linear polarization, 1032
linear polymers, 1042
linear pyroelectric, 716, 1006, 1066
linear relaxation, 1133
linear response, 179, 370, 477, 687, 716, 855, 890,
1060, 1350, 1362
linear singularities, 1401
linear Stark effect, 1275, 1276
linear topological soliton, 1401
linearized augmented plane waves (LAPW), 716
lines of shear, see shear lines
linked pores, 1044
Liouville equation, 679
Liouville–von Neumann equation, 1056
lipophilic, 742
lipophobic, 742
Lippmann–Helmholtz equation, 376
liquation, 69, 279, 517, 585, 719, 1170
liquid, Bose, see Bose ﬂuid
liquid cryostats, 236
liquid crystal, cholesteric, see cholesteric liquid crystal
liquid-crystal displays, 56, 131, 378, 399, 498, 540,
719, 721, 1424
liquid crystal, lyotropic, see lyotropic liquid crystals
liquid crystal modulation, see wave-like modulation
liquid crystal, nematic, see nematic liquid crystal
liquid crystal order, see degree of order
liquid crystal order parameter, see order parameters in
liquid crystals
liquid-crystal polymers, 720, 1043
liquid crystal, smectic, see smectic liquid crystal
liquid-crystal texture “ﬁngerprint”, 1366
liquid crystals, 65, 114, 123, 131, 146, 175, 200, 237,
251, 275, 281, 284, 312, 314, 317, 335, 360, 377,
399, 454, 474, 489, 498, 508, 509, 540, 584, 714,
719, 720, 742, 801, 822, 875, 893, 902, 933, 935,
1176, 1227, 1244, 1318, 1365, 1412, 1485
liquid crystals, anisotropy, see anisotropy of liquid
crystals

Subject Index
liquid crystals, chirality, see chirality in liquid crystals
liquid crystals, defects, see defects in liquid crystals
liquid crystals, dynamics, see dynamics of liquid
crystals
liquid crystals, elasticity, see elasticity of liquid crystals
liquid crystals, ferroelectric, see ferroelectric liquid
crystals
liquid crystals, light scattering, see light scattering in
liquid crystals
liquid crystals, magnetooptical effects, see
magnetooptical effects in liquid crystals
liquid crystals, optical properties, see optical properties
of liquid crystals
liquid crystals, texture, see texture of liquid crystals
liquid, electron–hole, see electron–hole liquid
liquid, Fermi, see Fermi liquid
liquid friction, 429
liquid–glass transition, 1463, see vitriﬁcation
liquid helium, 559
liquid, magnetic, see ferroﬂuid
liquid metal sources of ions, 469
liquid metals, 42, 469, 722, 1508
liquid-phase epitaxy, 413, 414, 564, 699, 722, 1062,
1302
liquid-phase sintering, 159
liquid, quantum, see quantum liquid
liquid semiconductors, 722, 1193, 1202
liquid state, 1276
liquid state models, 269, 722, 836
liquidus curve, 974
liquidus surface, 974
lithium, 723, 750, 1214
lithium niobate, 881
lithography, 394, 470, 647, 649, 723, 836, 870, 1137,
1353
lithography, ion, see ion lithography
Little–Parks effect, 522, 724, 1071
loading, microshock, see microshock loading
local action, 193
local analysis, 387, 724, 1166, 1170
local barriers, 724
local corrosion, 208, 220, 626, 725
local density approximation, 289, 725
local electric ﬁeld, 725, 731, 871, 1031
local electronic levels, 4, 57, 107, 127, 216, 263, 267,
278, 291, 339, 369, 396, 403, 444, 535, 581, 606,
710, 726, 989, 1007, 1122, 1131, 1177, 1189,
1206, 1232, 1281, 1337, 1410
local ﬁeld effect, 1226
local freezing, 885
local gauge invariance, 509
local gauge transformations, 509
local pairs in superconductors, see superconductors
with local pairs
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local phase transition, 885
local symmetry, 65, 192, 373, 727, 778, 899, 949, 1008,
1363
local symmetry group, 62, 598, 727, 970, 1140, 1264,
1353, 1507
local vibrations, 350, 444, 615, 636, 727, 853, 984,
1008, 1089, 1090, 1454
localization, Anderson, see Anderson localization
localization criteria, 59, 404
localization length, 404, 913
localization of plastic deformation, 35, 226, 435, 436,
439, 726, 1018, 1125, 1158, 1208, 1322, 1437
localization radius, 1159
localization, scaling theory, see scaling theory of
localization
localization, self-, see self-localization
localization theory, 1159
localization threshold, see mobility edge
localization, weak, see weak localization
localized plastic deformation, 1018
locally regular cluster, 1038
logarithmic creep, 225
Lomakin–Scheibe relation, 406
Lomer–Cottrell barrier, 727, 1283
London formula, 167
London penetration depth, 167, 961, see penetration
depth of magnetic ﬁeld
long period helices, 90
long-period magnetic structure, 848
long-range and short-range order, 42, 43, 50–52, 55, 56,
64, 112, 122, 198, 200, 214, 249, 282, 304, 328,
454, 478, 496, 508, 629, 662, 680, 685, 708, 722,
728, 824, 835, 933, 934, 939, 1062, 1071, 1085,
1088, 1103, 1113, 1114, 1138, 1202, 1229, 1234,
1236, 1262, 1295, 1339, 1506
long-range order parameters, 728
long-range orientational order, 939
long-term hardness, 729, 816
long-term strength, 437, 573, 574, 705, 729, 730, 747,
816, 818, 1288, 1289, 1302
long-term strength limit, 575
longitudinal acoustic wave, 141
longitudinal and transverse spin density waves, 848
longitudinal effect, 501
longitudinal magnetic striction, 1478
longitudinal magnetostriction, 804
longitudinal or spin–lattice relaxation time, 118
longitudinal pumping, 952
longitudinal relaxation time, 649, 949
longitudinal thermomagnetic effects, 1388
longitudinal waves, 1147
lonsdalite, 296, 332, 730
loop, 1032
loop of dislocations, see dislocation loop
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loosening-type phase transition, 977
Lorentz covariance, 223
Lorentz factor, 725, 731, 912, 1148, 1475
Lorentz ﬁeld, 725, 731, 948
Lorentz force, 2, 23, 37, 270, 348, 351, 380, 501, 698,
731, 758, 759, 787, 846, 847, 875, 1002, 1121,
1400, 1430, 1467, 1468
Lorentz formula, 731, 1031
Lorentz–Lorenz relation, 179, 1030
Lorentz microscopy, 759
Lorentzian shape, 118, 426, 436, 584, 719, 732, 855,
1279
Lorenz number, 1368, 1479
Loschmidt number, 732
loss, dielectric, see dielectric loss
loss, magnetic, see magnetic loss
loss modulus, 194
Lossev effect, 378, 732
Love waves, 1324
low-alloy (construction) steel, 1279
low-alloyed, 110
low (cryogenic) temperatures, 735
low-energy cascade, 191
low-energy electron diffraction, 72, 88, 90, 91, 383,
386, 732, 816, 1202, 1244, 1326, 1332, 1341,
1344, 1456
low-energy ions, 733
low ﬁeld loops, 768
low-frequency enhanced magnetic resonance
absorption, 733, 892
low-spin complexes, see high-spin complexes
low-spin (spin-paired) complexes, 573
low-symmetry effects, 392, 734, 753, 1265
low-symmetry spin Hamiltonian parameters, 1265
low-temperature anomalies, 292, 734, 825, 1038, 1419,
1428, 1465
low-temperature creep, 225
low-temperature deformation, 69, 735, 737, 1397
low-temperature irradiation embrittlement, 656
low-temperature lubricant, 735
low-temperature lubrication, 735
low-temperature physics, 234, 559, 735, 737, 944, 1080
low-temperature pumping methods, 235, 736
low-temperature recrystallization, 735, 737
low-temperature X-radiography, 737, 1485
low-temperature yield limit anomalies, 86, 322, 737
lower bainite, 99
lower critical dimensionality, 415
lower critical ﬁeld, 2, 3, 228, 348, 733, 819, 845, 1212,
1311, 1429, 1444, 1467
lower yield limit, 1501, 1502
LS-coupling, see Russell–Saunders coupling
lubricant, low-temperature, see low-temperature
lubricant

Subject Index
lubrication, low-temperature, see low-temperature
lubrication
Lucas–Biquard diffraction, 24
Luders–Chernov lines, 1208
luminescence, 38, 55, 82, 92, 129, 154, 174, 212, 255,
275, 325, 338, 339, 378, 423, 436, 478, 485, 567,
573, 651, 738, 740, 741, 780, 815, 844, 874, 915,
917, 920, 925, 953, 983, 987, 991, 997, 1008,
1040, 1109, 1110, 1132, 1161, 1167, 1200, 1259,
1281, 1353, 1374, 1375, 1411, 1412, 1447, 1452,
1453, 1491, 1506
luminescence, acousto-, see acoustoluminescence
luminescence activator, see luminescent centers
luminescence activators, 741
luminescence, anti-Stokes, see anti-Stokes
luminescence
luminescence, cathodo-, see cathodoluminescence
luminescence, chemi-, see chemiluminescence
luminescence, cooperative, see cooperative
luminescence
luminescence during radical recombination, 740
luminescence, electro-, see electroluminescence
luminescence, exciton, see exciton luminescence
luminescence, hot, see hot luminescence of crystals
luminescence, iono-, see ionoluminescence
luminescence mode, 922
luminescence, negative, see negative luminescence
luminescence, parametric, see parametric light
generation
luminescence, photo-, see photoluminescence
luminescence power, 874
luminescence quenching, 424, 426, 740
luminescence quenching by metal, 740
luminescence, radio-, see radioluminescence
luminescence, radiothermo-, see
radiothermoluminescence
luminescence, secondary, see secondary luminescence
luminescence, thermally stimulated, see thermally
stimulated luminescence
luminescence, tribo-, see triboluminescence
luminescence, X-ray, see X-ray luminescence
luminescence yield, 740, 998, 1453
luminescent analysis, 279, 740, 741
luminescent centers, 39, 154, 192, 393, 738, 740, 741,
1492
luminescent indicator, 741
luminophors, 154, 418, 423, 478, 582, 639, 697, 713,
738, 740, 741, 893, 922, 987, 1363, 1503
lutetium, 697, 741
Luttinger Hamiltonian, 272, 638, 741, 1131, 1190
Lyapunov exponent, 347
Lyddane–Sachs–Teller relation, 742, 982
lynx sapphire, 514
lyogel, 510

Subject Index
lyophilic, 742, 1478
lyophilic and lyophobic behavior, 595, 697, 742, 1325,
1478, 1507
lyophilization, 742
lyophobic, 742, 1478
lyophobization, 742
lyosols, 1230
lyotropic liquid crystals, 65, 720, 721, 742, 822, 876
lyotropic nematic liquid crystal, 876
machining, electric pulse, see electric pulse machining
macrocraks, 333
macrocyclic compounds, 178, 745
macrodefects, 257
macrohardness, 548, 609, 745
macroheterocyclic compounds, 745
macrolattice, 41, 329, 745, 849, 947
macroscopic defects, 746, 747
macroscopic description, 533, 746, 822, 839
macroscopic inclusions, 747
macroscopic quantum coherence, 67, 268, 521, 669,
747, 934, 976, 1084
macroscopic quantum effects, 520
macroscopic quantum interference, 748
macroscopic quantum phenomena, 747, 969
macroscopic quantum tunneling, 670, 747, 748, 834,
1309, 1419, 1475
macroscopic susceptibility, 1350
macrostresses, 748, 1136, 1276
Madelung constant, 419, 749
Madelung energy, 644
Madelung potential, 749
Maggi–Righi–Leduc effect, 1388, see thermomagnetic
phenomena
Maggi–Righi–Leduc even effect, 1388
magnesium, 111, 749, 750, 848, 877
magnesium alloys, 749, 750
magnet, Heisenberg, see Heisenberg magnet
magnet, Ising, see Ising magnet
magnet, oxide, see oxide magnet
magnet, permanent, see permanent magnet
magnet, powder, see powder magnet
magnet, samarium–cobalt, see samarium–cobalt
magnet
magnet, supeconducting, see superconducting magnet
magnetic aftereffect, see magnetic viscosity
magnetic aging, 750
magnetic anisotrometer, 750, 800
magnetic anisotropy, 42, 50, 51, 64, 77, 78, 85, 120,
184, 260, 332, 337, 338, 355, 358, 413, 448, 449,
458, 525, 539, 548, 565, 571, 658, 693, 750, 751,
760, 761, 764, 768, 773, 782, 785, 787, 789, 793,
798, 800, 802, 863, 873, 967, 1126, 1130, 1156,
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1158, 1218, 1225, 1229, 1255, 1270, 1322, 1400,
1469, 1502
magnetic anisotropy dispersion, see dispersion of
magnetic anisotropy
magnetic antiresonance, 752
magnetic atom, see magnetic ion
magnetic axis, 753
magnetic balance, 800
magnetic barrier effect, 758
magnetic breakdown, 5, 137, 286, 710, 753, 831, 1079,
1212, 1418
magnetic Bremsstrahlung, 137
magnetic bubble domain, 51, 99, 119, 120, 166, 175,
346, 351, 413, 498, 614, 647, 755, 756, 759, 762,
765, 837, 1146, 1225, 1238, 1400
magnetic bubble domain collapse, 755
magnetic bubble domain devices, 351, 413, 449, 498,
755, 761, 771, 789
magnetic bubble domain forwarding circuits, 755, 756,
766
magnetic bubble domain lattice, 586, 755, 756, 756
magnetic bubble domain, rigid, see rigid magnetic
bubble domain
magnetic bubble domains, chirality, see chirality of
magnetic bubble domains
magnetic characteristic length, see characteristic length
of magnetic material
magnetic charge, 288, 337, 757, 761, 767, 771, 774,
803, 858, 874
magnetic circuit, 183, 757, 801, 1134, 1387
magnetic circular birefringence, 5, 801
magnetic circular dichroism, 5, 9, 801
magnetic collision-free damping, 273, 341, 558, 757
magnetic compensation, 338, 448, 449, 655, 757, 797
magnetic concentration effects, 758, 874
magnetic cooling, see adiabatic demagnetization
cooling
magnetic coordinate system, 753
magnetic cumulative generators, 1323
magnetic defectoscopy, 279, see defectoscopy
magnetic dipole, 311, 390, 758, 799, 803, 878, 1099
magnetic dipole interaction, 89, 231, 758, 759, 760,
775, 783, 859, 861, 950, 1007, 1233, 1460, 1508
magnetic-discharge welding, 308
magnetic dislocation–dislocation interaction, 319
magnetic disorder, 328
magnetic domain, 334, 335, 458, 608, 755, 759,
760–762, 1218, 1226, 1237, 1244
magnetic domain, bubble, see magnetic bubble domain
magnetic domain characterization, 76, 119, 457, 759,
761, 765, 775
magnetic domain, incomplete, see incomplete magnetic
domain
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magnetic domain, labyrinthine, see labyrinthine
magnetic domain structure
magnetic domain structure, 10, 106, 299, 300, 337, 452,
453, 458, 561, 586, 608, 682, 689, 693, 737, 750,
756, 759, 760, 762, 765, 767, 772, 774, 785, 788,
791, 802, 837, 1126, 1218, 1485
magnetic domain wall, 99, 119, 175, 184, 335, 337,
566, 608, 689, 759, 761, 762, 770, 785, 799, 802,
1218, 1237, 1244, 1401, 1469, 1502
magnetic domain wall dynamics, 336–338, 693, 694,
759, 762, 766, 787, 1225, 1400
magnetic drift, 763
magnetic dynamometer method, 782
magnetic effect of Young’s modulus, see Young’s
modulus magnetic effect
magnetic ﬁeld, 5, 62, 71, 83, 230, 287, 288, 293, 294,
337, 420, 458, 519, 542, 678, 693, 698, 733, 750,
755–757, 762, 763, 764, 767, 770, 772, 775, 778,
781, 785, 787, 790, 791, 796, 797, 800–802, 859,
874, 875, 903, 948, 950, 967, 978, 982, 1051,
1118, 1134, 1157, 1225, 1231, 1256, 1261, 1262,
1388, 1485
magnetic ﬁeld, critical, see critical magnetic ﬁelds
magnetic ﬁeld penetration depth, see penetration depth
of magnetic ﬁeld
magnetic ﬁeld, quantized, see quantizing magnetic ﬁeld
magnetic ﬁeld, resonant, see resonant magnetic ﬁeld
magnetic ﬁeld strength, 764
magnetic ﬁeld, superstrong, see superstrong magnetic
ﬁelds
magnetic ﬁeld, thermodynamic, see thermodynamic
critical magnetic ﬁeld
magnetic ﬁlms, 19, 51, 166, 176, 332, 337, 338, 413,
470, 608, 614, 689, 722, 752, 756, 760, 762, 763,
764, 791, 837, 873, 1140, 1225, 1270, 1387, 1400
magnetic ﬁngerprint, 823
magnetic ﬂux, 613, 682, 724, 757, 760, 767, 770, 1134,
1230, 1429
magnetic ﬂux creep, 846
magnetic ﬂux density, 253, 373, 543, 732, 764, 767,
770, 772, 774, 787, 800, 803, 1277, 1350, 1430
magnetic ﬂux resistance, 4
magnetic form factor, 482
magnetic gyrotropy, 543
magnetic hardness, 767
magnetic hysteresis, 336, 458, 571, 599, 767, 785, 788,
791, 792, 967, 1134
magnetic impurities, 769
magnetic impurity interaction, 769, 1204
magnetic information recording, 614
magnetic ion, 101, 336, 448, 449, 757, 759, 769, 790,
798, 907, 931, 1204, 1268, 1270, 1450, 1506
magnetic kinetic isotope effect, 680
magnetic Landau damping, 757

Subject Index
magnetic length, 1078
magnetic linear dichroism, 801
magnetic liquid, see ferroﬂuid
magnetic loss, 336, 768, 770, 781, 787, 797, 967, 1134,
1229
magnetic-luminescent method, 279
magnetic materials, 10, 43, 60, 63, 68, 355, 358, 363,
457, 548, 658, 736, 750, 752, 760, 767, 770, 782,
787, 789, 791, 797, 798, 804, 858, 952, 971,
1068, 1229, 1255, 1307, 1355, 1363, 1388, 1396
magnetic materials, amorphous, see amorphous
magnetic materials
magnetic materials, anisotropic, see anisotropic
magnetic materials
magnetic materials, characteristic length, see
characteristic length of magnetic material
magnetic materials, hard, see hard magnetic materials
magnetic materials, high-permeability, see
high-permeability magnetic materials
magnetic materials, soft, see soft magnetic materials
magnetic mixed semiconductor, see semimagnetic
semiconductor
magnetic moment, 61, 74, 77, 83, 89, 106, 119, 141,
259, 260, 265, 267, 288, 293, 294, 328, 358, 390,
421, 448, 449, 457, 458, 482, 542, 592, 596, 612,
631, 655, 694, 696, 698, 706, 751, 757–759, 764,
767, 769, 771, 775, 776, 778, 782, 786, 787, 790,
791, 800–802, 839, 848, 871, 878, 898, 908, 919,
948–951, 957, 1130, 1140, 1232, 1233, 1258,
1303, 1418, 1451, 1505
magnetic moment induction, 898
magnetic monopole, 757, 767, 771, 774, 858
magnetic neutron diffractometry, 74, 78, 463, 771, 782,
878, 879
magnetic neutron scattering, 613
magnetic order, see magnetism, atomic magnetic
structure
magnetic ordering, 729, 788
magnetic permeability, 50, 52, 228, 253, 255, 329, 437,
551, 571, 613, 752, 767, 770, 772, 785, 800, 802,
804, 892, 928, 967, 1108, 1134, 1211, 1221,
1229, 1274, 1284, 1441
magnetic permeability of vacuum, 375, 546, 767, 772,
787, 803, 1134, 1270, 1469
magnetic phase transitions, 74, 75, 78, 80, 89, 261, 458,
600, 630, 750, 755, 758, 772, 783, 785, 788, 789,
791, 798, 799, 805, 859, 873, 941, 973, 977, 978,
980, 1152, 1230, 1323, 1387, 1485
magnetic phonons, 773, 984
magnetic plasma waves, 70, 774, 1221
magnetic polaron, 591, 774, 1035
magnetic pole, 757, 774, 781
magnetic pole strength, see magnetic charge
magnetic polymorphism, 779
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magnetic-powder method, 279
magnetic powder pattern, 457, 759, 774, 1387
magnetic pressure, 267, 336, 775, 1323
magnetic properties of metals, 832
magnetic quantum number, 685, 775, 932
magnetic rectifying effect, 758
magnetic relaxation, 6, 775, 787, 806, 949, 1131, 1266,
1470
magnetic resonance, 40, 77, 106, 121, 336, 390, 448,
458, 584, 616, 687, 706, 764, 776, 782, 789, 855,
898, 903, 917, 950, 1056, 1140, 1148, 1156,
1259, 1260, 1268, 1269, 1278, 1506
magnetic resonance imaging, 414, 776, 778, 902, 1306,
1399
magnetic resonance line narrowing, see narrowing of
magnetic resonance line
magnetic resonance, nuclear, see nuclear magnetic
resonance
magnetic resonance optical detection, see optical
detection of magnetic resonance
magnetic resonance, phonon, see phonon magnetic
resonance
magnetic resonance spectrometers, 390, 777, 778
magnetic resonance spectroscopy, 344, 734, 776, 777,
778, 809, 898, 949, 1141
magnetic resonance spectroscopy of solids, 657
magnetic resonance, spin phonon, see spin phonon
magnetic resonance
magnetic resonance, zero-ﬁeld, see zero-ﬁeld magnetic
resonance
magnetic reversal, 50, 546, 566, 571, 756, 763, 764,
767, 770, 778, 786, 791, 873, 1218, 1229, 1387
magnetic roton, 52
magnetic saturation, 519, 571, 751, 768, 779, 782, 797,
951, 1370
magnetic semiconductors, 463, 478, 590, 779, 837,
1202, 1204
magnetic shield, superconducting, see superconducting
magnetic shield
magnetic shielding, 781
magnetic shields, 781
magnetic soliton, 158, 694, 766, 781, 805, 806, 1245,
1258, 1400, 1401, 1470
magnetic spectroscopy, 782
magnetic splitting factor, see Landé g-factor
magnetic static interaction, 760
magnetic structure, see atomic magnetic structure
magnetic structure analysis, 183, 782, 1134, 1299
magnetic structure, modulated, see modulated magnetic
structures
magnetic sublattice, 75, 77, 80, 89, 420, 447–449, 655,
751, 757, 782, 790, 791, 793, 803, 954, 1270,
1302, 1322
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magnetic substance, 5, 111, 119, 183, 234, 288, 290,
337, 338, 519, 548, 561, 729, 752, 755, 757, 764,
772, 774, 781, 782, 785, 787, 790, 796, 798, 801,
802, 805, 806, 873, 914, 944, 953, 1094, 1248,
1267, 1318, 1339, 1387, 1400, 1427, 1469
magnetic substance, amorphous, see amorphous
magnetic substances
magnetic superconductors, 783, 788, 1125, 1314
magnetic superstructure, 848, see modulated magnetic
structures
magnetic surface levels, 677, 783, 784, 1205, 1334,
1345
magnetic surface states, 783, 784
magnetic susceptibility, 3, 64, 77, 102, 118, 194, 260,
261, 285, 293, 294, 336, 361, 419, 441, 457, 458,
607, 638, 659, 693, 711, 750, 767, 772, 776, 782,
785, 787, 788, 790, 839, 873, 888, 892, 948, 951,
959, 1081, 1118, 1168, 1262, 1293, 1303, 1304,
1350, 1390, 1426, 1451, 1502
magnetic switching, 785
magnetic symmetry group, 77, 83, 193, 259, 353, 786,
1353
magnetic temperature, 1390
magnetic texture, 63, 336, 571, 787, 791, 1134, 1229
magnetic thermometry, 1390
magnetic viscosity, 299, 763, 768, 776, 787, 873, 1257
magnetic vortex, 781
magnetically ordered state, 89
magnetically ordered substances, 782
magnetism, 259, 311, 421, 457, 535, 558, 574, 591,
592, 725, 735, 757, 769, 773, 782, 787, 790, 798,
800, 803, 837, 1212
magnetism, amorphous, see amorphous magnetism
magnetism and Green’s functions, see Green’s
functions and magnetism
magnetism, band, see band magnetism
magnetism, micro-, see micromagnetism
magnetism of rare-earth metals, 76, 90, 773, 789, 832,
1117
magnetism of transition metals, 789
magnetism, piezo-, see piezomagnetism
magnetism, surface, see surface magnetism
magnetism/superconductivity coexistence phase, 783
magnetite, 5, 790, 940
magnetization, 8, 34, 50, 63, 75, 80, 85, 89, 99, 101,
106, 118–120, 124, 175, 211, 287, 293, 294, 325,
353, 355, 358, 380, 420, 437, 447–449, 457, 458,
463, 476, 535, 539, 543, 548, 590, 597, 600, 602,
608, 629, 638, 655, 658, 693, 716, 729, 750,
755–757, 759–762, 766, 767, 770–775, 778, 779,
781, 785, 787, 788, 790, 791, 793, 797, 798,
800–806, 837, 852, 873, 889, 898, 901, 903,
906–908, 933, 939, 949, 950, 953, 971, 978,
1007, 1058, 1068, 1118, 1130, 1134, 1157, 1204,
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1225, 1226, 1257, 1262, 1269–1271, 1293, 1322,
1339, 1350, 1387, 1389, 1400, 1401, 1430, 1460,
1469, 1476, 1502, 1508
magnetization curve, 106, 336, 458, 761, 779, 788, 790,
791
magnetization curve, saturation, see saturation
magnetization curve
magnetization process, 335, 791
magnetization ripples, 332
magnetization rotation process, 458, 566, 766, 768, 779,
787, 791, 805, 1118, 1157, 1218, 1229
magnetization saturation, see saturation magnetization
curve
magnetization, true, see paraprocess
magnetized circuit, 757
magnetizing force, see magnetomotive force
magnetoacoustic effects, 6, 14, 20, 380, 389, 792
magnetoacoustic resonance, 9, 15, 75, 573, 792, 793,
795, 798, 800, 806, 885, 1072, 1082
magnetoacoustic resonance at open orbits, 792, 795
magnetoacoustic resonance, nonlinear, see nonlinear
magnetoacoustic resonance
magnetoacoustic size effects, 796, 1221
magnetocaloric effect, 459, 796, 805
magnetodielectric, 548, 797, 1156
magnetodiodes, 311, 1452
magnetodynamic nonlinearity, 267, 797
magnetoelastic effect, see Villari effect
magnetoelastic exchange interaction, 797
magnetoelastic gap, 795, 798
magnetoelastic hysteresis, 768
magnetoelastic interaction, 380, 693, 760, 793, 797,
798, 800, 806, 889, 1250, 1265
magnetoelastic nonlinearity, 888
magnetoelastic resonance, 793
magnetoelastic waves, 793
magnetoelectric, see magnetoferroelectrics
magnetoelectric-acoustic phenomena, see
acoustomagnetoelectric phenomena
magnetoelectric effect, 75, 373, 706, 798, 800
magnetoelectric interaction, 800
magnetoelectric oscillations, 800
magnetoelectrics, see magnetoferroelectrics
magnetoferroelectrics, 799
magnetographic, 279
magnetogyric ratio, see gyromagnetic ratio
magnetogyrotropic, 543
magnetoinsulator, see magnetodielectric
magnetomechanical phenomena, 106, 358, 800, 1248
magnetomechanical ratio, see gyromagnetic ratio
magnetometers, 800
magnetometric method, 800
magnetometry, 183, 215, 751, 764, 782, 800, 802, 1134
magnetomotive force, 757, 801, 1134

Subject Index
magneton, 40, 76, 79, 101, 137, 138, 183, 449, 459,
496, 542, 655, 693, 771, 801, 852, 878, 951,
1233, 1505
magnetooptical effects, 51, 75, 437, 457, 620, 759, 768,
801, 802, 982, 1238, 1323
magnetooptical effects in liquid crystals, 801
magnetooptical Kerr effect, 677, 801
magnetooptics, 413, 767, 802, 928, 930
magnetoplastic effect, 802
magnetoplumbite, 447, 565, 802
magnetoresistance, 68, 215, 284, 501, 755, 802, 1323
magnetoresistance, anomalous, see anomalous
magnetoresistance
magnetoresistance, negative, see negative
magnetoresistance
magnetoresistor, 1139
magnetostatic limit, 803
magnetostatic oscillations, 694, 785, 803, 1469
magnetostatic precursor, 1054
magnetostatic spin waves, 1270
magnetostatic waves, see spin waves
magnetostatics, 186, 757, 803
magnetostriction, 7, 19, 51, 184, 211, 255, 309, 319,
380, 459, 519, 571, 582, 655, 693, 760, 768, 787,
789, 793, 798, 802, 803, 804, 819, 888, 954, 978,
1229, 1230, 1432, 1460, 1485, 1502
magnetostriction, giant, see giant magnetostriction
magnetostrictive materials, 771, 804, 817, 1230
magnetothermal phenomena, 805, 954
magnitude of the impression, 208
magnon, 14, 52, 79, 82, 97, 102, 119, 130, 189, 217,
234, 263, 329, 336, 408, 426, 461, 525, 534, 536,
556, 557, 576, 589, 611, 613, 615, 710, 714, 736,
774, 781, 789, 793, 805, 806, 812, 852, 879, 880,
908, 944, 984, 1024, 1033, 1081, 1094, 1112,
1132, 1219, 1248, 1255, 1258, 1267, 1269, 1343,
1347, 1367, 1432
magnon bound state, 782, 805, 806, 1258
magnon bubble, 774, 781, 805, 806
magnon, hot, see hot magnons
magnon mechanism of superconductivity, 576, 806
magnon–phonon interaction, 793, 806, 1133
magnon temperature, 1361
main cross-section, 116
main radii of curvature, 208
main reference point, 701
majority current carriers, 263, 1193
major slip systems, 1224
Maker–Terhune effect, 1175
Maki–Thompson contribution, 477, 947
malachite, 513
malleability, see forgeability
malleability index, 482

Subject Index
Mandelshtam–Brillouin scattering, see Brillouin
scattering
manganese, 157, 564, 750, 806
manganese spar, 513
manganin, 215
manometers, 572
many-conﬁguration approximation, 510, 551, 807, 1074
many-soliton solutions, 1244
many-valley semiconductors, 101, 262, 264, 310, 385,
588, 589, 635, 636, 639, 808, 847, 883, 982,
1007, 1156, 1190, 1202, 1220, 1238, 1474
many-wave approximation, 610, 808
many-well potential, 809
Marangoni effects, 1379
margin of plasticity, 137, 283, 809
margin of safety, 809
martensite, 95, 154, 415, 548, 655, 701, 782, 809, 810,
811, 940, 975, 1019, 1060, 1166, 1206, 1316,
1383, 1389, 1414, 1422, 1479
martensite, thermoelastic, see thermoelastic martensite
martensite twinning, see twinning of martensite
martensitic point, 811
martensitic polytypes, 8, 810, 1044
martensitic transformation, 7, 95, 135, 186, 306, 328,
367, 415, 599, 654, 809, 810, 811, 940, 1019,
1044, 1059, 1119, 1166, 1206, 1248, 1316, 1383,
1389, 1421–1423, 1479
maser, 392, 706, 778, 812, 901, 1072, 1140, 1141,
1361, 1491
mask, 1137
mass, see effective mass
mass-analyzers, 813
mass concentration, 198
mass crystallization, 247
mass force, 141
mass operator of quantum mechanics, 186, 351, 536,
812, 1033
mass spectrometry, 180, 469, 470, 497, 648, 699, 812,
1003, 1166
mass spectrometry via secondary ions, see secondary
ion mass spectrometry
mass spectrum, 812
mass transfer, anomalous, see anomalous mass transfer
mass transport, 158, 226, 518, 551, 595, 609, 708, 746,
747, 813, 1026, 1051, 1064, 1219, 1340, 1344,
1373
mass transport, surface, see surface mass transport
master equation, 1079
masurium, see technetium
Matano–Boltzmann method, 628
material coordinates, 689
material mechanical testing, see mechanical testing of
materials
material reliability, see reliability of materials
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material tensor, 269
materials, acousto-electronics, see acousto-electronics
materials
materials, amorphous magnetic, see amorphous
magnetic materials
materials, anisotropic magnetic, see anisotropic
magnetic materials
materials, antiemission, see antiemission materials
materials, antifriction, see antifriction materials
materials, bimetallic, see bimetals
materials, casting, see casting materials
materials, chalcogenide, see chalcogenide materials
materials, composite, see composite materials
materials, construction, see construction materials
materials, electrooptic, see electrooptic materials
materials, high-temperature, see high-temperature
materials
materials, hyperelastic, see hyperelastic material
materials, hypoelastic, see hypoelastic material
materials, insulating, see insulating materials
materials, magnetic, see magnetic materials
materials, magnetostrictive, see magnetostrictive
materials
materials, nonmagnetic, see nonmagnetic materials
materials of membranes, see membrane materials
materials of powder metallurgy, see strength and
plasticity of powder metallurgy materials
materials, photographic, see photographic materials
materials, piezoelectric, see piezoelectric materials
materials, polymeric, see polymeric materials
materials, precipitation-hardened, see
precipitation-hardened materials
materials, pyroelectric, see pyroelectric materials
materials, radiation-absorbing, see radiation-absorbing
materials
materials, refractory, see refractory materials
materials science, 140, 437, 814, 827, 832, 860, 1085
materials, semiconductor, see semiconductor materials
materials, soft magnetic, see soft magnetic materials
materials, solid-state laser active, see active solid-state
laser materials
materials, sound-absorbing, see sound-absorbing
materials
materials, superhard, see superhard materials
materials, thermal-environment resistant, see
thermal-environment resistant materials
materials, thermomagnetic, see thermomagnetic
materials
materials, thermoplastic, see thermoplastic materials
Mathieu equation, 966
matrix, 186
matrix diffusion ratios, 480
matrix isolation, 814
Matthias rule, 815
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Matthiessen rule, 264, 830, 1367
maximal loop, 768
maximum energy product, 967
maximum overlap, see Pauling’s maximum overlap
principle
Maxwell–Boltzmann distribution, 125
Maxwell distribution, 125, 126, 334, 690, 815, 1193
Maxwell–Garnett theory, 1393
Maxwell relaxation, 16, 292, 395, 815, 1131, 1182,
1211, 1241, 1251
Maxwell relaxation time, 1416
Mayer diagram technique, 965
Mayer function, 965
mean density, 289
mean ﬁeld approximation, 123, 590, 815, 1223
mean free path, 16, 21, 57, 59, 70, 72, 100, 166, 190,
266, 305, 327, 331, 378, 384, 394, 396, 424, 521,
567, 594, 604, 699, 732, 795, 815, 830, 839, 843,
961, 962, 985, 995, 1023, 1076, 1080, 1092,
1152, 1207, 1221, 1226, 1233, 1277, 1345, 1367,
1369, 1391, 1474
mean free path time, 394
mean sphere approximation, 965
mechanical diffusion, 69
mechanical heat treatment of metals, 555, 816
mechanical impedance, 9
mechanical perturbations, 716
mechanical properties, 551, 816, 1142, 1232
mechanical properties, anisotropy, see anisotropy of
mechanical properties
mechanical properties of metals, 831
mechanical stability conditions for a crystal, 65
mechanical stress, 7, 27, 28, 327, 470, 612, 817, 888,
1019, 1144, 1276, 1290
mechanical testing of materials, 137, 817, 841, 894,
1148, 1278, 1290, 1410, 1431, 1501
mechanical twinning, 317
mechanical twins, 1421
mechanics, analytical, see analytical mechanics
mechanics, continuum, see continuum mechanics
mechanics of deformable solids, 209
mechanics, physicochemical, see physicochemical
mechanics
mechanics, quantum, see quantum mechanics
mechanism, Higgs, see Higgs mechanism
mechanism of superconductivity, 83
mechanism, Van Vleck, see Van Vleck mechanism
mechanism, Waller, see Waller mechanism
mechanocaloric effect, 818
mechanochemistry, 818
mechanostriction, 519, 798, 804, 819
medium, active, see active medium
medium, anisotropic, see anisotropic medium
medium, gyrotropic, see gyrotropic medium
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medium, Josephson, see Josephson medium
medium, nonlinear, see nonlinear medium
mega. . . , 819
Meissner current, 167
Meissner effect, 3, 21, 167, 228, 294, 475, 508, 523,
565, 630, 733, 819, 830, 949, 961, 976, 1303,
1311, 1347, 1429, 1450
melt spinning, 473
melting, 1, 80, 246, 249, 269, 308, 455, 472, 552, 709,
722, 723, 819, 974, 1039, 1062, 1212, 1236,
1379, 1456, 1507
melting curve, 1044
melting diagram, 974
melting heat, see heat of melting
melting, incongruent, see incongruent melting
melting, levitation, see levitation melting
melting temperature, 38, 43, 109, 349, 419, 552, 574,
601, 701, 705, 729, 819, 827, 835, 836, 883,
1017, 1051, 1059, 1081, 1128, 1231, 1232, 1235,
1242, 1274, 1321, 1322, 1361, 1371
melting, zone, see zone melting
membrane, 109, 333, 368, 648, 721, 820, 896, 1020,
1227, 1245
membrane materials, 821
memory phenomena, 1295
memory, semiconductor, see semiconductor memory
memory, shape, see shape memory effect
memory, solid-state, see solid-state memory
memory, structural, see structure memory
mendelevium, 1409, see transuranium elements
meniscus, 676, 821
mercury, 177, 572, 821
mesic atom, 821, 822, 868
mesic molecules, 822
meson factories, 822
mesonic chemistry, 822
mesons, 822, 868
mesophases, 508, 720, 822
mesoscopic ﬂuctuations, 802, 822
mesoscopics, 59, 1079
metal, amorphous, see amorphous metals and metallic
alloys
metal and alloy ferromagnetism, see ferromagnetism of
metals and alloys
metal, antiferromagnetic, see antiferromagnetic metals
metal current states, see current states in metals
metal electron plasma, 1238
metal–insulator interface, 823
metal–insulator–semiconductor structure, 4, 107, 150,
188, 279, 378, 401, 467, 614, 640, 823, 832,
1050, 1188, 1198, 1230, 1237, 1345, 1418
metal–insulator transition, see Anderson
localization–9997, Peierls transition
metal-like carbides, 151

Subject Index
metal-like compounds, 827
metal, liquid, see liquid metals
metal modiﬁcation, see modiﬁcation of metals
metal optics, 829, 1127
metal overheating, 473, 829
metal–oxide–semiconductor ﬁeld effect transistor, 823
metal–oxide–semiconductor structure, 467, see
metal–insulator–semiconductor structure
metal oxides, 1307
metal physics, see physics of metals
metal science, 555, 646, 704, 814, 827, 832, 1003
metal–semiconductor junction, 107, 208, 310, 561, 672,
732, 832, 892, 912, 1002, 1230, 1328, 1333,
1337, 1418
metal sols, 1230
metallic alloys, amorphous, see amorphous metals and
metallic alloys
metallic atomic radii, 91
metallic bond, 134, 172, 559, 594, 817, 820, 824, 831
metallic corrosion, see corrosion of metals
metallic glasses, 50–52, 56, 85, 288, 402, 490, 539, 571,
602, 734, 758, 814, 824, 1088, 1089, 1208, 1230,
1257, 1463, 1465
metallic hydrogen, 826
metallic superlattices, 1321
metallographic analysis, 416, 827
metalloporphyrins, 827
metallurgy, 43, 84, 147, 234, 532, 595, 647, 814, 828,
1003, 1160, 1170, 1172, 1360, 1372, 1399, 1477
metallurgy, ion, see ion metallurgy
metallurgy, physical, see metal science
metallurgy, powder, see powder metallurgy
metals, 1, 5, 6, 10, 20, 23, 26, 33, 34, 39, 42, 47, 49, 50,
52, 61, 67, 68, 70, 72, 73, 76, 80, 82, 94, 100,
103, 105, 107, 109, 113, 116, 118, 123, 124, 131,
142, 145, 147, 151, 153, 156, 158, 161, 162, 166,
171, 172, 177, 181–184, 201, 202, 206, 208, 212,
214, 218–221, 225–227, 230, 237, 238, 247, 251,
262, 263, 272, 280, 284–286, 291, 293, 294, 297,
310, 319, 324, 326, 331, 338, 341, 342, 346, 352,
357, 358, 368, 370, 379, 380, 384, 392, 395, 398,
400, 404, 406, 408, 410, 411, 417, 418, 421, 440,
441, 444, 457, 467, 469, 473, 479, 482, 495,
499–501, 506, 508, 516, 518, 519, 525, 536, 545,
546, 551, 553, 554, 560, 567, 575, 580, 581,
589–591, 593, 594, 604, 606, 609, 611, 615, 625,
632, 634, 647, 649, 653, 654, 656, 661, 662, 677,
682, 683, 687, 691, 693, 697, 701, 703, 704, 711,
722, 723, 730, 733, 735–738, 741, 746, 749, 752,
753, 757, 769, 773, 774, 779, 791, 792, 795–797,
801, 802, 806, 809, 812, 814, 816, 817, 820, 821,
824, 827, 828, 829, 832, 835, 839, 841, 848, 853,
864, 870, 876, 877, 881–883, 897, 911, 914, 929,
942, 945–947, 959, 961, 964, 978, 985, 1003,
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1007, 1010, 1013, 1015, 1019, 1021–1025, 1036,
1037, 1043, 1045, 1046, 1048, 1049, 1051, 1052,
1056, 1057, 1064, 1070, 1071, 1076, 1078,
1081–1084, 1086, 1091, 1092, 1095, 1097, 1104,
1107, 1110, 1120, 1127, 1130, 1132, 1142, 1143,
1145, 1151–1153, 1155, 1158, 1160, 1166, 1174,
1185, 1188, 1204, 1206, 1209–1211, 1215, 1220,
1221, 1228, 1229, 1232, 1235, 1238, 1248, 1251,
1252, 1254, 1278, 1281, 1282, 1285, 1289, 1291,
1293, 1294, 1296, 1300, 1303, 1311, 1314, 1315,
1317, 1336, 1344, 1347, 1351, 1353, 1358, 1359,
1363, 1366, 1367, 1370, 1371, 1377, 1380, 1382,
1389, 1392, 1393, 1395, 1397, 1398, 1404, 1411,
1415, 1416, 1419, 1422, 1429, 1435, 1443, 1444,
1449, 1450, 1474, 1479–1482, 1503, 1509, 1510
metals, creep, see radiation-induced creep
metals, current states, see current states in metals
metals, heat treatment, see mechanical heat treatment
of metals
metals, noble, see noble metals
metals, one-dimensional, see one-dimensional metals
metals, structural texture, see structural texture of
metals
metals, transition, see transition metals
metamagnetic phase transitions, 773
metamagnetics, 78
metamagnetism, see antiferromagnetism
metamorphic transformation, 182
metastability range, 248
metastable conductivity, see frozen conductivity
metastable (nonequilibrium) polytypes, 1044
metastable phase, 971, 975
metastable state, 27, 40, 227, 230, 248, 268, 396, 416,
458, 472, 473, 599, 600, 646, 750, 767, 817, 834,
909, 971, 1110, 1116, 1131, 1210, 1226, 1231
metatectic transformation, 974
method of a generalized spin Hamiltonian, 970
method of canonical transformations, see canonical
transformation method
method of collective variables, see collective variables
method
method of differential weighing, 1466
method of electron–positron annihilation, 1048
method of hydrostatic weighing, 1466
method of muon spin rotation, 868
method of orientation effects, 300
method of perturbed angular correlation, see perturbed
angular correlation method
method of positron annihilation, 1049
method of self-consistent ﬁeld, see self-consistent ﬁeld
method
method of shadowing, 1136
method of static indention, 729
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method of statistical mass spectrometry of secondary
ions, 1167
method of the resonance rod, 633
method of tight binding, see tight binding method
method of ultrasonic pulses, 633
method of varnish coatings, 1284
method, Wigner–Seitz, see Wigner–Seitz method
method, Zubarev, see Zubarev method
metrically regular network, 1012
metric tensor, 176
Meyer hardness, 745
mica, 620, 834
micelle, 720, 742, 1230
Michell problem, 834
Michin–Kragelsky equation, 429
micro. . . , 834
microautoradiography, 1109
microbridge, superconducting, see superconducting
microbridges
microcontact spectroscopy, 688
microcrack, 224, 333, 1300
microcrack–dislocation interaction, 834
microcreep, 1228
microcrystallite models, 835
microcrystallite parameters, 835
microcrystallites, 723, 835
microdiffraction, 383
microelectronics, 50, 56, 101, 198, 296, 299, 394, 468,
498, 519, 561, 564, 620, 621, 643, 646, 697, 740,
764, 800, 836, 939, 1086, 1179, 1187, 1214,
1238, 1328, 1340, 1354, 1408, 1497
microﬁeld tomography, see tomography of microﬁelds
microhardness, 69, 128, 142, 182, 548, 609, 653, 837,
998, 1159, 1215, 1465
microlasers, 1241
microlithography, 649
micromagnetism, 790, 837
micron, 838
micropores, 333
microprobe, 394, 838
microprobe X-ray defect structure analysis, 838, 839,
1499
microprobe X-ray spectrum analysis, 704, 838, 1498
microradiography, 839, 1499
microscope, electron, see electron microscope
microscope, electron scanning, see scanning electron
microscope
microscopic crystal symmetry, see crystal symmetry
microscopic description, 533, 747, 822, 839
microscopic susceptibility, 1350
microscopic theory of Fermi liquid, 442, 840
microscopy, acoustic, see acoustic microscopy
microscopy, electron, see electron microscopy
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microscopy, electron scanning, see scanning electron
microscopy
microscopy, ﬁeld emission, see ﬁeld emission
microscopy
microscopy, ﬁeld ion, see ﬁeld ion microscopy
microscopy, proton, see proton microscopy
microscopy, scanning tunneling, see scanning tunneling
microscopy
microscopy, thermal, see thermal microscopy
microscopy, thermoacoustic, see thermoacoustic
microscopy
microscopy, X-ray, see X-ray microscopy
microscopy, X-ray diffraction, see microprobe X-ray
defect structure analysis
microshock loading, 841
microspalling, 139, 841, 909, 1086, 1293
microspalling criterion, 140, 841, 1403
microspalling resistance, 280, 841, 1086, 1293
microstrain, 842
microstresses, 187, 634, 842, 1019, 1136, 1276, 1404
microtomography, see computational microtomography
microwave devices, photocontrolled, see
photocontrolled microwave semiconductor
devices
microwave devices, semiconductor, see microwave
semiconductor devices
microwave devices, superconducting, see
superconducting microwave electronic devices
microwave frequency bands, 842
microwave semiconductor devices, 842, 851, 875, 1179
microwave SQUIDs, 1308
mictomagnetism, 463
middle surface, 1208
mid-scale integrated circuit, 621
Mie–Grüneisen parameter, 539
Mie potential, 624
Mie theory, 1393
Migdal–Kohn singularities, 682
migration, 485, 843, 1115, 1243
Miller–Abrahams resistance network, 587
Miller effect, 844
Miller indices, 250, 1122, 1343, 1348, see
crystallographic indices
Miller rule, 844
Miller tensor, 844
milli. . . , 844
minerals, 10, 47, 85, 108, 109, 132, 152, 164, 177, 192,
247, 294, 332, 388, 439, 511, 514, 530, 561, 601,
745, 802, 812, 834, 844, 845, 849, 1039, 1051,
1117, 1146, 1213, 1318, 1364
minibands, 1201
minority current carriers, 263, 1193
mirror glide plane, see glide-reﬂection plane
mirror plane, see symmetry plane
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mirror reﬂection, 258
mirror, X-ray, see X-ray mirror
mischmetal, 697
Mishima alloys, 845
mismatch dislocations, see epitaxial dislocations
MIS structure, see metal–insulator–semiconductor
structure
mixed boundary, 527
mixed crystals, 845, 1295
mixed dislocation, 323
mixed dumb-bells, 346
mixed state, 4, 228, 521, 522, 631, 819, 845, 908, 972,
1212, 1303, 1311, 1430, 1444, 1467
mixed state, dynamic, see dynamic mixed state
mixing of frequencies, see frequency mixing
MKS system, 1437, 1441
mobility, 394, 1007
mobility edge, 54, 59, 61, 292, 403, 846, 1159
mobility in terms of magnetoresistance, 847
mobility limits, 403
mobility of current carriers, 262, 263, 566, 647, 847,
875, 938, 1197
mobility of domain wall, see domain wall mobility
mobility on a surface, see surface mobility
mobility photoconductivity, 990
mobility threshold, 292
mode, Anderson–Bogolyubov, see
Anderson–Bogolyubov mode
mode conversion, 985
mode, normal, see normal vibrations
mode, rotational, see rotation modes
mode, soft, see soft mode
mode, Walker, see Walker modes
model, 1427
model, Anderson, see Anderson model
model, Frenkel–Kontorova, see Frenkel–Kontorova
model
model, Granato–Lücke, see Granato–Lücke model
model, Hubbard, see Hubbard model
model, Ising, see Ising model
model, jellium, see jellium model
model, Kellerman, see Kellerman model
model, Koster–Slater, see Koster–Slater model
model, Lifshits, see Lifshits model
model, Mott–Davis, see Mott–Davis model
model of a lattice of polarized ions, 676
model of angular overlap, 243
model of charges on bonds, 625, 848
model of continuous distribution of dislocations, 1009
model of delocalized electrons, 459
model of exchange charges, 243
model of free volume, see free volume model
model of hard spheres, see hard-sphere model
model of interpenetrating molecular globules, 1463
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model of liquid state, see liquid state models
model of localized electrons, 459
model of random close packing, see random
close-packing model
model of regular solutions, 1129
model of resonating valence bonds, 577
model of rigid atoms (ions), 986
model of rigid hexagons, 1427
model of rigid (undeformable) ions, 265
model of two-dimensional lattice, see two-dimensional
lattice models
model, one-dimensional, see one-dimensional models
of disordered structures
model, Peierls–Nabarro, see Peierls–Nabarro model
model, Polk, see Polk model
model, Potts, see Potts model
model, shell, see shell model
model, Slater–Takagi, see Slater–Takagi model
model with pairwise interactions, 1427
model, Zener, see Zener model
modiﬁcation, 43, 154, 159, 742, 1229
modiﬁcation of metals, 848
modiﬁcation of polymers, 848
modiﬁcation of surface, ion-stimulated, see
ion-stimulated surface modiﬁcation
modiﬁers, 848
modulated electric ﬁeld, see electric ﬁeld modulation
method
modulated magnetic structures, 74, 76, 78, 90, 457, 543,
557, 558, 565, 729, 773, 788, 789, 799, 848, 971,
1230, 1259
modulated structures, 41, 186, 329, 745, 849, 1266
modulation broadening, 727
modulation spectroscopy, 24, 401, 489, 677, 849, 1008
modulation, wave-like, see wave-like modulation
modulator, electrooptical, see electrooptical modulators
modulus, bulk, see bulk modulus
modulus, complex elastic, see complex elastic moduli
modulus, elastic, see elastic moduli
modulus of elongation, see Young’s modulus
modulus of rigidity, see shear modulus
modulus, shear, see shear modulus
modulus, Young’s, see Young’s modulus
Mohr diagram, 850, 1292, 1293
Mohs hardness, 745
Mohs hardness scale, 1318
Mohs scratch hardness test, 745
moiré band method, 1284
moiré patterns, 1490
molal concentration, 198
molality, 198
molar concentration, 198
molar heat capacity, 1253
molar heat of melting, 552
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molar surface, 835
molar susceptibility, 951
molarity, 198, 850
mole, 97
molecular beam epitaxy, 248, 413, 414, 470, 564, 578,
851, 869, 1187, 1310, 1408
molecular clathrate compounds, 178
molecular cryocrystals, 234
molecular crystals, 72, 84, 91, 171, 192, 225, 237, 275,
293, 396, 400, 444, 478, 485, 491, 508, 559, 594,
614, 624, 631, 636, 650, 686, 729, 826, 851, 875,
925, 938, 944, 1052, 1075, 1117, 1177, 1232,
1261, 1355, 1413
molecular current hypothesis, 106
molecular electronics, 851
molecular energy diagram, 851
molecular ﬁeld, 101, 112, 138, 454, 460, 464, 815, 852,
1174, 1476, 1506
molecular ﬁeld approximation, 852
molecular information recording, 614
molecular integrals, see quantum chemistry integrals
molecular ion, 641
molecular mass distribution of polymers, 852
molecular orbital, 242, 580, 853, 911, 932
molecular orbital diagram, 851
molecular sieves, 1507
molecular spectral analysis, 853
molecular technology, 870
molecule channeling, 165, 853
Molter effect, 853
molybdenum, 73, 111, 574, 595, 817, 853, 854, 1010,
1053, 1059, 1125, 1128, 1143, 1170, 1238, 1370,
1372, 1415
molybdenum alloys, 627, 816, 854, 1129, 1143
moment, dipole, see dipole moment
moment, magnetic, see magnetic moment
moment of inertia, 854, 960, 1055, 1147, 1455
moment of inertia, principal, see principal moments of
inertia
moment of inertia tensor, 1055
moment of momentum, see angular momentum
moment of spectral lines, 718, 854, 872, 900
momentum, angular, see angular momentum
momentum balance equation, 394
momentum, quasi-, see quasi-momentum
momentum space, 5, 212, 271, 370, 440, 568, 636, 660,
710, 753, 792, 795, 808, 855, 1190, 1241, 1287,
1413, 1435
Monel metal, 880
monoclinic system, 72, 84, 154, 244, 250, 364, 855, 865
monocrystal, 30, 69, 73, 85, 91, 94, 100, 106, 122, 131,
146, 147, 153, 163–165, 185, 238, 240, 247, 248,
256–258, 301, 304, 320, 323, 339, 413, 449, 458,
468, 479, 487, 503, 517, 529, 539, 540, 551, 559,

Subject Index
560, 595, 596, 602, 610, 613, 616, 642, 662, 703,
709, 715, 811, 831, 836, 853, 855, 856, 879, 895,
896, 912, 938–940, 960, 970, 998, 1004, 1005,
1016, 1039, 1045, 1057, 1058, 1086, 1099, 1104,
1142, 1149, 1186, 1247, 1252, 1286, 1295, 1316,
1318, 1329, 1344, 1394, 1396, 1431, 1465, 1487,
1494, 1501, 1506, 1511
monocrystal growth, 197, 248, 256, 257, 320, 433, 517,
608, 708, 856, 1059, 1120, 1124, 1183, 1187,
1310, 1352, 1354, 1511
monocrystal, pseudo-, see pseudomonocrystal
monocrystal, synthetic, see synthetic monocrystals
monodentate ligands, 711
monolayer, 35, 174, 697, 857
monomer, 249, 421, 937
monomer units, 1042
monomolecular ﬁlms, 1391
monopolar conduction, 369
monopolar injection, 617
monopolar plasma, 1238
monopole excitation, see shake-up
monopole ionization, see shake-off
monopole, magnetic, see magnetic monopole
monopole-type defect, 858
monotectic alloys, 858
monotectic transformation, 974
monotectoid, 974
monotectoid alloys, 858
monotropic transformations, 1043
Monte Carlo method, 590, 858
Monte Carlo renormalization group method, 1135
Mooij correlation, 826
Morel–Anderson Coulomb pseudopotential, 231, 405,
858
Morin point, 859
Morin transition, 773, 859
Moriya theory, 461
morphological transitions, 88
morphology of crystals„ see crystal morphology
morphotropic region, 451
Morse potential, 624
MOS structure, see metal–insulator–semiconductor
structure
mosaic crystals, 122, 187, 257, 302, 349, 383, 431, 504,
842, 856, 859, 861, 939, 1067, 1210
mosaic structure, 859
Moseley’s law, 1497
Mössbauer effect, 174, 228, 246, 277, 505, 573, 597,
654, 660, 734, 839, 859, 860, 861, 981, 1233,
1264, 1507
Mössbauer effect, optical analog, 859
Mössbauer electron spectroscopy, 859
Mössbauerography, 504, 860, 861, 1298, 1499
Mössbauer radiation Rayleigh diffraction, 860, 861

Subject Index
Mössbauer spectrometers, 860
Mössbauer spectroscopy, 152, 174, 704, 825, 859, 860,
861, 1299
most difﬁcult magnetization axis, 548
mother of pearls, 514
motional narrowing, 871
Mott–Anderson localization, 1079
Mott–Davis model, 53, 863
Mott law, 55, 369, 587, 864, 913
Mott–Littleton approximation, 864
Mott metal–insulator transition, 60, 385, 570, 578, 864,
1037, 1197
Mott–Nabarro theory, 330
Mott pseudogap, see pseudogap
Mott–Stroh equation, 1288
Mott–Wannier exciton, see Wannier–Mott exciton
moulding, see pressing
mounting of crystals, 865
moving dislocations, 716
MRI, see magnetic resonance imaging
MR tomography, see magnetic resonance imaging
MT potential, see mufﬁn-tin potential
mufﬁn-tin potential, 95, 550, 684, 716, 865, 1471
Mulliken equations, 865
Mulliken–Ruedenberg method, 865
Mulliken–Wolfsberg–Helmholz method, 243, 550, 865
multiangle ellipsometry, 405
multiaxial magnet, see magnetic anisotropy
multicenter integrals, 1074
multichannel specular reﬂection, 1079, 1220
multicharged point centers, 1025
multicomponent alloys, 113
multicritical point, 112, 866, 1317, 1364, 1412
multicyclic fatigue, 1374
multilayer thermomagnetic materials, 1387
multimode light guides, 465
multimode spectral behavior, 1454
multiphonon transition, 709
multiphoton processes, 492, 515, 866, 890, 925
multiple mirror reﬂection, 568
multiplet, 345
multiplication of dislocations, 69, 283, 320, 322, 488,
867, 1175
multiplicity, 284
multiply charged ion, 641
multipole, 241, 242, 419, 867, 896, 1069, 1295
multipole moment, 867
multistability, 117
multithickness ellipsometry, 405
multivalued distribution of electrons over valleys, 1156
multivalued electron distribution, 636
multivalued Sasaki effect, 1156
multiwell potential, see many-well potential
muon catalysis, 822
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muonium, 566, 868
muons, 439, 821, 822, 868
muscovite mica, 834
mute lattice vibrations, see silent lattice vibrations
mutual exchange energy, 1129
mutual exclusion, 481, 867, 868, 925
Nagaoka theorem, 591
nano. . . , 869
nanocomposites, 869
nanocrack, see submicrocracks
nanocrystals, 869
nanoelectronics, 564, 869
nanostresses, 1136
nanostructures, 869
nanotechnology, 498, 870
narrow-gap semiconductors, 34, 563, 870, 1131, 1189,
1202
narrowing of magnetic resonance line, 871, 947
natural aging, 40
“natural” frequencies, 1455
natural frequencies of vibration, 1455
natural line width, 981
natural magnetic anisotropy, 751
natural resonance frequencies, 1139
natural roughness, 1344
natural strain aging, 1282
natural systems of units, 1441
natural variables, 1381
Navier–Stokes equations, 210
nearly-free electron approximation, 104, 872, 1508
neck, 226, 398, 438, 726, 841, 872, 1086, 1125, 1301,
1322, 1403, 1410, 1431
needle-shaped defect, 142, 280, 872
Néel equation, 763, 787, 873
Néel point, 74–77, 109, 229, 261, 352, 420, 448, 449,
463, 557, 578, 655, 772, 773, 780, 790, 802, 805,
873, 948, 978, 1094
Néel wall, 335, 337, 762, 873, 1470
negative, 389
negative correlation energy, 216
negative crystals, 874
negative differential conductivity, 1240
negative differential resistance, 875
negative electron afﬁnity, 382
negative friction, 1454
negative ion, 381, 641
negative luminescence, 740, 874
negative magnetoresistance, 68, 780, 874, 1198, 1330
negative photoconductivity, 71, 875, 990
negative resistance, 108, 310, 516, 541, 605, 875, 1410,
1415, 1418, 1451
negative resists, 649
negative temperature, 706, 1361
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nematic liquid crystal, 65, 126, 132, 176, 269, 279, 281,
285, 313, 316, 317, 351, 360, 377, 489, 556, 714,
720, 721, 875, 921, 935, 939, 1295, 1365, 1401,
1424
neodymium, 697, 876
nephrite, 513
neptunium, 26, 877, 1409
Nernst constant, 1388
Nernst–Einstein relation, 305
Nernst–Ettingshausen effect, see thermomagnetic
phenomena
Nernst–Ettingshausen longitudinal effect, 1388
Nernst–Ettingshausen longitudinal even effect, 1388
Nernst–Ettingshausen transverse effect, 1388
Nernst–Ettingshausen transverse ﬁeld, 1388
Nernst glower, 877, 922
Nernst heat theorem, 412
network, Frank, see Frank networks
network models, 197
network, planatomic, see planatomic networks
network, random, see random continuous network
Neumann equation, 290
Neumann–Minnegerode–Curie principle, 261
Neumann principle, 64, 167, 255
neutral circuit, 757
neutral or gray magnetic symmetry group, 786
neutral particle channeling, 165, 494, 878
neutralization, Auger, see Auger neutralization
neutron activation analysis, 27
neutron albedo, 38
neutron diffraction, thermal, see thermal neutron
diffraction
neutron diffractometry, 43, 236, 250, 300, 482, 860,
878, 879, 1003, 1295, 1298, 1364, 1376
neutron diffractometry, magnetic, see magnetic neutron
diffractometry
neutron diffractometry, structural, see structural
neutron diffractometry
neutron doping, 517, 894
neutron form factor, 482
neutron guides, 1402
neutron liquids, 1080
neutron optics, 902
neutron scattering, inelastic, see inelastic neutron
scattering
neutron spectroscopy, 614, 879, 880
neutrons, 130, 158, 279, 439, 478, 613, 656, 772, 878,
894, 906, 1101, 1103, 1104, 1106, 1122, 1351,
1394, 1450
neutrons in solid state physics, 880, 1296, 1376
Newton’s basic law of viscous ﬂow, 1461
nichrome, 880
nickel, 80, 131, 204, 518, 519, 627, 880, 881, 946,
1045, 1143, 1302, 1370, 1372, 1415, 1502
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nickel alloys, 42, 574, 816, 880, 881, 1010, 1449
niobates, 19, 72, 142, 400, 622, 881, 996, 1006, 1050,
1121, 1431
niobium, 574, 854, 881, 882, 1128, 1143, 1306, 1307,
1314, 1370, 1372, 1423, 1429, 1449
Nishiyama orientation relation, 940
nitinol, 811, 1399
nitrides, 122, 128, 181, 882, 911, 1051, 1319, 1372,
1410
nitriding, 173, 269, 1336, 1349
nitrocementation, 173, 193
NMR, see nuclear magnetic resonance
NMR endoscopy, see magnetic resonance imaging
NMR in a rotating coordinate system, 902
NMR-radiospectrometer, 898
nobelium, 1409, see transuranium elements
noble metal alloys, 548, 882, 1262
noble metals, 883
nodal lines, 1455
Noether theorem, 657
noise, 515, 883, 884, 1211
noise, Barkhausen, see Barkhausen noise
noise, ﬂicker, see ﬂicker noise
noise, generation–recombination, see
generation–recombination noise
noise in electronic devices, 884, 1211
noise, intervalley, see intervalley noise
noise, shot, see shot noise
noise, telegraph, see telegraph noise
noise temperature, 884, 1451
noncentral ions, 454, 649, 884, 947
noncoherent precipitates, 186
noncoherent twinning boundaries, 1424
noncollinear antiferromagnetic structure, 89
noncoplanar antiferromagnetic structure, 89
noncritical susceptibility, 1351
noncrossing rule, 885
noncrucible zone melting, 1511
noncrystalline clusters, 49, 885, 1463
noncrystalline semiconductor materials, 1186
nondegenerate bands, 1189
nondestructive testing techniques, 8, 9, 634, 704, 886,
1049, 1162, 1322, 1386
nonempirical potentials, 1061
nonequilibrium conduction, 369
nonequilibrium current carriers, 263, 1200
nonequilibrium distribution functions, 334
nonequilibrium plasma, 1238
nonequilibrium statistical operator, 1511
nonequilibrium superconductivity, 886, 961, 1137, 1312
nonequilibrium thermodynamics, 333
nonergodic system, 1295
nonergodicity, 51, 85, 788, 888, 1262, 1295, 1463
nonferrous metallurgy, 828

Subject Index
nonideal surface, see real surface
nonisomorphic decomposition, 41
non-Kramers doublets, 685
non-Kramers ions, 685
nonlinear acoustic effects, 365, 888, 1112
nonlinear anomalous skin-effect, 797
nonlinear APR, 11
nonlinear elasticity effect, 993
nonlinear elasticity theory, 888, 889
nonlinear Landau damping, 691
nonlinear light scattering, 714
nonlinear magnetoacoustic resonance, 889
nonlinear medium, 433, 492, 890, 915, 920, 1167, 1172,
1174, 1175, 1244, 1414, 1472
nonlinear-optical crystals, 881, 890, 918, 920, 1050,
1354
nonlinear optics, 254, 400, 492, 493, 582, 637, 677,
712, 837, 844, 867, 881, 890, 1172, 1241, 1256,
1414, 1428
nonlinear pyroelectric, 891
nonlinear Schrödinger equation, 1244, 1245
nonlinear secondary magnetoacoustic resonance, 889
nonlinear sound absoption, 888
nonlinear string equation, 132
nonlinear susceptibility tensor, 1167
nonlinearity, magnetodynamic, see magnetodynamic
nonlinearity
nonlocal density functionals, 289, 892
nonmagnetic materials, 892
nonmagnetic metals, 1270, see spin waves in
nonmagnetic metals
nonohmic contact, 892, 1164
nonopolar piezoelectrics, 1005
nonpolar facets, 1029
nonpolar insulators, 621
nonpolar optical phonons, 264
nonpolar phase, 1035
nonprimitive cells, 244
nonradiative quantum transition, 93, 130, 709, 712, 892,
1108
nonradiative recombination, 1122, 1200
nonradiative thermal relaxation, 1132
nonreciprocity effect, 794
nonreﬂective potentials, 472
nonresonance absorption, 733, 734, 892
non-Riemann geometry, 269
non-see-through domain, see incomplete magnetic
domain
nonselective receivers of optical radiation, 922
nonsilver photography, 55, 701, 892, 923, 939
nonsingular point vortex, 1401
nonsingular surfaces, 1326
nonstatic capacitance spectroscopy, 150
nonstationary ENDOR, 388
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nonstoichiometric defects, 637
nonuniform magnetoelectric effect, 799
nonwetting, 1478
normal collisions, 205
normal concentration, 198
normal coordinates, 893
normal distribution, see Gaussian distribution
normal Doppler effect, 340
normal modes, 1455, see normal vibrations
normal processes, 983, 1368
normal skin-effect, 831, 1221
normal stress, 283, 1292
normal vibrations, 3, 63, 82, 244, 246, 297, 350, 893,
928, 984, 1455
normality, 198
notch, 894, 1289, 1404
Nottingham effect, 894
N-processes, 1435
NQR, see nuclear quadrupole resonance
n-type conductivity, 385
n-type semiconductor, 1195
nuclear alignment, 903
nuclear and electronic quantum gyroscopes, 1077
nuclear chain reactions, 163
nuclear cluster, 1025
nuclear doping, 339, 505, 879, 894, 1102, 1106, 1107,
1122, 1214
nuclear electric quadrupole moment, 896, 903, 970
nuclear ﬁlters, 896
nuclear g-factor shift, 897
nuclear gamma ray resonance, see Mössbauer effect
nuclear gamma ray resonance spectra, 861
nuclear gamma resonance spectroscopy, see Mössbauer
spectroscopy
nuclear induction, 898
nuclear magnetic resonance, 10, 62, 118, 174, 232, 344,
373, 388, 392, 461, 510, 542, 573, 581, 597, 611,
734, 776–778, 789, 801, 805, 896, 898, 903, 904,
907, 908, 918, 920, 949, 950, 952, 1058, 1132,
1139, 1233, 1244, 1260, 1264, 1299, 1309
nuclear magnetic resonance, acoustic, see acoustic
nuclear magnetic resonance
nuclear magneton, 771, 801
nuclear magnons, 805
nuclear neutron scattering, 613
nuclear–nuclear double resonance, 344
nuclear optics, 902
nuclear orientation, 10, 348, 903, 908, 919, 1034, 1233
nuclear paramagnetic resonance, 950
nuclear paramagnets, 948
nuclear polarization, 903, see nuclear orientation
nuclear quadrupole interaction, 903, 904, 905, 1507
nuclear quadrupole moment, 896
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nuclear quadrupole radiospectroscopy, 905
nuclear quadrupole relaxation, 776, 904, 905, 1131
nuclear quadrupole resonance, 778, 896, 900, 904,
1069, 1132, 1139, 1264, 1507, 1508
nuclear quadrupole spin–lattice relaxation times, 904
nuclear quadrupole spin system, 904, 905
nuclear radiation detectors, 240, 517, 905, 1407
nuclear radiations, 27, 39, 82, 339, 343, 368, 385, 491,
635, 655, 902, 906, 988, 1026, 1100–1102, 1105,
1106, 1109, 1110, 1281, 1411
nuclear reactions, 906
nuclear spin diffusion, 306, 906, 1233, 1260
nuclear spin diffusion coefﬁcient, 907
nuclear spin Hamiltonian, 1264
nuclear spin relaxation in superconductors, 907
nuclear spin relaxation time, 184, 907, 908
nuclear spin waves, 597, 908, 1270
nuclear target, polarized, see polarized nuclear targets
nuclear Zeeman effect, 908, 1171
nuclear Zeeman pseudoeffect, 908, 1505
nucleating crack, 224, 435, 841, 909, 1086, 1293, 1301
nucleation, 8, 40, 42, 227, 320, 599, 737, 811, 834, 848,
856, 909, 971, 978
nutation angle, 418
Nyquist formula, 884
Nyquist noise, 672
obtaining semiconductor materials, 1186
occlusion, 911, 1247
occupation numbers, 385, 911, 1368
octahedral complex, 911
odd components of the crystal ﬁeld, 243
off-center ions, see noncentral ions
offset method, 148
ohmic contact, 832, 912
ohmic effective mass, 847
Ohm’s law, 202, 268, 368, 746, 839, 1137
okmal, 912
Okorokov effect, 165, 912, 1107
oleophilic, 742
oleophobic, 742
olivine, 512
one-center integrals, 1074
one-conﬁguration approximation, 1074
one-dimensional disordered structures, 913
one-dimensional metals, 912
one-dimensional models of disordered structures, 402,
913, 1275
one-dimensional superconductivity, see
superconductivity in quasi-one-dimensional
systems
one-electron integral, 1074
one-time recording, 923
Onsager equation, 1030

Subject Index
Onsager method, 44, 659, 785, 913
Onsager principle, 368
Onsager relations, 543, 678
Onsager theory, 543, 621, 725, 914, 1350
opal, 511
open Fermi surface, 444
open systems, 1382
operating currents, 756
operating ﬁeld, 756
operator magnetic symmetry group, 786
opposed domains, 334, 914
optical absorption spectroscopy, 853, 914
optical activity, 178, 542, 543, see rotation of light
polarization plane
optical alignment, 588
optical analog of Mössbauer effect, see Mössbauer
effect, optical analog
optical anisotropy, 65, 601, 612, 915, 1021, 1032, 1252,
see induced optical anisotropy
optical antiresonance, 915
optical axis, 112, 204, 281, 296, 542, 584, 612, 1022,
1034, 1155, 1436
optical axis angle, 112
optical axis of a crystal, 116, 204, 253, 356, 915, 1175,
1256
optical bistability, 117, 433, 891, 915
optical breakdown, 916
optical compensator, 917
optical conﬁnement, 561
optical cryostat, 235
optical defectoscopy, 280, 917, 1390
optical detection, 1023, see Pockels effect
optical detection of magnetic resonance, 777, 917, 919,
1413, 1508
optical discharge, see optical breakdown
optical distortion, 1001
optical double magnetic resonance method, 917
optical effective mass, 847
optical extinction, see luminescence quenching
optical ﬁber lasers, 1241
optical ﬁlters, 24, 637, 918, 924
optical frequency converter, 178, 867, 918
optical gate, 919
optical generation, 515
optical glass, 465, 697, 919
optical harmonic generators, 918
optical indicatrix, 253
optical information recording, 614
optical–magnetic resonance, 344, 919
optical magnons, 805
optical microscopy, 10
optical nuclear polarization, 903, 919
optical nutation, 1428

Subject Index
optical parametric oscillator, 492, 881, 890, 916, 918,
920, 1241, 1414, 1472
optical phonons, 984, see phonons
optical polarization method, 281, 920, 961
optical properties, 55
optical properties of liquid crystals, 921
optical properties of metals; X-ray spectra, 831
optical properties of semiconductors, 1198
optical pumping method, 917
optical quenching, 740, see luminescence quenching
optical radiation detectors, 124, 311, 564, 921, 990,
1452
optical radiation, scanning, see scanning of optical
radiation
optical radiation sources, 922
optical recording media, 583, 614, 923, 926, 989, 1238
optical resonant cavity, 698
optical soliton, 924, 1172
optical spectroscopy, 166, 250, 397, 426, 559, 615, 652,
712, 880, 920, 1008, 1132, 1170, 1243
optical spectroscopy of solids, 925
optical spectroscopy of surfaces, 925
optical spin orientation, 926
optical spin waves, 1270
optical storage disks, 50, 296, 583, 614, 893, 923, 926,
927, 989, 1238
optical strain potential, 264
optical techniques of information recording, 454, 583,
881, 926, 989, 1121, 1162, 1242
optical theorem, 928, 1162
optical vibrations, 107, 245, 246, 264, 928, 984, 1169,
1213, 1254
optical waveguide, 699, 851, 928
optically active medium, see gyrotropic medium
optically detected magnetic resonance, 739
optically negative crystals, 1436
optically positive crystals, 1436
optico-acoustics, see acousto-optics
optics, ﬁber, see ﬁber optics
optics, integrated, see integrated optics
optics, magneto-, see magnetooptics
optics, nonlinear, see nonlinear optics,
nonlinear-optical crystals
optics, nuclear, see nuclear optics
optics of crystals, see crystal optics
optics of metals, see metal optics
optics of solids, 92, 928, 1077, 1284
optics, thin layer, see thin layer optics
optics, vibronic effects, see vibronic effects in optics
optimal ﬂuctuation, 476
optoelectronics, 50, 254, 296, 299, 377, 564, 621, 661,
739, 837, 874, 916, 929, 931, 987, 1001, 1241,
1452
optoisolator, 713, 837, 930, 931, 1179
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optron, see optoisolator
optrons, 930
OPW method, see orthogonalized plane waves
Orbach–Aminov–Blume process, 931
orbital angular momentum, 112, 385, 470, 592, 596,
657, 769, 775, 932, 1056, 1080, 1096, 1262, 1267
orbital angular momentum, quenched (frozen), see
quenched (frozen) orbital angular momentum
orbital, hybrid, see hybridization of orbitals
orbital, molecular, see molecular orbital
orbital moment, see orbital angular momentum
orbitals, 215, 385, 489, 510, 550, 592, 645, 715, 730,
866, 932, 957, 1206, 1222, 1443
order, see long-range and short-range order
order, atomic, see atomic order
order degree, see degree of order
order–disorder layered structure, 932
order–disorder (OD) layers, 932
order–disorder phase transition, 43, 74, 88, 328, 455,
650, 662, 773, 932, 933, 977, 1138, 1202, 1296,
1320, 1326, 1354
order–disorder type ferroelectrics, 453, 456
order electricity, 132
order in alloys, see alloy ordering
order, intermediate, see intermediate order
order of the axis, 1151
order of the parametric process, 952
order–order phase transition, 44
order–order type phase transitions, 773
order, orientational, see orientational order
order parameter, 2, 43, 56–58, 67, 123, 129, 166, 184,
189, 191, 198, 212, 227, 228, 282, 285, 334, 348,
415, 453–455, 457, 472, 473, 477, 496, 509, 522,
530, 565, 600, 658, 671, 672, 678, 684, 695, 711,
721, 728, 747, 773, 848, 885, 887, 888, 932, 933,
934, 935, 939, 940, 954, 963, 971, 976, 979,
1050, 1058, 1084, 1137, 1138, 1159, 1168, 1174,
1230, 1236, 1245, 1248, 1255, 1262, 1295, 1297,
1307, 1313, 1318, 1348, 1351, 1354, 1392, 1401,
1409, 1413, 1419, 1423, 1429, 1467, 1474
order parameter modulus, 935
order parameter phase, 934, 979
order parameter space, 934, 935
order parameters in alloys, 46, 934
order parameters in liquid crystals, 721, 876, 934, 935
order, radiation-induced, see radiation-induced order
ordered alloy, 43
ordered alloy resistivity, see resistivity of ordered alloys
ordered phase, see ordered system
ordered system, 933, 1168
ordering, isotopic, see isotopic ordering
ordering of alloys, see alloy ordering
ordering temperature, 43, 933, 1138
ordinary boundaries, 527
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ordinary ray, 431, 917, 920, 936, 1034, 1256
ordinary wave, 116
Ore gap, 1047
organic conductors and superconductors, 425, 936, 959,
983, 1092, 1096, 1313–1315, 1429
organic polymers, 576, 614, 619, 937, 989, 1036, 1042,
1314
organic semiconductors, 73, 84, 171, 347, 851, 893,
938, 1186, 1188
organoelement polymers, 1042
organoplastics, 939
orientation distribution function, 1364
orientation effects, 94, 164, 169, 300, 940, 1057, 1107,
1344
orientation melting, 234
orientation, nuclear, see nuclear orientation
orientation paramagnetism, 951
orientation relations, 580, 809, 811, 940, 1123, 1397
orientational disorder, 328
orientational line broadening, 719, 939
orientational or dipolar relaxation polarization, 1031
orientational order, 131, 281, 360, 556, 714, 720, 729,
875, 921, 935, 939, 1227
orientational phase transition, 75, 794, 940, 977, 1072,
1296
orientational polarizability, 1030
orientational polarization, 450
oriented epitaxy, 977
oriented glass-reinforced plastics, 524
oriented superlattice, 641
Ornstein–Zernike law, 51
Orowan mechanism, 724
Orowan strength, 1287
Orowan theory, 330
orthoferrite, 74, 336, 447, 448, 630, 658, 755, 758, 773,
859, 941
orthogonal discotic, 318
orthogonal groups, 209
orthogonality condition, 1294
orthogonality, strong, see strong orthogonality
orthogonalized plane waves, 102, 941
orthopositronium, 1047
orthorhombic system, 154, 244, 250, 364, 433, 865, 941
oscillation amplitude, 1454
oscillation period, 1454
oscillations, Friedel, see Friedel oscillations
oscillations, Khaikin, see Khaikin oscillations
oscillations, magnetostatic, see magnetostatic
oscillations
oscillations, pendular, see pendular oscillations of
intensity
oscillations, plasma, see plasma oscillations
oscillations, quantum giant, see giant quantum
oscillations

Subject Index
oscillations, self-, see self-oscillation
oscillations, Sondheimer, see Sondheimer oscillations
oscillations, zero spin, see zero spin oscillations
oscillator, optical parametric, see optical parametric
oscillator
oscillator strength, 422, 426, 615, 942
oscillistor, 942, 1240
Oseen–Frank moduli, 360
osmium, 882, 942
Otto modiﬁcation, 92
out-of-phase domains, 1330
outer work function, 382
overall thermal resistance, 554
Overhauser effect, 344, 348, 903, 943
overheating instability, 267
overheating, metal, see metal overheating
overlap group integral, 1075
overlap integral, 1074
overpeening, 1482
oxidation, 182, 426, 469, 473, 555, 647, 653, 813, 829,
883, 943, 1064, 1105, 1181, 1333, 1335, 1340,
1371, 1372, 1376, 1386, 1391
oxidation–reduction ionites, 648
oxidation, thermal, see thermal oxidation
oxide-coated cathode, 1377
oxide magnet, 548, 943
oxidized carbons, 29
oxygen, 111, 508, 627, 943, 1010, 1213, 1297, 1352
pair correlation function, 217
pair correlations, 217
pair, electron–hole, see electron–hole pair
pair, Frenkel, see unstable Frenkel pair
pair interaction, 676
pair of electrons, see unshared electron pairs
pair, variable-valence, see variable-valence pair
pairing, triplet, see triplet pairing
pairs, exchange-coupled, see exchange-coupled pairs
pairwise additive approximation, 945, 1073
pairwise interaction, 36, 44, 149, 157, 706, 945, 964,
986, 1427
palladium, 564, 594, 882, 946
Papkovich–Neuber solution, 946
paraconductivity, 477, 947
paracrystal, 947
paracrystallite model, 835
paracrystals, 825
paraelectric phase, 107, 450, 452, 453, 455, 947, 1031,
1035, 1452, 1460
paraelectric resonance, 649, 778, 947, 1140
paraelectrics, 948, 1460
parallel inshoots, 257
parallel (longitudinal) pumping, 1270

Subject Index
parallel pumping of magnons, see spin waves,
parametric excitation of spin waves
parallelepiped, primitive, see primitive parallelepiped
paramagnet, 13, 51, 78, 211, 260, 261, 390, 418, 457,
478, 543, 574, 611, 696, 746, 772, 775, 779, 782,
785, 788–791, 797, 799, 801, 804, 805, 819, 854,
873, 883, 940, 944, 948, 949, 950, 971, 1081,
1233, 1262, 1390, 1470, 1503
paramagnetic center, 11, 65, 182, 345, 372, 373, 388,
414, 421, 470, 597, 609, 640, 719, 734, 739, 753,
769, 778, 799, 871, 918, 939, 949, 950, 1027,
1069, 1140, 1171, 1233, 1250, 1258, 1264, 1265,
1278, 1507
paramagnetic center dipole moment, see electric dipole
moment of a paramagnetic center
paramagnetic impurities, 683
paramagnetic ion, 769, see magnetic ion
paramagnetic limit, 496, 665, 949
paramagnetic probe method, 949
paramagnetic relaxation, 421, 649, 892, 926, 932, 943,
949, 1131, 1262
paramagnetic resonance, 272, 538, 733, 949, 950, 1139,
1239, 1507
paramagnetic resonance, acoustic, see acoustic
paramagnetic resonance
paramagnetism, 77, 111, 115, 124, 138, 293, 294, 460,
555, 769, 785, 791, 805, 832, 948, 949, 950,
1232, 1293, 1451
paramagnetism, strong band, see strong band
paramagnetism
paramagnetism, super-, see superparamagnetism
paramagnetism, Van Vleck, see Van Vleck
paramagnetism
paramagnons, 461
parameter, de Boer, see de Boer parameter
parameters of crystal lattice„ see crystal lattice
constants
parameters of microcrystallite, see microcrystallite
parameters
parameters of spin Hamiltonian, see spin Hamiltonian
parameters
parametric diodes, 310
parametric Doppler effect, 341
parametric excitation of spin waves, 679, 805, 889, 890,
952, 1270
parametric gain, 953
parametric light generation, 738, 867, 953
parametric light scattering, 867
parametric luminescence, see parametric light
generation
parametric oscillation, 891
parametric oscillator, see optical parametric oscillator
parametric resonance, 952
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parametric resonance, cyclotron, see cyclotron
parametric resonance
parametric semiconductor ampliﬁers, 1451
parametric superluminescence, 953
parametric vibrations, 1455
parapositronium, 1047
paraprocess, 458, 779, 791, 804, 805, 953, 1157
paraprocess susceptibility, 785
parent phase, 954
Pariser–Parr–Pople method, 954
partial demagnetization, 287
partial diffusion coefﬁcients, 306
partial disclination, 313, 315, 1020
partial dislocation, 143, 325, 326, 416, 727, 954, 1275,
1448, 1453
partial dispyration, 333
partial Green’s functions, 534
partial or selective summation, 534
particle bending, 955, 1107
particle emission, 955, 1448
particle-like excitations, 1244
particle-like topological soliton, 1401
particle scattering, see scattering of particles
particles, aerosol, see aerosol particles
particles, small, see small particles
particular grain boundaries, 527
particular regular system of points, 1130
partition function, 412, 520, 955
passage of X-rays, anomalous, see anomalous passage
of X-rays
passivating coatings, 943
passivation, see surface passivation
passive impurity, 29
passive optical gates, 919
patenting, 555, 956
path integral, 956
path, mean free, see mean free path
path of charged particle, see charged particle paths
path of minimum energy, 203
Pauli–Dorfman susceptibility, 460
Pauli energy, 644
Pauli equation, 1080, 1130
Pauli exclusion principle, 420, 439, 440
Pauli matrices, 101, 441, 638, 957, 1221, 1267
Pauli paramagnetism, 951
Pauling covalent radii, 223
Pauling’s maximum overlap principle, 592, 957
Peach–Köhler equation, 957
peak velocity of domain wall, see domain wall peak
velocity
pearl, 514
pearlite, 95, 154, 157, 655, 706, 841, 957, 1247
pearlstone, 958
Peierls barriers, 27
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Peierls energy, 680, 959
Peierls–Fröhlich instability, 912
Peierls instability, 67, 443, 682, 958, 1258, 1305
Peierls insulator, 1092, 1312
Peierls–Nabarro model, 13, 86, 188, 286, 322, 492, 958,
1017, 1129, 1143, 1287
Peierls–Nabarro strength, 1287
Peierls–Nabarro stress, 322
Peierls relief, 27, 286, 322, 327, 680, 724, 738, 958,
959, 1228, 1434
Peierls relief of the second kind, 681
Peierls stress, 492, 958, 959
Peierls transition, 169, 472, 495, 936, 958, 959, 1091,
1312
Peierls valleys, 322
Pekar waves, see additional light waves
Peltier coefﬁcient, 1385
Peltier effect, 284, 1385, see thermoelectric phenomena
Peltier heat, 1385
pencil slip, 325
pendular oscillations of intensity, 301, 348, 960, 1494
pendulum, 960, 960
penetration, anomalous, see anomalous penetration
penetration deformation, 960
penetration depth of electric ﬁeld, 166, 961
penetration depth of electromagnetic ﬁeld, 380
penetration depth of magnetic ﬁeld, 2, 3, 166, 226, 473,
475, 521, 522, 631, 669, 724, 733, 748, 819, 846,
961, 1070, 1084, 1096, 1303, 1306, 1310, 1316,
1351, 1380, 1429, 1444, 1468
penetration of ultrasound, anomalous, see anomalous
penetration of ultrasound
Penrose lattices, 1088
peptization, 510
percolation, 369
percolation clusters, 180, 963
percolation effects, 962
percolation level, 403, 964, 1196
percolation theory, 59, 68, 112, 180, 199, 356, 403, 415,
481, 485, 486, 533, 570, 587, 962, 1037, 1050,
1136, 1159, 1196, 1392, 1475
percolation threshold, 481, 963
percussion center, see center of percussion
percussion welding, 964
percussion welding in vacuo, 308
Percus–Yevick approximation, 964
Percus–Yevick equation, 965
perfect crystal, 106, 139, 602, 615, 726, 965, 1103, 1493
perfect diamagnetism, see absolute diamagnetism
perfect dislocation, 8, 143, 325, 954, 965
perfect dispyrations, 333
perfectly rigid body, 208, 965
period of the imbalance relaxation, 167
periodic cluster model, 1089

Subject Index
periodic highest-density spherical packing, 179
periodic potential, 20, 102, 472, 966, 1070, 1073, 1096,
1169, 1219, 1435, 1470
peritectic alloys, 175, 214, 966
peritectic reaction, 175, 967
peritectic transformation, 974
peritectoid, 974
peritectoid alloys, 966
permalloy, 571, 804, 880, 967
permanent magnet, 183, 260, 288, 417, 449, 459, 548,
755, 757, 767, 770, 789, 797, 803, 845, 883, 943,
967, 1051, 1134, 1156, 1218, 1389, 1396, 1485
permeability, see magnetic permeability
permendur, 804, 967, 1230
perminvar, 787, 967, 1230
perminvar loop, 967
permittivity, 297, see dielectric constant
perovskite structure, 968
perovskites, 74, 105, 115, 161, 303, 447, 450, 453, 577,
668, 799, 881, 941, 968, 1035, 1296, 1309
persistent current, 969
persistent slip bands, 726
perturbation matrix method, 372, 970, 1263
perturbed angular correlation method, 970
peta. . . , 970
Petch relation, 227, 546, 970, 1125
petrol glass-ceramic materials, 524
phase, 27, 40, 47, 95, 122, 158, 159, 173, 178, 186, 194,
217, 227–230, 247, 286, 293, 322, 328, 419, 472,
473, 486, 554, 560, 575, 585, 591, 601, 603, 627,
628, 633, 645, 650, 661, 676, 703, 711, 719, 724,
728, 745, 747, 782, 809, 812, 822, 824, 826, 834,
837, 845, 858, 866, 881, 909, 933, 940, 954, 957,
962, 966, 970, 972, 975, 977, 978, 1024, 1026,
1051, 1094, 1100, 1119, 1123, 1124, 1128, 1131,
1167, 1235, 1236, 1266, 1285, 1297, 1339, 1352,
1382, 1389, 1404, 1409, 1412, 1454, 1482
phase, alpha, see alpha phase
phase analysis, 152, 300, 860, 863, 972, 1069, 1070,
1171, 1487
phase, beta, see beta phase
phase, chi, see chi phase
phase coherence, 1079
phase coherence length, 1078
phase contrast method, 1462
phase, delta, see delta phase
phase diagram, 35, 40, 42, 45, 79, 111–113, 157, 172,
199, 229, 230, 247, 286, 293, 419, 472, 504, 523,
553, 578, 594, 608, 628, 634, 647, 659, 661, 711,
826, 858, 866, 883, 967, 971, 972, 978, 979,
1043, 1094, 1103, 1116, 1143, 1235, 1266, 1277,
1307, 1364, 1412, 1497
phase diagram, quasi-, see quasi-phase diagram
phase difference centers, 976

Subject Index
phase difference lines, 976
phase, epsilon, see epsilon phase
phase equilibrium, 227, 521, 975, 1381, 1382
phase equilibrium, thermoelastic, see thermoelastic
phase equilibrium
phase, ferroelectric, see ferroelectric phase
phase formations, 1104
phase, gamma, see gamma phase
phase hologram, 9, 1120
phase, Hume-Rothery, see Hume-Rothery phases
phase interface, 8, 35, 186, 416, 832, 975, 1010, 1026,
1053, 1236, 1243, 1294, 1325, 1327, 1332, 1334,
1342, 1343, 1349, 1383, 1478
phase, lambda, see Laves phases
phase matching, 1167, see second harmonic generation
phase-matching angle, see second harmonic generation
phase memory, 1000
phase memory effect, 15
phase, ordered, see ordered system
phase, paraelectric, see paraelectric phase
phase, parent, see parent phase
phase, polar, see polar phase
phase precipitates, 180
phase rule, see Gibbs phase rule
phase, Shubnikov, see Shubnikov phase
phase, sigma, see sigma phase
phase slip, 348, 976, 1137, 1138, 1306, 1392
phase slip centers, 167
phase space, 347
phase state of the vortex ensemble, 846
phase, surface, see surface phase
phase transformation, see phase transitions
phase transition, concentration dependent, see
concentration-dependent phase transition
phase transition, diffuse, see diffuse phase transition
phase transition, ferroelectric, see ferroelectric phase
transition
phase transition, ﬁrst-order, see ﬁrst-order phase
transition
phase transition from normal to superconducting state,
see superconducting phase transition
phase transition heat, see heat of phase transition
phase transition hysteresis, see hysteresis in phase
transitions
phase transition, incommensurate–commensurate, see
incommensurate–commensurate phase transition
phase transition induced plasticity, see plasticity
induced by phase transitions
phase transition involving total and critical wetting, 977
phase transition, magnetic, see magnetic phase
transitions
phase transition, martensitic, see martensitic
transformation
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phase transition, order–disorder, see order–disorder
phase transition
phase transition, orientational, see orientational phase
transition
phase transition, phenomenological theory, see
phenomenological theory of phase transitions
phase transition, second-order, see second-order phase
transition
phase transition, structural, see structural phase
transition
phase transitions, 7, 15, 44, 46, 56, 66, 73, 77, 92, 97,
105, 107, 131, 142, 148, 160, 168, 186, 194, 197,
198, 203, 211, 214, 228, 230, 234, 255, 261, 269,
270, 281, 282, 298, 303, 328, 375, 377, 388, 392,
415, 428, 444, 450, 453, 468, 472, 473, 477, 483,
487, 496, 504, 510, 530, 538, 546, 553, 554, 572,
573, 580, 594, 599, 600, 607, 629, 631, 634, 642,
645, 657, 658, 684, 707, 711, 721, 728, 733, 745,
772, 778, 782, 794, 800, 814, 819, 837, 849, 852,
857, 858, 866, 868, 882, 891, 902, 904, 909, 923,
932, 933, 935, 939, 940, 954, 957, 963, 968, 971,
977, 978, 979, 1003, 1010, 1019, 1026, 1043,
1049, 1054, 1058, 1062, 1063, 1065, 1066, 1076,
1082, 1095, 1107, 1116, 1117, 1126, 1131, 1136,
1140, 1159, 1167, 1170, 1174, 1178, 1202, 1210,
1226, 1230, 1231, 1235, 1236, 1253, 1258, 1262,
1271, 1295, 1296, 1301, 1315, 1317, 1322, 1327,
1334, 1339, 1341, 1351, 1353, 1364, 1375, 1389,
1392, 1412, 1451, 1463, 1479, 1481, 1482, 1487,
1507
phase transitions and defects, see defects in phase
transitions
phase transitions and quasi-particles, 1094
phase transitions at a surface, 249, 977
phase transitions in a radiation ﬁeld, 978, 1232
phase transitions in an external ﬁeld, 629, 791, 978,
1232
phase transitions under pressure, 428, 573, 979, 1232
phase velocity, 5, 8, 12, 15, 18, 25, 116, 141, 253, 329,
341, 393, 519, 538, 558, 622, 757, 794, 891, 979,
981, 1084, 1127, 1128, 1150, 1162, 1167, 1207,
1240, 1249, 1256, 1324, 1332, 1406
phase wear hardening, 416
phase work hardening, 1482
phaser, 6, 975, 981
phases, blue, see blue phases of liquid crystals
phases, meso-, see mesophases
phases, Zintl, see Zintl phases
phason, 478, 979
phenomenological description, 746
phenomenological theory of phase transitions, 228, 229,
695, 979, 1159, 1168
phenomenon of photostructural transformations, 55
Phillips–Kleinman pseudopotential, 1060
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phonon, 4, 13, 15, 20, 21, 38, 63, 79, 82, 97, 100, 114,
118, 124, 129–131, 138, 173, 188, 189, 217, 231,
234, 245, 263, 271, 277, 297, 313, 324, 327, 329,
336, 345, 356, 384, 392, 395, 398, 404, 408, 410,
411, 422, 423, 425, 426, 435, 456, 485, 491, 533,
534, 540, 549, 554, 566, 567, 587, 588, 590, 594,
605, 607, 609, 611, 613, 615, 631, 635–637, 644,
661, 667, 676, 678, 682, 691, 709, 710, 712, 714,
727, 736, 738, 742, 754, 756, 774, 793, 798, 799,
806, 812, 816, 830, 843, 847, 850, 851, 859, 879,
880, 883, 888, 892, 894, 913, 925, 929, 931, 944,
980–983, 984, 985, 987, 999, 1015, 1029, 1033,
1039, 1071, 1072, 1076, 1081, 1092, 1103,
1110–1112, 1132, 1136, 1163, 1168, 1169, 1197,
1205, 1219, 1230, 1232, 1245, 1248, 1265, 1285,
1301, 1304, 1330, 1339, 1343, 1346, 1347, 1367,
1385, 1388, 1418, 1419, 1432, 1435, 1461, 1470,
1473, 1479, 1493, 1508
phonon avalanche, 980, 1286
phonon, ballistic, see ballistic phonons
phonon, bi-, see biphonon
phonon bottleneck, 980
phonon Cherenkov radiation, 336
phonon echo, see electroacoustic echo
phonon generation, 19, 976, 981, 1205
phonon–helicon resonance, see helicon–phonon
resonance
phonon, intervalley, see intervalley phonons
phonon, magnetic, see magnetic phonons
phonon magnetic resonance, 982, 1071, 1268
phonon magnetic resonance, spin, see spin phonon
magnetic resonance
phonon maser, 980
phonon mechanism of superconductivity, 230, 392, 661,
937, 982
phonon optical spectra, 112, 114, 676, 868, 983, 986,
1213
phonon–phonon interaction, 10, 33, 130, 615, 983, 984,
986, 1250
phonon–photon ADMR, 6
phonon reﬂections, 880
phonon scattering, 727, 984, 1220, 1368
phonon sink, 554
phonon spectrum, 146, 291, 403, 613, 676, 682, 959,
980, 985, 987, 1226, 1242, 1295, 1315, 1420,
1454
phonon temperature, 1361
phonon vacuum, 984
phonon, virtual, see virtual phonons
phonon wind, 411, 987
phonon wings, 981, 987
phononless spectral line, 859, 923, 981, 987, 1456
phonoriton, 130, 987
phosphorescence, 478, 987, 1110, 1375, 1413
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phosphors, 741
photocapacitance effect, 992
photocapacitance, surface, see surface
photocapacitance
photocapillary effect, 987, 1273
photocarriers, 989
photocathode, 988
photochemical reactions, 496, 583, 893, 918, 988, 1243
photochromatism, 893
photochromic effect, 881, 893, 923, 989, 1000
photochromic glasses, 989, 1000
photochromic materials, see photopigments
photoconductive effect, 993
photoconductivity, 29, 56, 71, 84, 141, 171, 257, 328,
347, 515, 583, 739, 779, 875, 925, 989, 991–993,
1001, 1008, 1025, 1140, 1200, 1259, 1261, 1268,
1301, 1384
photoconductivity, anomalous, see anomalous
photoconductivity
photoconductivity, negative, see negative
photoconductivity
photoconductivity of amorphous materials, 54, 990
photoconductivity spectroscopy, 991
photocontrolled microwave semiconductor devices,
843, 991
photocontrolled modulators, 991
photocontrolled switches, 991
photocontrolled transparency devices, 991
photocorrosion, 218
photocurrent, 989
photocurrent instability, see thermoelectric instability
of photocurrent
photodeformation effect, 996
photodesorption, 292, 955, 992
photodestruction, 1041
photodetector, scanning, see sprite
photodetector, semiconductor, see semiconductor
photodetector, sprite
photodetectors, 871
photodielectric effect, 992, 993, 996
photodiode, 310, 517, 564, 585, 922, 931, 992, 1002,
1179, 1180, 1188, 1452
photodomain effect, 992, 1135, 1271
photoeffect, 201, 218, 393, 504, 672, 893, 993, 994,
1085, 1188, 1230
photoeffect, junction, see junction photoeffect
photoelastic tensor, 25, 255, 993
photoelectrets, 368
photoelectric phenomena, 72, 100, 281, 639, 993
photoelectric semiconductor receivers, 1188
photoelectric threshold, 994
photoelectric work function, 1341
photoelectromotive force, 371, 993, 1002
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photoelectromotive force, surface, see surface
photoelectromotive force
photoelectron emission, 173, 427, 469, 955, 993, 994,
1205, 1206, 1211, 1353, 1482, see photoelectron
spectroscopy
photoelectron emission, inverse, see inverse
photoelectron emission
photoelectron spectroscopy, 397, 427, 576, 648, 988,
990, 993, 994, 1243, 1327, 1357
photoelectron spectroscopy experimental methods, see
experimental methods of photoelectron
spectroscopy
photoelectronic multipliers, 922
photoelectronic semiconductor photodetectors, 1188
photoemission, 993
photoemission photodetectors, 1188
photoemission spectroscopy, see photoelectron
spectroscopy
photoemission spectroscopy, ultraviolet, see ultraviolet
photoemission spectroscopy
photoemissive effect, 993
photoemulsions, 996
photoexciton, 358, 422, 423, 925, 995, 1029
photoferroelectric phenomena, 996
photoferroelectrics, 381, 992, 996, 1271
photogeneration, 990
photographic image, see latent photographic image
photographic materials, 701, 892, 923, 996, 1109
photographic processes, 892, 989, 996
photography, nonsilver, see nonsilver photography
photoinduced decoloration, 989
photoinduced light scattering, 714, 997
photoinduced phase transformations, 893
photoionization, 411
photolithography, 470
photoluminescence, 23, 55, 82, 426, 738, 922, 926, 997,
1085, 1200, 1243, 1259, 1287, 1411, 1453
photoluminescence, hot electron, see hot electron
photoluminescence
photolysis, 988
photomagnetic effects, 802
photomagnetoelectric effect, see Kikoin–Noskov effect
photomechanical effect, 998
photon, 40, 82, 97, 130, 137, 164, 173, 175, 185, 195,
217, 239, 277, 357, 378, 393, 411, 422, 427, 491,
504, 509, 534, 566, 611, 613, 656, 740, 844, 850,
866, 878, 892, 902, 921, 930, 940, 953, 983, 988,
989, 993, 994, 998, 999, 1012, 1029, 1046, 1048,
1085, 1087, 1093, 1099, 1102, 1103, 1106–1108,
1112, 1233, 1406, 1428, 1461, 1488
photon drift, 999, 1451
photon echo, 15, 999, 1167, 1428
photon emission factor, 651
photon in a solid, 999
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photon yield, 639, 651
photonuclear reactions, 895
photopigments, 192, 893, 989, 996, 1000
photorefraction, 178, 881, 891, 893, 923, 996, 1001
photorefractive crystals, 583, 997, see holography
photorefractive effect, see photorefraction
photoresistive effect, see photoconductivity
photoresistors, 146, 914, 931, 990, 1001, 1139, 1172,
1188, 1341
photoresists, 893, 1137
photosynthesis, 988
photothermal ionization, 991
photothermoplastic materials, 893, 923
photothyristors, 1179
phototransistor, 992
phototronic effect, see photovoltaic effect
photovariable capacitors, 992
photovaricaps, 992
photovoltaic cell, 1002, 1002
photovoltaic effect, 178, 371, 993, 1002, 1346, 1437
photovoltaic effect, anomalous, see anomalous
photovoltaic effect
photovoltaic effect, bulk, see bulk photovoltaic effect
photovoltaic effect, circular, see circular photovoltaic
effect
physical adsorption, 35, 172, 174, 1002
physical condensed matter interface, 200
physical crystallography, see crystal physics
physical materials science, 814
physical metallurgy, see metal science
physical model of a semiconductor surface, 1203
physical pendulum, 960
physical quantities, see units of physical quantities
physical sputtering, 1274
physicochemical mechanics, 1003
physicochemical methods of analysis, 173, 1003
physics of crystals, see crystal physics
physics of low temperatures, see low-temperature
physics
physics of metals, 555, 827, 832, 1003
pico. . . , 1003
piezoelectric ceramics, 19, 451, 1004, 1005, 1006, 1135
piezoelectric composite structures, 1006
piezoelectric constant, 264, 1005
piezoelectric interaction, 15
piezoelectric materials, 19, 21, 23, 74, 375, 400, 401,
457, 817, 819, 881, 890, 1006, 1007, 1008, 1023,
1179, 1186, 1302, 1324, 1462
piezoelectric moduli, see piezoelectricity
piezoelectric polymers, 1005
piezoelectric scattering potential, 264
piezoelectric tensor, 426, 799, 1007
piezoelectric texture, 1005
piezoelectric transducers, 21
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piezoelectricity, 7, 13, 15, 19, 64, 105, 141, 255, 264,
279, 303, 381, 395, 457, 856, 888, 1005, 1006,
1008, 1032, 1324, 1350, 1411, 1432, 1437
piezoelectrics, 621, 1005
piezomagnetic moment, 1007
piezomagnetism, 75, 798, 804, 1007
piezomoduli, 1006
piezoresistive effect, 1007, 1283, 1284
piezosemiconductors, 15, 19, 142, 888, 981, 1005,
1006, 1007
piezosensitivity coefﬁcient, 1283
piezospectroscopy, 739, 1008
pile-up of dislocations, 139, 180, 321, 324, 433, 748,
835, 1009, 1289, 1291, 1293, 1301, 1468, 1501
piling-up of compensated centers, 1024
pinch-effect, 267, 758, 775, see magnetic pressure
p–i–n diode, 311, 842, 1009, 1183
p–i–n structures, 1010
pinning, see vortex pinning
pinning centers, 529
pinning frequency, 4
pinning of Fermi level, see Fermi level pinning
pipe diffusion, see tubular diffusion
Pippard oscillations, see geometrical resonance
Pippard penetration depth, 962
pitted relief, 1403, 1404
pitting, 1010, 1335
pitting corrosion, 1010
pitting (point) corrosion, 725
planar, 633
planar acoustic waveguides, 18
planar channeling, 164
planar defect, 211, 281, 1010
planar heterostructure, 562
planar magnetic, 1427
planar orientation, 131
planar soliton, 335
planar state of stress, 1010
planar strain, 38
planar technology, 1179
planar textures, 1365
planar topological singularities, 1401
planatomic networks, 1011
Planck constant, 86, 124, 138, 951, 998, 1012, 1096
Planck distribution, see Planck formula
Planck formula, 986, 1012, 1376
plane, basal, see basal plane of crystals
plane channeling, 1083
plane, glide-reﬂection, see glide-reﬂection plane
plane (Lambert) albedo, 38
plane of maximum normal stress, 436
plane of slip, see slip plane
plane of symmetry, see symmetry plane
plane problem of elasticity theory, 834, 1012, 1021
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plane waves, augmented, see augmented plane waves
method
plane waves, orthogonalized, see orthogonalized plane
waves
planes of homology, 586
plasma, 923, 1277
plasma-chemical etching, 652
plasma-chemical technology, 1012
plasma-electric effect, 1013
plasma, electron–hole, see electron–hole plasma
plasma frequency, 961, 1013, 1016, 1239
plasma–jet spraying, 1273
plasma oscillations, 115, 124, 166, 340, 393, 395, 396,
525, 583, 604, 609, 690, 707, 740, 815, 829, 929,
1013, 1014–1016, 1032, 1114, 1238
plasma polycondensation, 1013, 1014
plasma reﬂection, 1013
plasma, solid-state, see solid-state plasma
plasma torches, 1014
plasma treatment, 1013, 1014, 1336, 1349
plasma waves, magnetic, see magnetic plasma waves
plasmon, 4, 12, 82, 165, 166, 277, 297, 329, 356, 395,
397, 424, 615, 678, 691, 732, 816, 844, 1014,
1015, 1033, 1112, 1205, 1238, 1342, 1343, 1347,
1461
plasmon, acoustic, see acoustic plasmon
plasmon characteristic energy loss spectroscopy, 166
plasmon mechanism of superconductivity, 12, 576,
1014, 1309
plasmon–phonon resonance, 1015
plasmon, surface, see surface plasmon
plasmons in superconductors, 1014, 1015
plastic deformation, 7, 27, 42, 49, 66, 68, 86, 113, 134,
137, 139, 140, 188, 211, 224, 226, 227, 230, 270,
280, 283, 308, 313, 316, 321, 322, 324, 326, 349,
350, 365, 393, 398, 406, 416, 433, 438, 439, 473,
486–488, 490, 546, 548, 551, 554, 558, 575, 595,
601, 608, 609, 634, 656, 715, 726, 735, 737, 745,
748, 782, 809, 810, 814, 816, 818, 825, 828, 841,
867, 872, 909, 960, 1009, 1016, 1017–1020,
1024, 1026, 1038, 1040, 1054, 1055, 1059, 1063,
1081, 1086, 1089, 1118–1120, 1124, 1136, 1141,
1175, 1207, 1208, 1224, 1252, 1280, 1282, 1283,
1287, 1289, 1290, 1297, 1299, 1300, 1323, 1327,
1347, 1351, 1361, 1374, 1378, 1389, 1403, 1404,
1407, 1410, 1422, 1431, 1437, 1462, 1475, 1482,
1483, 1501
plastic deformation, disclination models, see
disclination models of plastic deformation
plastic deformation, discontinuous, see discontinuous
plastic deformation
plastic deformation, dislocation model, see dislocation
model of plastic deformation

Subject Index
plastic deformation localization, see localization of
plastic deformation
plastic deformation of amorphous metallic alloys, 1016,
1462, 1501
plastic deformation of covalent crystals, 188, 322, 1017,
1019, 1124, 1129, 1501
plastic deformation rate, 35, 482, 1017
plastic deformation temperature conditions, see
temperature conditions of plastic deformation
plastic ﬂow, 210
plastic limit, 816, 827, 1019
plastic shearing strain, 1208
plastic strain, 809
plastic twisting deformation, 224, 314, 428, 486, 1020,
1208, 1291
plasticity, 47, 50, 57, 64, 66, 80, 83, 110, 122, 154, 157,
177, 187, 188, 209, 214, 224, 234, 247, 255, 257,
270, 286, 317, 320, 324, 327, 350, 361, 393, 406,
416, 473, 482, 504, 510, 529, 546, 551, 585, 595,
601, 605, 656, 725, 726, 730, 748, 750, 804, 809,
810, 816, 818, 824, 825, 829, 831, 837, 841, 842,
869, 880, 894, 956, 958, 1003, 1018, 1019, 1020,
1040, 1055, 1105, 1116, 1119, 1123, 1125, 1128,
1143, 1158, 1209, 1232, 1247, 1278, 1279, 1282,
1284, 1288, 1294, 1301, 1302, 1336, 1349, 1358,
1362, 1370–1372, 1389, 1405, 1410, 1415, 1431,
1449, 1462, 1475, 1482, 1501, 1503
plasticity, athermic, see athermic plasticity
plasticity increase, see rhenium effect
plasticity increase at superconducting transition, 1018
plasticity induced by phase transitions, 1019
plasticity margin, see margin of plasticity
plasticity, super-, see superplasticity
plastics, 1041, see polymeric materials
plastics, construction, see construction plastics
plastics, glass-reinforced, see glass-reinforced plastics
plastics, organo-, see organoplastics
plate-like crystals, 240
plate vibrations, see vibrations of rods and plates
plates, 85, 248, 256, 474, 682, 693, 810, 820, 821, 1008,
1010, 1012, 1020, 1109, 1208, 1250, 1277, 1286,
1289, 1290, 1325, 1335, 1337, 1455
plating, chrome, see chrome plating
plating, electro-, see electroplating
plating, lead, see lead plating
plating, zinc, see zinc plating
platinum, 73, 882, 1021
platinum group metals, 943
pleochroism, 3, 252, 296, 1021
plutonium, 26, 1022, 1155, 1409, 1445
p–n heterojunction, 1181
p–n homojunction, 1181
p–n junction, see semiconductor junction
pnictides, 52

1597
Pockels cell, 399
Pockels effect, 116, 377, 399, 400, 677, 850, 891, 919,
1023
point, 633
point, bicritical, see bicritical point
point, Bloch, see Bloch point
point charge model, 242
point-contact function of the electron–phonon
interaction, 1024
point-contact spectroscopy, 1024
point contacts, 671, 1023, 1024, 1146, 1207, 1417
point defect clustering, 180, 1024, 1447
point defect–dislocation interaction, 551, 633, 1025
point defects, 28, 42, 68, 126, 191, 194, 221, 229, 233,
257, 265, 278, 280–282, 286, 304, 307, 309, 313,
326, 327, 350, 357, 359, 361, 365, 369, 393, 414,
469, 494, 519, 529, 535, 551, 556, 557, 580, 584,
667, 691, 702, 727, 733, 814, 842, 845, 867, 873,
921, 949, 961, 970, 978, 985, 1016, 1024, 1025,
1026, 1038, 1045, 1055, 1063, 1087, 1089, 1090,
1100–1102, 1104, 1106, 1107, 1120, 1123, 1136,
1141, 1232, 1236, 1284, 1291, 1330, 1411, 1433,
1443, 1447, 1483
point groups, 64, 167, 238, 240, 242, 243, 255, 256,
259, 260, 282, 363, 385, 565, 584, 586, 657, 702,
714, 727, 775, 790, 802, 808, 852, 855, 911, 941,
1005, 1027, 1059, 1088, 1129, 1130, 1252, 1264,
1275, 1297, 1353, 1363, 1364, 1412, 1474, 1480
point, multicritical, see multicritical point
point singularity, 1401
point symmetry, see point groups
point, tetracritical, see tetracritical point
point, triple, see triple point
point, triple critical, see triple critical point
Poisson equation, 87, 585, 640, 1029
Poisson random ﬁeld, 1115
Poisson ratio, 132, 156, 207, 221, 227, 359, 475, 486,
537, 586, 662, 690, 946, 954, 1009, 1021, 1029,
1055, 1147, 1216, 1249, 1293, 1410, 1447, 1455,
1483
polar-covalent bond, 172
polar facets, 1029
polar insulators, 621
polar molecules, 171
polar optical potential, 264
polar phase, 453, 1035
polarimetry, 302, 1029
polariton, 92, 129, 138, 358, 422, 424, 599, 615, 714,
925, 983, 987, 995, 999, 1029, 1093, 1112, 1342
polariton, surface, see surface polaritons
polarizability, 178, 297, 410, 612, 620, 960, 999, 1003,
1030
polarizability of defects, see elastic polarizability of
defects
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polarization, 112, 132, 255, 476, 939, 972, 978, 996,
1128, 1350
polarization at diffraction, see diffraction polarization
polarization catastrophe, 1030
polarization, dynamic nuclear, see dynamic nuclear
polarization
polarization ﬁlter, see polaroid
polarization hologram, 1031
polarization holography, 1031
polarization of insulator, 264, 299, 312, 367, 375, 401,
450, 452, 453, 620, 716, 725, 819, 1030, 1031,
1134
polarization of light, 116, 178, 205, 252, 405, 426, 542,
713, 928, 1021, 1029, 1032, 1150, 1256, 1284
polarization of medium, 297
polarization of piezoelectric ceramics, 1004
polarization operator, 298, 370, 536, 812, 1032
polarization, optical, see optical polarization method
polarization optical bistability, 117
polarization, optical nuclear, see optical nuclear
polarization
polarization paramagnetism, 952, see Van Vleck
paramagnetism
polarization plane rotation of acoustic wave, see
rotation of acoustic wave polarization plane
polarization plane rotation of light, see rotation of light
polarization plane
polarization, remanent, see remanent polarization
polarization reorientability, 1033
polarization switching, 455, 712, 1033, 1135
polarization vector, 116, 244, 356, 933, 998, 1031, 1033
polarized atom models, 986
polarized nuclear targets, 903, 908, 1033
polarizing optical compensators, 917
polarizing prisms, 1034
polaroid, 1034
polaron, 114, 263, 357, 392, 396, 472, 587, 774, 938,
957, 989, 1034, 1035, 1093, 1176, 1197, 1347
polaron, bi-, see bipolaron
polaron, magnetic, see magnetic polaron
pole ﬁgure, 1035, 1365, 1488
pole, magnetic, see magnetic pole
polishing, 109, 379, 537, 574, 726, 748, 1036
polishing, electrolytic, see electrolytic polishing
Polk model, 52, 1036
polonium, 1036
polyacetylene, 443, 937, 960, 1036
polyacids, 1039
polyalkaline effect, 644, 1038
polyampholytes, 1039
polybases, 1039
polycluster, 1038
polycluster amorphous solids, 52, 269, 706, 735, 825,
1038, 1114, 1463, 1465
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polycluster model, 1463
polycondensation, see plasma polycondensation
polycritical point, see multicritical point
polycrystal, 122, 133, 247, 248, 251, 254, 257, 276,
280, 304, 307, 364, 458, 486, 526, 529, 560, 585,
626, 634, 825, 842, 856, 938, 1005, 1016, 1039,
1058, 1120, 1124, 1125, 1142, 1248, 1295, 1297,
1298, 1318, 1322, 1364, 1372, 1404, 1407, 1465
polycrystal method, see Debye–Scherrer method
polycrystal models, 825
polycyclics, 84
polydentate ligands, 711
polydomainization, 992
polyelectrolytes, 1039
polyexcitons, 423, 1040
polygonal boundaries, 1040, 1299
polygonal confocal texture, 1365
polygonization, 66, 349, 551, 737, 816, 1040, 1123,
1124, 1297, 1389, 1482
polygonization annealing, 1040
polygonized structures, 122
polyhedra of the same type, 1038
polyhedron, crystal, see crystal polyhedron
polymer, 28, 37, 131, 137, 153, 181, 200, 206, 237, 249,
251, 310, 314, 367, 408, 436, 443, 465, 471, 474,
479, 559, 570, 594, 619, 647, 649, 735, 818, 828,
848, 852, 876, 902, 937, 938, 960, 1000, 1020,
1034, 1037, 1039, 1041, 1042, 1043, 1051, 1091,
1103, 1105, 1118, 1132, 1159, 1261, 1353, 1364,
1412
polymer aging, see aging of polymers
polymer cross-linking, 852, 937, 1041
polymer crystallization, see crystallization of polymers
polymer degradation, 37, 649, 818, 852, 1041, 1043,
1105
polymer, inorganic, see inorganic polymers
polymer, liquid-crystal, see liquid-crystal polymers
polymer mass distribution, see molecular mass
distribution
polymer modiﬁcation, see modiﬁcation of polymers
polymer, organic, see organic polymers
polymer swelling, 1043
polymeric chain ﬂexibility, 1042
polymeric glasses, 1042, 1463
polymeric materials, 37, 207, 367, 427, 620, 817, 821,
937, 939, 1006, 1041, 1043, 1054, 1137, 1390
polymeric nets, 1042
polymerization, solid-phase, see solid-phase
polymerization
polymers and radiation, see radiation physics of
polymers
polymorphic transformation, 811, see structural phase
transition
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polymorphic transformation heat, see heat of
polymorphic transformation
polymorphism, 40, 47, 111, 237, 286, 415, 504, 553,
559, 580, 735, 809, 811, 817, 830, 1043, 1044,
1186, 1231
polynomial basis, irreducible, see irreducible
polynomial basis
polyradicals, 489
polysynthetic twin, 1421
polytype defects, 332
polytype, martensitic, see martensitic polytypes
polytypes, 1044
polytypism, 146, 159, 332, 810, 1043, 1044, 1186, 1214
Pomeranchuk criterion, 441
Pomeranchuk effect, 1044
ponderomotive method, 800
popcorn noise, 883, 1359
population inversion, 706, 1200, 1241, see level
population
population of levels, see level population
pores, 29, 66, 108, 117, 140, 182, 210, 224, 226, 229,
279, 280, 308, 361, 434, 491, 510, 551, 606, 614,
633, 681, 746, 747, 809, 810, 813, 853, 857, 896,
1044, 1045, 1048, 1055, 1059, 1086, 1087, 1105,
1158, 1170, 1219, 1226, 1228, 1288, 1297, 1301,
1331, 1347, 1351, 1404, 1423, 1448, 1482
porosity, 1003, 1045, 1051, 1219, 1288
porosity diffusion, see diffusion porosity
porphyrins, metallo-, see metalloporphyrins
Portevin–Le Chatelier effect, 317, 1282
posistor, 451, 1045
posistor effect, 1045
positive correlation energy, 216
positive electron afﬁnity, 381
positive ion, 641
positive resists, 649
positron, 138, 164, 169, 504, 868, 1046, 1047, 1048,
1329, 1407
positron center, 1046, 1047
positron spectroscopy, 279, 1046, 1047, 1048, 1233,
1299
positronium, 112, 566, 1047, 1048
positronium center, 1047
positronium state, 1047
post-ionization, 469
post-irradiation effect, 1100
potassium, 705, 1049, 1170
potassium niobate, 881
potassium titanylphosphate, 890, 1050
potential, adiabatic, see adiabatic potential
potential, adsorption, see adsorption potential
potential barrier, 382, 1050, 1327, 1345, 1416, 1420
potential, Catlow–Diller–Norgett, see
Catlow–Diller–Norgett potential
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potential, chemical, see chemical potential
potential, coherent, see coherent potential method
potential difference, contact, see contact potential
difference
potential, ﬁnite zone, see ﬁnite zone potential
potential ion–electron emission, 642
potential, Lennard-Jones, see Lennard-Jones potential
potential, many-well, see many-well potential
potential, MT, see mufﬁn-tin potential
potential of elasticity theory, see elasticity theory
potentials
potential of interatomic interaction, see interatomic
interaction potentials
potential of strain, see strain potential
potential, periodic, see periodic potential
potential, random, see random potential
potential, thermodynamic, see thermodynamic
potentials
potential, wake, see wake potential
Potts model, 1050, 1427
powder magnet, 548, 1051, 1156
powder metallurgy, 63, 80, 162, 177, 546, 609, 828,
854, 1051, 1053, 1054, 1059, 1129, 1170, 1219,
1288, 1358, 1415
powder metallurgy materials, see strength and plasticity
of powder metallurgy materials
powder method, 1498
powder X-ray method, see Debye–Scherrer method
power gate, 310
power of loss, 770
Poynting vector, 410
praseodymium, 697, 1052
prebreakdown electroluminescence, 378
prebreakdown luminescence, see electroluminescence
precession, 542
precession angle, 418
precession, Larmor, see Larmor precession
precession method, 1149
precious stones, 511
precipitate, coherent, see coherent precipitate
precipitates, 1052
precipitates of a critical radius, 247
precipitation, 1370
precipitation-hardened materials, 41, 188, 195, 322,
328, 546, 554, 854, 1053, 1128, 1288–1290,
1294, 1358
precipitation hardening, 1053
precipitation process, 1052
precision alloys, 46, 655
precision (machinery) steels, 1279
precursor, 71, 1053
predissociation of chemical bond, see chemical bond
predissociation
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pressing, 35, 111, 113, 207, 451, 531, 546, 548, 797,
821, 828, 1051, 1054, 1156, 1219, 1223, 1319,
1431, 1449
pressure, 45, 106, 147, 195, 289, 308, 345, 416, 428,
453, 482, 571, 572, 631, 659, 661, 672, 736, 948,
971, 973, 975, 979, 1051, 1054, 1059, 1224,
1247, 1272, 1277, 1336, 1361, 1364, 1373, 1380,
1382, 1466, 1477
pressure, high, see high pressures
pressure, magnetic, see magnetic pressure
pressure welding, 308, 1477
Prigogine–Defay criterion, 1465
primary photon echo, 1000
primary radiation defects, 1107
primary slip systems, 1224
primary spectra, 1495
primary structure, 249
primary troostite, 1414
primary (“true”) pyroelectric effect, 1065
primitive cell, 244
primitive or P -lattices, 135
primitive parallelepiped, 123, 135, 244, 702, 1054
principal axes, 1283, 1289
principal axes of a tensor, 374, 746, 850, 1055, 1256,
1265, 1282
principal axes of inertia, 1055
principal moments of inertia, 474, 854, 1055
principal section of a crystal, see crystal optics
principal speeds of light, 1256
principal strains, 1282
principal stresses, 1292
principal vector of the lattice, 701
principle of isoperiodic substitution, 661
prism, polarizing, see polarizing prisms
prismatic dislocations, 325, 558, 867, 1055
probe, electrical, see electrical probes
probe, electron, see electron probe
probe, micro-, see microprobe
probe, paramagnetic, see paramagnetic probe method
problem of image forces, 725
process, adiabatic, see adiabatic process
process, irreversible, see irreversible processes
process, isobaric, see isobaric process
process, isochoric, see isochoric process
process, isothermal, see isothermal process
process, multiphoton, see multiphoton processes
process, Orbach–Aminov–Blume, see
Orbach–Aminov–Blume process
process, para-, see paraprocess
process, reversible, see reversible processes
programmed hardening, 832, 1055
projection operator, 1056
projection X-ray microscopy, 1492
promethium, 697, 1056
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promoters, 218
propagators, 812
properties, 825
proportionality limit, 363, 656, 816, 1057
protactinium, 26, 1057
protein systems, see solitons in molecular (protein)
systems
proton activation analysis, 27
proton diffractometry, see proton microscopy
proton glasses, 1295
proton image, 1057
proton microscope, 300, 1057
proton microscopy, 1057
proustite, 1058
Provotorov equations, 1058
Provotorov theory, 901, 1058
proximity effect, 123, 166, 507, 649, 671, 976, 1058,
1423, 1429
pseudoalloys, 195, 1051, 1059, 1289
pseudodegeneracy, 641, 665, 1059, 1456, 1458
pseudoelasticity, see superelasticity
pseudoferromagnetic structure, 848
pseudogap, 53, 55, 722, 1059, 1232
pseudomagnetic resonance, 908
pseudomonocrystal, 1059
pseudopotential, 1060
pseudopotential method, 102, 104, 266, 624, 839, 872,
941, 1056, 1060, 1402, 1508
“pseudo” pyroelectric effect of the second kind, 1065
pseudoquadrupole moments, 243
pseudoregular precession, 542
pseudoresonances, 982
pseudospin waves, 456
pseudo-Stark splitting, 1275, see Stark effect at
impurity centers
pseudowave function of the Hamiltonian, 1060
P-sites, 320
p-type conductivity, 385
p-type semiconductor, 1195
pulse compression factor, 1431
pulse crystallization, 1061
pulse diodes, 310
pulse exposure, 68, 1062
pulse heating, 68, 699, 1062, 1063, 1117, 1178
pulse laser welding, 700
pulse line narrowing, 871
pulse spectrometry, 1063, 1443
pulse spectroscopy, 567
pulse synthesis, 1061
pulse treatment, 1062, 1063, 1335
pulsed annealing, 1062
pulsed annealing of semiconductors, 647, 699, 1061
pumping, low-temperature, see low-temperature
pumping methods

Subject Index
pure ﬂexure, 475
pure-quadrupole resonance, 905
puriﬁcation, 1064
pycnometric method, 1466
pyrargyrite, 1058
pyrene, 421
pyroceramics, see glass ceramics
pyroelectric coefﬁcient, 1065
pyroelectric crystals, 1065
pyroelectric current, 1064
pyroelectric detection, 1064, 1067
pyroelectric effect, 64, 455, 1001, 1032, 1058, 1064,
1065, 1066–1068
pyroelectric, linear, see linear pyroelectric
pyroelectric materials, 367, 451, 817, 891, 1066, 1354,
1412
pyroelectric, nonlinear, see nonlinear pyroelectric
pyroelectric pyrometers, 1066
pyroelectric radiation detectors, 716, 892, 922, 1058,
1064, 1065, 1067, 1068, 1412
pyroelectric target, 1066, 1067
pyroelectricity, 621, 1005, 1064, 1065, 1411
pyromagnetic effect, 1068
pyromagnetic radiation receivers, 1068
pyrometers, 1068, see pyroelectric pyrometers
pyrometry, 1067, 1068, 1375, 1389
pyrope, 512
pyrovidicon, 1067
Q-factor, 1141
quadratic effect, 374
quadratic electrogyration, 377
quadratic electrooptical effect, 399
quadratic Stark effect, 1275, 1276
quadruple critical point, see tetracritical point
quadruplet, 345
quadrupole, 15, 74, 241, 242, 612, 753, 867, 1069,
1140, 1265
quadrupole glasses, 312
quadrupole Hamiltonian, 903, see nuclear quadrupole
interaction
quadrupole interaction, 851, see nuclear quadrupole
interaction
quadrupole interaction constant, 904
quadrupole moment, 867, 904, 1069, see nuclear
electric quadrupole moment
quadrupole relaxation, see nuclear quadrupole
relaxation
quadrupole resonance, 1069, see nuclear quadrupole
resonance
quadrupole spin system, see nuclear quadrupole spin
system
quadrupole splitting, 863, 1069
quadrupole tensor, 1265
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qualitative analysis, 173, 397, 1003, 1069
qualitative X-ray spectrum analysis, 1497
quality factor, 1006, 1141
quantitative analysis, 173, 397, 533, 1003, 1069, 1070
quantitave emission X-ray spectrum analysis, 1497
quantization, Lifshits–Onsager, see Lifshits–Onsager
quantization rules
quantization of electron energy, 503, 1070, 1226
quantization of ﬂux, 2, 479, 522, 724, 747, 934, 969,
1070, 1308, 1311, 1313, 1467, 1474
quantization, second, see second quantization
quantizing electric ﬁeld, 625, 1071
quantizing magnetic ﬁeld, 200, 271, 396, 411, 641, 754,
773, 783, 784, 792, 982, 1071, 1077, 1199, 1211,
1221, 1268, 1425
quantum acoustics, 1072
quantum ampliﬁer, 30, 392, 511, 613, 706, 812, 975,
1072, 1082, 1361
quantum-chemical simulation, 1073
quantum chemistry, 278, 865, 954, 1073
quantum chemistry integrals, 1074
quantum coherence, macroscopic, see macroscopic
quantum coherence
quantum crystals, 63, 234, 246, 249, 276, 559, 1075,
1081, 1094, 1169, 1371
quantum cyclotron resonance, 1076
quantum diffusion, 278, 305, 595, 736, 868, 1075, 1076
quantum dot, 563, 869, 1226
quantum electronics, see solid-state quantum
electronics
quantum ferroelectrics, 1076
quantum frequency standards, 1082
quantum generator, see solid-state quantum electronics,
optical parametric oscillator
quantum gyroscope, 1077
quantum Hall effect, 83, 201, 284, 396, 566, 641, 784,
1070, 1077, 1085, 1136, 1138, 1198, 1221, 1426,
1475
quantum interference of conduction electrons, 1474
quantum interference phenomena, 830, 1070, 1078,
1212, 1474
quantum kinetic equation, 290, 679, 901, 1079, 1114,
1131, 1346, 1473
quantum level broadening, 606
quantum limit, 1072
quantum liquid, 64, 130, 246, 249, 276, 440, 559, 818,
1080, 1092, 1317, 1409
quantum magnetometer, see magnetometry
quantum mechanics, 870, 1080
quantum number, magnetic, see magnetic quantum
number
quantum of action, see Planck constant
quantum of resistance, 1078
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quantum of velocity circulation, 1084
quantum oscillations, giant, see giant quantum
oscillations
quantum radio-frequency generator, 613, 1082
quantum resonance, 1074
quantum size effects, 1079, 1083, 1200, 1205, 1221,
1391
quantum-size lasers, 1185
quantum size oscillations, 1083
quantum states of channeled particles, 165, 1083
quantum transition, nonradiative, see nonradiative
quantum transition
quantum transition, radiative, see radiative quantum
transition
quantum vortices, 351, 934, 1084, 1221
quantum vortices, dynamics, see dynamics of quantum
vortices
quantum waves, 70, 1084
quantum well, 561, 563, 926, 1070, 1084, 1198, 1237,
1333
quantum-well heterolasers, 562
quantum wires, 563
quantum yield, 73, 96, 378, 379, 427, 515, 740, 988,
989, 995, 999, 1085, 1133, 1237, 1453
quartet, 345
quartz, 513, 1213
quasi-acoustic spin waves, 79
quasi-amorphous state, 1085
quasi-average method, 1272
quasi-ballistic transport, 100
quasi-brittle failure, 137, 139, 140, 187, 434, 435, 486,
872, 1018, 1086, 1252, 1288, 1301, 1327, 1362,
1403, 1404
quasi-characteristic radiation, 138, 164, 165, 1086,
1100, 1107
quasi-chemical approximation, 45
quasi-chemical reactions, 233, 988, 1087
quasi-classical approximation, 403, 1087
quasi-classical condition, 1087
quasi-crystals, 192, 200, 328, 729, 1027, 1039, 1088,
1231
quasi-dipoles, 368
quasi-elastic (elastic) scattering, 263
quasi-elastic reversible displacement processes, 336
quasi-electric and quasi-magnetic ﬁelds, 1452
quasi-equilibrium states, 1361
quasi-expanded unit cell, 1089
quasi-gap, 1089
quasi-harmonic approximation, 675, 1089
quasi-levels, see Fermi quasi-levels
quasi-local frequency, 1090
quasi-local vibrations, 350, 615, 727, 853, 1089, 1090
quasi-momentum, 5, 61, 102, 201, 205, 212, 231, 271,
278, 285, 313, 329, 331, 357, 398, 402, 408, 411,
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424, 444, 495, 501, 505, 520, 536, 549, 566, 594,
636–638, 675, 686, 695, 710, 736, 742, 753, 806,
808, 843, 855, 888, 966, 984, 1014, 1070, 1071,
1083, 1084, 1090, 1092, 1095, 1096, 1133, 1189,
1258, 1285, 1312, 1327, 1335, 1342, 1345, 1357,
1368, 1435, 1450
quasi-one-dimensional crystals, 12, 169, 320, 371, 425,
494, 576, 608, 680, 682, 936, 959, 1013, 1016,
1091, 1245, 1254, 1259, 1312, 1371, 1394
quasi-one-dimensional systems, superconductivity, see
superconductivity in quasi-one-dimensional
systems
quasi-particle, 20, 21, 32, 38, 61, 79, 83, 84, 96, 100,
104, 114, 125, 126, 129, 130, 138, 149, 189, 200,
201, 205, 217, 233, 245, 263, 278, 304, 307, 329,
331, 334, 336, 350, 357, 398, 402, 404, 411, 422,
439, 440, 463, 476, 501, 566, 580, 591, 594, 602,
606, 615, 638, 660, 679, 680, 712, 714, 736, 774,
780, 783, 784, 793, 805, 806, 812, 815, 816, 818,
830, 839, 843, 850, 925, 928, 949, 953, 979, 984,
985, 987, 995, 999, 1012, 1014, 1015, 1023,
1024, 1034, 1050, 1058, 1075, 1077, 1079, 1080,
1084, 1090, 1092, 1115, 1131, 1146, 1163, 1169,
1174, 1176, 1189, 1219, 1221, 1232, 1245, 1266,
1269, 1277, 1318, 1321, 1343, 1344, 1347, 1412,
1416, 1417, 1419, 1432, 1435, 1447, 1448, 1450,
1461, 1473
quasi-particles and defects, 1094
quasi-particles, surface, see surface quasi-particles
quasi-phase diagram, 975, 1094
quasi-phases, 1094
quasi-remote order, 1339
quasi-two-dimensional crystals, 12, 169, 371, 425, 463,
494, 532, 626, 691, 1013, 1095, 1096, 1245,
1254, 1371
quasi-two-dimensional electron gas, 641
quasi-two-dimensional superconductors, 1096, 1310,
1314
quasi-two-dimensional systems, 626
quasi-wave vector, 102, 121, 127, 263, 291, 500, 580,
635, 660, 893, 984, 1096, 1121, 1169, 1470, 1485
quaternary structure, 249
quenched (frozen) orbital angular momentum, 775,
1096
quenched sorbite, 1247
quenching, 40, 42, 47, 49, 52, 56, 151, 156, 193, 214,
247, 260, 269, 533, 545, 546, 554, 571, 661, 700,
776, 818, 829, 1055, 1097, 1117, 1124, 1141,
1229, 1247, 1279, 1298, 1362, 1414, 1447, 1459,
1505
quenching of luminescence, see luminescence
quenching
quick or anomalous recrystallization, 1124
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radial distribution function, 964
radial hedgehog, 556
radiation-absorbing materials, 1099
radiation, braking, see Bremsstrahlung
radiation by charged particles, 138, 1099, 1107
radiation catalysis, 1100
radiation chemistry, 566, 587, 1100, 1107, 1110
radiation, Cherenkov, see Cherenkov radiation
radiation defects, 1026, 1107
radiation detector, pyroelectric, see pyroelectric
radiation detectors
radiation diffraction, see diffraction of radiations
radiation friction, 493
radiation, induced, see induced radiation
radiation-induced adsorption, 1100, 1101
radiation-induced creep, 1101
radiation-induced defects, 646, see radiation physics of
solids
radiation-induced diffusion, 306, 518, 650, 656, 817,
1101, 1103
radiation-induced ﬁlm growth, 1102
radiation-induced growth, see radiation-induced shape
change
radiation-induced jolt, 1102, 1405
radiation-induced order, 1103
radiation-induced phase transitions, 1104
radiation-induced polymer cross-linking, 1041
radiation-induced rearrangement of structure, 1103
radiation-induced shape change, 1104
radiation, infrared, see infrared radiation
radiation, Josephson, see Josephson radiation
radiation length, 185
radiation, nuclear, see nuclear radiations
radiation physics of metals and alloys, 1104, 1107
radiation physics of polymers, 1100, 1105, 1107
radiation physics of semiconductors, 1106, 1107
radiation physics of solids, 549, 557, 624, 656, 1024,
1063, 1101, 1104, 1106, 1226, 1233, 1354
radiation pyrometry, 1068
radiation, quasi-characteristic, see quasi-characteristic
radiation
radiation resistance, 39, 647, 1053, 1063, 1100, 1102,
1104, 1107, 1416, 1443
radiation, streamer, see streamer radiation
radiation, synchrotron, see synchrotron radiation
radiation, thermal, see thermal radiation
radiation, transition, see transition radiation
radiation transparency, 1108
radiative quantum transition, 423, 478, 639, 709, 741,
892, 942, 987, 1108, 1183, 1241
radiative recombination, 739, 1122
radiative relaxation, 1132
radical ions, 489
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radical recombination luminescence, see luminescence
during radical recombination
radicals, free, see free radicals
radioactive damage function, 191
radioactivity, 895, 1108, 1110
radioautography, see autoradiography
radioelectrets, 368
radio-frequency selective saturation, 389, 1108
radio-frequency size effects, 62, 70, 505, 1109, 1221,
1337
radio-frequency spectroscopy, see magnetic resonance
spectroscopy
radio-frequency spectroscopy, vibronic effects, see
vibronic effects in radio-frequency spectroscopy
radiograms, 1109
radiography, 1109
radiography, micro-, see microradiography
radioluminescence, 154, 738, 740, 1109
radiolysis, 1100, 1105, 1110, 1132
radiometric analysis, 1110
radiothermoluminescence, 1110
radium, 1110
radius, atomic, see atomic radii
radius, Bohr, see Bohr radius
radius, covalent, see covalent radius
radius, ionic, see ionic radius
radius of coherence, see coherence length
radius of correlation, see correlation length
radius, screening, see screening radius
Raman effect, see Raman scattering of light
Raman line, anti-Stokes, see anti-Stokes Raman lines
Raman–Nath diffraction, 24
Raman process, 1111
Raman relaxation process, 1111, 1132
Raman scattering of light, 25, 74, 82, 113, 114, 138,
158, 228, 372, 410, 426, 437, 444, 481, 492, 538,
573, 589, 599, 612, 667, 714, 727, 815, 826, 853,
866, 868, 915, 917, 925, 926, 983, 1008, 1015,
1030, 1050, 1111, 1131, 1132, 1213, 1239, 1243,
1281, 1315, 1456, 1469
Raman scattering of light, enhanced, see enhanced
Raman scattering of light
Raman scattering of sound by sound, 6, 888, 1112
random close-packing model, 825, 835, 1112, 1463
random continuous network, 52, 275, 705, 835, 863,
1036, 1038, 1113, 1295, 1463
random ﬁeld, 1115
random ﬁeld correlation function, see correlation
function of random ﬁeld
random local ﬁeld, 281
random local temperature, 282
random magnetic breakdown, 754
random phase approximation, 536, 815, 1114, 1506
random potential, 186, 217, 403, 454, 964, 1115, 1418
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random walk, 67, 306, 485, 843, 963, 1115, 1277
random walk with continuous time, 1115
range of weak strains, 1007
rapid electric heat treatment, 555, 1116
rapid heat treatment, 555, 1116, 1117
rapid thermal annealing, see rapid heat treatment
rare-earth elements, 34, 50, 51, 85, 161, 177, 408, 421,
447, 449, 450, 459, 499, 518, 519, 548, 555, 631,
632, 655, 683, 697, 750, 755, 773, 789, 804, 941,
1046, 1103, 1117, 1186, 1206, 1237, 1262, 1451,
1478
rare earth magnetism, see magnetism of rare earths
metals
raser, 1490
Rashba effect, 1117
raster, 1117, 1161, 1376
raster electron microscope, see scanning electron
microscope
raster electron thermal acoustic microscopy, 1378
rate of formation of precipitates, 248
raw rubbers, 819, 937, 1041, 1118, 1151
Rayleigh constant, 1118
Rayleigh criterion, 538
Rayleigh diffraction, Mössbauer, see Mössbauer
radiation Rayleigh diffraction
Rayleigh law, 713, 1118
Rayleigh scattering of light, 288, 599, 713, 860, 1111,
1118, 1456, 1458
Rayleigh waves, 1407, see surface acoustic waves
ray surfaces, 253
ray velocity, see group velocity
reactance, 1118
reaction, chain, see chain reactions
reaction, peritectic, see peritectic reaction
reaction, photochemical, see photochemical reactions
reaction, quasi-chemical, see quasi-chemical reactions
reaction rate constant, 84, 1118, 1142
reaction rate constants, 680
reactive diffusion, 306, 1119
reactive impedance, see reactance
reactive ion etching, 652
reactive stresses, 1119, 1207
reagent diffusion, see reactive diffusion
real crystals, 192, 1026, 1087, 1090, 1119, 1232
real strength, 1120, 1288
real surface, 1120, 1162, 1203, 1344
real-time holograms, 582
real-time holography, 97, 301, 582, 584, 837, 890, 891,
1000, 1120, 1174, 1177
rearrangement of structure, radiation-induced, see
radiation-induced rearrangement of structure
Réaumur scale, 1360
Rebinder effect, 817, 998, see strength reduction
through adsorption
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reciprocal lattice, 76, 95, 133, 139, 205, 293, 318, 348,
383, 408, 419, 444, 584, 610, 635, 636, 682, 686,
710, 755, 795, 879, 983, 984, 1047, 1060, 1090,
1096, 1121, 1122, 1149, 1225, 1259, 1328, 1345,
1350, 1368, 1428, 1435, 1473, 1488
reciprocal lattice cell, 1122
reciprocal piezoeffect, 401
reciprocal space, 1480, see k-space
reciprocity theorem, see Betti reciprocity theorem
recoil atom, 94, 587, 650, 1122
recoil atom implantation, 650
recombination, 39, 71, 92, 113, 146, 154, 181, 278, 311,
378, 385, 423, 426, 427, 443, 515, 516, 588, 605,
709, 712, 732, 740, 758, 815, 843, 925, 990,
1025, 1087, 1110, 1122, 1123, 1169, 1182, 1200,
1220, 1231, 1259, 1261, 1278, 1287, 1384, 1395,
1410, 1411, 1451, 1491
recombination centers, 709
recombination-induced diffusion, 1101
recombination luminescence, 39, 739
recombination of current carriers, 262, 515, 529
recombination of electrons and holes, 1200
recombination sphere, 516
recombination, surface, see surface recombination
recombination waves, 96, 1122
reconstruction of surface, see surface reconstruction
reconstructive transition, 1296
recording media, see optical recording media
recovery, 142, 226, 283, 349, 365, 551, 1017, 1040,
1123, 1124, 1141, 1297
recovery, dynamic, see dynamic recovery
recovery, elastic, see elastic recovery
recovery of aged alloys, 1123
recrystallization, 66, 142, 159, 226, 230, 394, 414, 487,
528, 546, 551, 571, 737, 747, 809, 814, 816, 857,
964, 1017, 1040, 1063, 1064, 1116, 1119, 1123,
1125, 1170, 1285, 1297, 1361, 1373, 1389, 1479,
1482, 1511
recrystallization annealing, 551, 1125
recrystallization at low temperatures, see
low-temperature recrystallization
recrystallization in situ, 1040
recrystallization texture, 1364
rectangular discotics, 318
red-hardness, 1279
redistribution, intervalley, see intervalley redistribution
redoxites, 648
reduced lattice, 1054
reduction, vibronic, see vibronic reduction
reentrant superconductors, 783, 806, 1125, 1314
reentrant transition, 1125
reﬁnement, zone, see zone reﬁnement
reﬂectance, 92, 546, 628, 915, 1014, 1126, 1127, 1136,
1393, 1403, 1408
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reﬂecting image forces, 604
reﬂection, Andreev, see Andreev reﬂection
reﬂection, attenuated total internal, see attenuated total
internal reﬂection
reﬂection, electro-, see electroreﬂection
reﬂection electron microscope, 387
reﬂection ellipsometry, 405
reﬂection of acoustic waves, 18, 516, 1126
reﬂection of light, 81, 426, 433, 925, 983, 1127, 1128,
1167
reﬂection plane, see symmetry plane
reﬂection, plasma, see plasma reﬂection
reﬂection, total external, see total external reﬂection
reﬂection, total internal, see total internal reﬂection
reﬂection twins, 1421
reﬂection X-ray microscopy, 1492
reﬂections, Bragg double, see Bragg double reﬂections
refraction of acoustic waves, see acoustic wave
refraction
refraction of acoustic waves, conical, see conical
refraction of acoustic waves
refraction of light, 116, 204, 331, 493, 705, 891, 936,
1128, 1256
refraction of light, conical, see conical refraction of
light waves
refraction of waves, 18
refraction, photo-, see photorefraction
refractive conﬁnement, 562
refractive index, 10, 24, 32, 65, 68, 81, 116, 138, 168,
175, 253, 331, 340, 358, 399, 405, 431, 433, 464,
465, 492, 546, 563, 583, 621, 622, 628, 629, 660,
677, 713, 720, 829, 844, 891, 893, 902, 906, 915,
917, 919, 920, 923, 924, 926, 928, 936, 963,
1001, 1009, 1014, 1023, 1120, 1126, 1127, 1128,
1136, 1146, 1150, 1162, 1173, 1175, 1393, 1402,
1414, 1436, 1507
refractive lasers, 330
refractometers, 1490
refractometry, 299, 1128, 1490
refractory compounds, 1129
refractory materials, 158, 175, 177, 469, 479, 574, 882,
1013, 1053, 1128, 1170
refractory metals, 1128
refrigerant, see cooling agent
region between ﬁlm and substrate, see transition region
region, critical, see critical region
region of coherent scattering, see coherent scattering
regions
region of space charge, see space charge region
region of transition radiation generation, 1407
registration of magnetic domains, see magnetic domain
characterization
regular atom, 1038
regular solid solutions, 603, 1129
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regular system of points, 1129
reinforced composite materials, 195
relative deformations, 283
relative density, 289
relative dielectric function, 297
relative valence effect, 592
relativistic effects in solids, 1130
relativistic effects in the band theory of metals, 1130
relaxation, 34, 39, 51, 72, 92, 94, 95, 120, 165, 203,
231, 282, 291, 333, 336, 364, 396, 421, 424, 480,
495, 506, 537, 588, 599, 627, 638, 639, 694, 709,
738, 754, 769, 775, 799, 806, 815, 834, 841, 873,
900, 901, 916, 943, 949, 980, 983, 985, 989,
1013, 1024, 1025, 1131, 1133, 1139, 1144, 1167,
1220, 1225, 1228, 1250, 1261, 1269, 1345, 1369,
1391, 1395, 1409, 1463, 1470, 1474, 1502, 1506
relaxation, Auger, see Auger relaxation
relaxation, cross-, see cross-relaxation
relaxation, dielectric, see Maxwell relaxation
relaxation, dipole, see dipole relaxation
relaxation, direct process, see direct relaxation process
relaxation dispersion of sound, 1250
relaxation frequency, 1133
relaxation, ion–lattice, see ion–lattice relaxation
relaxation kinetics methods, 1132
relaxation lifetimes, 709
relaxation, magnetic, see magnetic relaxation
relaxation, Maxwell, see Maxwell relaxation
relaxation, nuclear quadrupole, see nuclear quadrupole
relaxation
relaxation of excitation, 426, 589, 1131, 1132, 1177
relaxation of nuclear spin in superconductors, see
nuclear spin relaxation in superconductors
relaxation of nuclear spins, see nuclear spin relaxation,
nuclear spin relaxation time
relaxation of stress, see stress relaxation
relaxation, paramagnetic, see paramagnetic relaxation
relaxation, Raman, see Raman relaxation process
relaxation resistance, 816
relaxation, Snoek–Köster, see Snoek–Köster relaxation
relaxation spectroscopy of deep levels, 150
relaxation, spin–lattice, see spin–lattice relaxation
relaxation, spin–spin, see spin–spin relaxation
relaxation stability, 1290
relaxation strength, 575
relaxation, surface, see surface relaxation
relaxation tensor, 1144
relaxation time, 10, 15, 93, 121, 200, 228, 232, 263,
271, 298, 303, 312, 364, 369, 375, 386, 388, 392,
394, 398, 412, 443, 507, 567, 588, 589, 599, 612,
649, 682, 710, 718, 743, 754, 775, 777, 787, 799,
805, 815, 833, 887, 888, 901, 904, 907, 908,
1062, 1131, 1132, 1133, 1144, 1157, 1168, 1172,
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1211, 1228, 1248, 1262, 1266, 1295, 1369, 1380,
1434, 1463
relaxation time of electron energy, 395
relaxation time of electrons, see electron relaxation
times
relaxation time of nuclear spin, see nuclear spin
relaxation time
relaxation time of the momentum of electrons, 394
relaxation, Zener, see Zener relaxation
relaxational internal friction, 633
relaxed elastic modulus, 364
relaxor ferroelectrics, 303
reliability of materials, 485, 1133, 1405
relief, see Peierls relief
reluctance, 757, 1134
remagnetization, see magnetic reversal
remanence, 63, 287, 750, 768, 770, 800, 967, 1118,
1134, 1218
remanent polarization, 453, 1134
Renner effect, 665, 809, 1135, 1457
Renninger effect, 134
renormalization group equations, 1135
renormalization group method, 228, 347, 473, 773,
1135, 1159, 1255
reorientability, see polarization reorientability
reorientable ferroelectrics, 1033
reoxan, 893, 1136
replica, 96, 152, 486, 726, 1136, 1208
repolarization, 1033
repolarization current, 1033
repolarization jumps, 106
representation of the group, 538
representations of spin operator, see spin operator
representations
representations, wave packet, see wave packet
representations of wave functions
representative volume, 963
reproductive epitaxy, 49
repulsion integral, 1074
residual conductivity, see frozen conductivity
residual magnetization, see remanence
residual polarization, 367
residual ray band, 983, 1015, 1136
residual resistance, 830
residual stresses, 36, 106, 634, 748, 1136, 1290, 1336,
1347
resist, 649, 723, 870, 1137
resistance, 50, 194, 277, 279, 281, 325, 371, 579, 1118,
1137, 1284, 1304
resistance, magnetic, see magnetoresistance
resistance, negative, see negative resistance
resistance, Sharvin, see Sharvin resistance
resistance strain gauge, 1139
resistance–temperature factor, 1139
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resistance, thermal, see thermal resistance
resistance to cavitation, see cavitation resistance
resistance to corrosion, see corrosion resistance
resistance to defects, see defect resistance
resistance to microspalling, see microspalling
resistance
resistance to radiation, see radiation resistance
resistance to thermal environment, see
thermal-environment resistance
resistive domains, 976, 1137
resistive state, 2, 167, 227, 348, 961, 976, 1137, 1306,
1313, 1392, 1430, 1467, 1475
resistivity, 368
resistivity of ordered alloys, 45, 1138
resistivity tensor, 368
resistometry, 1138, 1299
resistor, 621, 880, 883, 1138, 1139, 1359, 1453
resolution, 300
resonance, 10, 32, 34, 59, 118, 174, 232, 331, 343, 344,
390, 583, 631, 667, 727, 750, 777, 778, 788, 912,
947, 1118, 1131, 1139, 1455, 1456
resonance, Abrikosov–Suhl, see Abrikosov–Suhl
resonance
resonance, acoustic double magnetic, see acoustic
double magnetic resonance
resonance, acoustic nuclear magnetic, see acoustic
nuclear magnetic resonance
resonance, acoustic paramagnetic, see acoustic
paramagnetic resonance
resonance and quantum methods, 801
resonance, antiferromagnetic, see antiferromagnetic
resonance
resonance curve (line), 1139
resonance cutoff, 1109, 1140
resonance, cyclotron, see cyclotron resonance
resonance, cyclotron acoustic, see acoustic cyclotron
resonance
resonance, cyclotron parametric, see cyclotron
parametric resonance
resonance, cyclotron–phonon, see cyclotron–phonon
resonance
resonance, cyclotron quantum, see quantum cyclotron
resonance
resonance, doppleron–phonon, see doppleron–phonon
resonance
resonance, double, see double resonances
resonance, double electron–nuclear, see
electron–nuclear double resonance
resonance, electron paramagnetic, see electron
paramagnetic resonance
resonance, electron spin, see electron spin resonance
resonance, Fano, see Fano resonance
resonance, Fermi, see Fermi resonance
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resonance, Fermi–Davydov, see Fermi–Davydov
combined resonance
resonance, ferrimagnetic, see ferrimagnetic resonance
resonance, ferromagnetic, see ferromagnetic resonance
resonance, geometrical, see geometrical resonance
resonance, helicon–phonon, see helicon–phonon
resonance
resonance hyper-Raman scattering, 599
resonance integral, 1075
resonance light scattering, 713
resonance, magnetic, see magnetic resonance
resonance, magnetoacoustic, see magnetoacoustic
resonance
resonance, nonlinear magnetoacoustic, see nonlinear
magnetoacoustic resonance
resonance nonlinearity, 583
resonance, nuclear gamma ray, see Mössbauer effect
resonance, nuclear magnetic, see nuclear magnetic
resonance
resonance, nuclear quadrupole, see nuclear quadrupole
resonance
resonance, optical–magnetic, see optical–magnetic
resonance
resonance, paraelectric, see paraelectric resonance
resonance, paramagnetic, see paramagnetic resonance
resonance, phonon magnetic, see phonon magnetic
resonance
resonance, plasmon–phonon, see plasmon–phonon
resonance
resonance pseudopotentials, 1061
resonance scattering, 1163
resonance scattering of gamma quanta, 505
resonance, spin phonon magnetic, see spin phonon
magnetic resonance
resonance states, 535
resonance transition radiation, 1407
resonance tunneling effect, 563
resonance, X-ray acoustic, see X-ray acoustic
resonance
resonance, zero-ﬁeld magnetic, see zero-ﬁeld magnetic
resonance
resonant cavity, 1141, see resonators
resonant magnetic ﬁeld, 14, 62, 1140
resonant phonon ﬂuorescence, 931
resonant Raman scattering, 1112
resonant self-channeling, 11
resonator, acoustic, see acoustic solid-state resonator
resonator, dispersion laser, see dispersion laser
resonator
resonator, solid-state acoustic, see acoustic solid-state
resonator
resonators, 301, 330, 382, 390, 399, 582, 698, 777, 919,
920, 947, 1073, 1141, 1172, 1184, 1313, 1469
response, linear, see linear response
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restoration of crystals, 349, 551, 1116, 1123, 1124,
1141, 1482
restoration of solids with cracks, see healing of solids
Restrahlen, see residual ray band
resultant spin, 420, 421, 949, 1142
retardation effects, see effects of retardation
reticular density, 240
Reuss–Voigt–Hill approximation, 364, 662, 1142
reversal of wave front, see wave front reversal
reverse effect of reactive stresses, 1119
reversed photon echo, 1000
reversibility of the medium, 1121
reversible creep, 225
reversible ferroelectrics, 1033
reversible magnetic aging, 750
reversible magnetic permeability, 772
reversible magnetic susceptibility, 785
reversible processes, 1142, 1380
reversible recording, 923
reversible shape memory effect, 1207
reversive shape memory effect, 1207
rhenium, 175, 817, 854, 882, 1128, 1142, 1143, 1370,
1415
rhenium-bearing alloys, 1143
rhenium effect, 41, 1128, 1143
rheological equation, 210, 364, 1144
rheology, 1144
rheotaxy, 49, 413, 1391
Rhodes–Wohlfarth curve, 461
rhodium, 1145
rhodonite, 513
rhombic system, see orthorhombic system
Richardson constant, 1145
Richardson–Dushman constant, 1377
Richardson–Dushman equation, 1377
Richardson equation, 587, 831, 1145
Riedel singularity, 1146
Riemann tensor, see curvature tensor
Righi–Leduc coefﬁcient, 1388
Righi–Leduc effect, 1388, see thermomagnetic
phenomena
rigid body, perfect, see perfectly rigid body
rigid magnetic bubble domain, 119, 120, 346, 1146,
1400
rigidity, see shear modulus
ripplons, 707
RKKY interaction, 611, see Ruderman–Kittel–
Kasuya –Yosida interaction
Rochon prism, 1034
rock salt, 659, 1146
rocking curves, 240
Rockwell hardness, 608, 745
rod, 834, 1029, 1437
rod-shaped defects, 1147
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rod twisting, 283, 834, 1147, 1218, 1502
rod vibrations, see vibrations of rods and plates
rods, 132, 474, 1147, 1209, 1250, 1455
roentgen, 1148, 1148
roentgen-equivalent, 1148
rolling friction, 430
rose channels, 1423
Rosenberg theory, 1393
rosette channels, 551
rosetton, 1148
rotating coordinate system, 901, 1148
rotating crystal method, 1149, 1498
rotation, 1016
rotation angle, 418
rotation axes of homology, 586
rotation modes, 1150
rotation of acoustic wave polarization plane, 5, 8, 14,
17, 204, 1150
rotation of light polarization plane, 122, 178, 204, 252,
255, 302, 341, 407, 437, 452, 542, 543, 698, 715,
801, 928, 1029, 1150, 1171, 1175, 1252
rotation process in magnetization, see magnetization
rotation process
rotation symmetry axis, 97, 250, 639, 1151, 1165
rotation tensor, 334, 1151
rotation vector, 334
rotation wave, 781
rotational hysteresis, 768
rotons, 357, 736, 1169
roughness factor, 1273
roughness of surface, see surface roughness
Rozhanski–Gilman mechanism, 434
rubbers, 3, 367, 471, 797, 817, 1041, 1054, 1118, 1151
rubbers, raw, see raw rubbers
rubidium, 1151
rubies, 511
Ruderman–Kittel isotropic coupling, 611
Ruderman–Kittel–Kasuya–Yosida interaction, 421, 461,
494, 610, 611, 683, 701, 769, 783, 789, 790,
1126, 1152, 1262
rule of “end to beginning along a right-hand screw”, 325
rupture, 435
Russell–Saunders coupling, 1152, 1222
ruthenium, 882, 946, 1153
rydberg, 357
rydberg, effective, see effective rydberg
Sadovski effect, 1155
safety factor, 809
safety margin, see margin of safety
sagittal plane, 1350
Saint-Venant principle, 834, 1155
Saint-Venant problem, 834
salt-like carbides, 151
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samarium, 697, 1155
samarium–cobalt magnet, 183, 548, 1156
sapphires, 511
Sasaki effect, 384, 589, 636, 808, 847, 1156
satellite lines, 849, 1156
saturation, 1157
saturation effects, 118, 581, 706, 785, 901, 1072, 1157,
1266
saturation factor, 1157
saturation ﬁeld, 951
saturation, magnetic, see magnetic saturation
saturation magnetization, 779, 804
saturation magnetization curve, 785, 791, 953, 1134,
1157, 1387
saturation magnetostriction, 804
saturation of absorption, 1172
saturation parameter, 1157
saturation, rf, see radio-frequency selective saturation
saturation, selective, see selective saturation
saturation velocity, 1225
SAW, see surface acoustic waves
scabbing, 117, 653, 1104, 1158
scabs, 1158
scale effect, 503, 1158
scale invariance, 1159
scale invariance, dynamic, see dynamic scaling
scale-resistant alloys, see thermal-environment
resistant alloys
scaling, dynamic, see dynamic scaling
scaling invariance hypothesis, 228, 230, 349, 1159,
1255, 1427
scaling relations, 228, 1159
scaling theory of localization, 402, 404, 1159
scandium, 1117, 1160
scanning electron microscope, 387, 388, 726, 838,
1117, 1160, 1161, 1298, 1378
scanning electron microscopy, 196, 279, 468, 485,
1161, 1326, 1400
scanning laser, 10
scanning of optical radiation, 1161
scanning raster, 10
scanning semiconductor photodetector, see sprite
scanning tunneling microscope, 1162
scanning tunneling microscopy, 88, 90, 825, 1162,
1244, 1341, 1420
scanning X-ray microscopy, 1493
scattering, 92, 232, 292, 1368, 1436
scattering amplitude, 126, 879, 902, 928, 1162, 1163,
1296, 1493
scattering angle, 232
scattering, back-, see backscattering
scattering, Bragg multiple, see Bragg multiple
scattering
scattering, Brillouin, see Brillouin scattering
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scattering by charged centers, 1345
scattering by dislocations, 265
scattering by impurity atoms, 265
scattering by local surface irregularities, 1345
scattering by neutral impurities, 265
scattering by polar optical phonons, 264
scattering, diffuse, see diffuse scattering
scattering, dynamic radiation, see dynamic radiation
scattering
scattering, electron spin-ﬂip, see electron spin-ﬂip
scattering
scattering, exchange, see exchange scattering
scattering from static defects, 267
scattering, hyper-Raman, see hyper-Raman scattering
scattering, hyper-Rayleigh, see hyper-Rayleigh
scattering
scattering, inelastic neutron, see inelastic neutron
scattering
scattering, intervalley, see intervalley scattering
scattering matrix, 186
scattering of acoustic waves, see acoustic wave
scattering in solids
scattering of current carriers, see current carrier
scattering
scattering of current carriers in metals, 265
scattering of electrons, see current carrier scattering
scattering of electrons by lattice vibrations (phonons),
264
scattering of light, see light scattering
scattering of light in liquid crystals, see light scattering
in liquid crystals
scattering of light, induced, see induced light scattering
scattering of light, photoinduced, see photoinduced
light scattering
scattering of light, Raman, see Raman scattering of
light
scattering of light, Rayleigh, see Rayleigh scattering of
light
scattering of particles, 1163
scattering of phonons, see phonon scattering
scattering of sound by sound, Raman, see Raman
scattering of sound by sound
scattering of X-rays, see X-ray scattering
scattering of X-rays, diffuse, see diffuse scattering of
X-rays
scattering of X-rays, small-angle, see small-angle
scattering of X-rays
scattering phase function, 713
scattering, phonon, see phonon scattering
scattering, radiation elastic, see elastic scattering of
radiation
scattering, Raman, see Raman scattering of light
scattering regions, coherent, see coherent scattering
regions
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scattering, surface, see surface scattering
scattering, surface adiabatic, see adiabatic surface
scattering
scattering, X-ray, see X-ray scattering
Scher–Montroll theory, 1163
schlieren-method, see optical defectoscopy
schlieren-systems, 1390
schlieren textures, 1365
Schmid mode, 190
Schoeck model, 1228
Schoenberg effect, 293, 1164
Schönﬂies notation, 258
Schottky barrier, 104, 107, 150, 310, 378, 467, 733,
833, 892, 1164, 1204, 1251, 1341, 1371, 1375,
1418, 1420
Schottky defect, 127, 603, 637, 643, 1164, 1280
Schottky diode, 150, 311, 468, 842, 1164, 1180, 1313
Schottky external effect, 1377
Schottky layer, 1164
Schottky pairs, see Schottky defect
Schottky speciﬁc heat, 1255
Schottky superdiodes, 1313
scratch technique, 759, 837
screening, see electric charge screening
screening constant, 174
screening distance, see screening radius
screening, electric, see electric charge screening
screening length, see screening radius
screening radius, 12, 16, 101, 140, 266, 370, 394, 395,
604, 606, 640, 815, 1115, 1152, 1164, 1203,
1271, 1426
screw axis, 543, 1165
screw dislocation, 66, 68, 139, 225, 323, 325, 326, 328,
359, 376, 529, 856, 867, 954, 959, 1040, 1055,
1113, 1120, 1144, 1165, 1228, 1252, 1283, 1394,
1448
screw rotation, 259, see crystal symmetry
s–d exchange, 461
S-domains, 76, 452
second critical ﬁeld, see upper critical ﬁeld
second critical temperature, 1125
second Fick law, 305
second harmonic generation, 844, 867, 890, 916, 918,
920, 1050, 1167, 1414
second law of thermodynamics, 412
second-order correlation function, 217
second-order ferroics, 457
second-order Jahn–Teller effect, 667
second-order moment, 867
second-order phase transition, 43, 74, 77, 112, 184, 191,
227–230, 261, 293, 349, 352, 453, 463, 478, 489,
496, 499, 521, 523, 553, 559, 580, 659, 682, 685,
689, 695, 711, 728, 737, 772, 822, 866, 933, 963,
971, 977–979, 1050, 1082, 1095, 1131, 1135,
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1138, 1159, 1167, 1223, 1230, 1248, 1253, 1255,
1284, 1296, 1311, 1317, 1320, 1339, 1351, 1364,
1374, 1382, 1412, 1429, 1430, 1444, 1465
second quantization, 83, 104, 148, 202, 213, 217, 439,
464, 495, 534, 911, 1092, 1168, 1221, 1416
second sound, 594, 1169
secondary creep, 225
secondary electron detector, 1166
secondary electron emission, 469, 648, 955, 1165,
1205, 1206, 1211, 1274
secondary electron emission coefﬁcient, 1165
secondary electron multiplier, 1166
secondary emission coefﬁcient, 1166
secondary hardness, 1166
secondary ion emission, 955, 1166
secondary ion mass spectrometers, 1167
secondary ion mass spectrometry, 181, 642, 652, 812,
1166, 1243
secondary luminescence, 589, 740, 1167
secondary (“pseudo”) pyroelectric effect, 1065
secondary radiation defects, 1107
secondary recrystallization, 1124
secondary structure, 249
secondary thermometers, 1390
secondary troostite, 1414
sector structure, 539
sedimentation, 49
Seebeck coefﬁcient, 1385
Seebeck effect, see thermoelectric phenomena
Seebeck effect thermomotive force, 1385
Seeger theory, 1283
Seeger zone, 191, 332, 1107, 1169
seepage theory, 533, see percolation theory
segregation, 85, 131, 140, 229, 279, 406, 416, 434, 469,
554, 627, 656, 708, 719, 813, 829, 838, 839, 854,
857, 978, 1016, 1026, 1087, 1144, 1170, 1236,
1252, 1285, 1297, 1404
segregation, equilibrium, see equilibrium segregation
selection rules, 6, 11, 205, 225, 342, 423, 487, 538, 563,
599, 613, 863, 867, 868, 899, 919, 925, 943, 983,
1108, 1152, 1170, 1213, 1413, 1470, 1474, 1488,
1496
selective alloying, 1085
selective epitaxy, 49
selective etching, 325, 417, 643, 893, 896, 1170
selective saturation, 581, 597, 598, 1108, 1171
selective saturation, radio-frequency, see
radio-frequency selective saturation
selective sputtering, 1171
selective transparency, 752
selenides, 1172
selenium, 1172
self-acceleration of channeled particles, see channeled
particle self-acceleration

Subject Index
self-action of acoustic waves, 888
self-action of light waves, 890, 1172, 1175, 1176, 1242,
1245
self-averaging quantity, 402, 1079, 1173
self-avoiding random walk, 1116
self-channeling, 1173
self-consistent ﬁeld, 48, 67, 149, 181, 184, 215, 441,
523, 680, 815, 852, 966, 986, 1074, 1173, 1218,
1308
self-consistent ﬁeld method, 815, 1174
self-consistent ﬁeld method in superconductivity theory,
1174
self-curving of a light beam, 1173
self-defocusing, 891, 1173
self-diffraction of light, 301, 1172, 1174
self-diffusion, 305, 480, see diffusion
self-diffusion coefﬁcient, 306
self-effect of light waves, 301
self energy operator, 352
self-focusing, 891
self-focusing of hypersound, 11
self-focusing of light, 1173
self-indenting, 1175
self-induced light polarization change, 116, 542, 612,
1151, 1172, 1175
self-induced light polarization oscillations, 1175
self-induced light polarization plane rotations, 1175
self-induced transparency, 1172, 1176
self-localization, 38, 59, 200, 392, 396, 423, 463, 774,
781, 843, 979, 1034, 1176, 1419, 1426
self-localized exciton, 423, 426, 491, 1063, 1176, 1405
self-organization, 96, 333, 1353
self-oscillation, 96, 1177, 1384, 1455
self-propagating high-temperature synthesis, 159
self-similarity, 260, 1159, 1177
self-sustaining crystallization, 1178
self-trapping, 1176
self-waves, see autowaves
SEM, see scanning electron microscope
semiconducting superconductor, see superconducting
semiconductors and semimetals
semiconducting superlattices, 1321
semiconductor, 4, 10, 15, 19, 20, 23, 34, 52, 72, 96, 101,
103, 112, 125, 128, 137, 140, 143, 153, 164, 171,
174, 181, 201, 222, 223, 262, 263, 267, 271, 272,
275, 280, 284, 294, 299, 307, 313, 331, 339, 357,
368, 370, 378, 380, 382, 384, 385, 392, 395, 400,
411, 423, 431, 437, 440, 443, 450, 489, 495, 500,
506, 517, 531, 535, 540, 541, 546, 558, 560, 561,
566, 567, 570, 582, 587, 605–607, 609, 615, 636,
637, 639, 647, 675, 677, 699, 722, 735, 736, 740,
742, 746, 769, 791, 801, 808, 814, 823, 828, 830,
832, 850, 853, 864, 868–870, 874, 882, 890–892,
894, 914, 915, 919, 925, 938, 949, 962, 982, 989,

Subject Index
991, 1002, 1007, 1008, 1013, 1015, 1024, 1037,
1043, 1050, 1052, 1063, 1070, 1071, 1081, 1092,
1100, 1101, 1104, 1107, 1117, 1120–1122, 1132,
1172, 1174, 1177, 1178, 1181, 1183, 1185, 1188,
1203, 1204, 1211, 1215, 1220, 1232, 1237, 1238,
1248, 1252, 1286, 1287, 1301, 1314, 1328, 1353,
1354, 1360, 1367, 1369, 1393, 1407, 1411, 1414,
1428, 1435, 1443, 1449, 1453, 1466, 1470, 1473,
1479
semiconductor, amorphous, see amorphous
semiconductors
semiconductor band structure, 1188
semiconductor, degenerate, see degenerate
semiconductor
semiconductor devices, 115, 310, 508, 516, 617, 647,
653, 834, 851, 890, 897, 912, 931, 1085, 1178,
1183, 1184, 1188, 1201, 1211, 1238, 1251, 1327,
1331, 1332, 1340, 1359, 1396, 1405, 1451, 1452
semiconductor devices, microwave, see microwave
semiconductor devices
semiconductor devices, photocontrolled microwave,
see photocontrolled microwave semiconductor
devices
semiconductor diode, 100, 107, 310, 311, 540, 605,
992, 1009, 1164, 1180, 1408, 1410, 1415
semiconductor, doped amorphous, see doped
amorphous semiconductors
semiconductor–electrolyte boundary, 372, 1180
semiconductor, gapless, see gapless semiconductors
semiconductor gate, 310
semiconductor, highly-doped, see highly-doped
semiconductors
semiconductor junction, 72, 107, 115, 150, 188, 197,
208, 310, 369, 378, 413, 475, 617, 625, 647, 672,
712, 732, 832, 883, 905, 992, 1002, 1009, 1107,
1110, 1171, 1180, 1181, 1186, 1193, 1201, 1230,
1244, 1251, 1273, 1359, 1392, 1415, 1417, 1452,
1453
semiconductor lasers, 378, 382, 515, 561, 617, 699,
739, 920, 926, 1179, 1183, 1200, 1237, 1241,
1286, 1321, 1414
semiconductor, liquid, see liquid semiconductors
semiconductor, magnetic, see magnetic semiconductors
semiconductor, many-valley, see many-valley
semiconductors
semiconductor materials, 49, 50, 81, 128, 145, 177, 278,
369, 500, 594, 611, 618, 646, 660, 675, 779, 870,
1106, 1121, 1184, 1185, 1188, 1215, 1231, 1237,
1241, 1309, 1331, 1354, 1405
semiconductor memory, 1180, 1187
semiconductor microwave device, see microwave
semiconductor device
semiconductor, narrow-gap, see narrow-gap
semiconductors
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semiconductor, organic, see organic semiconductors
semiconductor photodetectors, 1180, 1188, 1273
semiconductor, piezo-, see piezosemiconductors
semiconductor, pulsed annealing, see pulsed annealing
of semiconductors
semiconductor resistance thermometers, 1390
semiconductor, semimagnetic, see semimagnetic
semiconductor
semiconductor structures, 1201
semiconductor, superconducting, see superconducting
semiconductors and semimetals
semiconductor superstructure, 869, 1202
semiconductor surface, 382, 1164, 1202, 1203, 1244,
1341
semiconductor thermometry, 1390
semiconductor, variband, see variband semiconductors
semiconductors and radiation, see radiation physics of
semiconductors
semi-insulators, 299
semi-inverse method, 472
semimagnetic semiconductor, 68, 199, 563, 1202, 1204,
1506
semimetal superconductor, see superconducting
semiconductors and semimetals
semimetals, 20, 23, 101, 103, 169, 202, 212, 285, 297,
370, 380, 396, 411, 502, 531, 576, 580, 636, 677,
691, 722, 774, 850, 983, 1013, 1015, 1083, 1084,
1152, 1204, 1211, 1220, 1232, 1238, 1240, 1259,
1278, 1314, 1419, 1429
semirelativistic approach, 1130
Sénarmont prism, 1034
separated Frenkel pair, 491
Seraphin coefﬁcients, 401
shadow effect, 165, 940, 1057
shadow electron microscope, 387
shadow method, 279, 917, see optical defectoscopy
shake-off, 165, 397, 649, 1205
shake-up, 165, 397, 648, 1205
shallow centers, 769
shallow levels, 125, 201, 501, 726, 1008, 1187, 1192,
1206, 1237, 1410
shape change, radiation-induced, see radiation-induced
shape change
shape-changing of metals, 117
shape, Dyson, see Dyson shape
shape, Gaussian, see Gaussian shape
shape, Holtsmark, see Holtsmark shape
shape, Lorentzian, see Lorentzian shape
shape memory effect, 135, 599, 812, 1019, 1051, 1119,
1206, 1317, 1383, 1399
shape of line, see line shape
Shapiro steps, 351, 669, 672, 1207
sharp and smooth interfaces, 200
Sharvin resistance, 1023, 1207
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Shaw pseudopotential, 1061
shear, 45, 224, 225, 283, 286, 306, 322, 359, 434, 488,
702, 716, 723, 735, 810, 909, 941, 1009, 1010,
1207, 1208, 1216, 1224, 1248, 1288–1290, 1292,
1317, 1366, 1378, 1421, 1432, 1461, 1482
shear bands, 726
shear failure, 435
shear lines, 560, 1017, 1208, 1224
shear modulus, 221, 227, 322, 324, 327, 359, 360, 362,
518, 546, 586, 662, 690, 715, 723, 825, 834, 836,
867, 869, 889, 954, 958, 959, 1009, 1055, 1142,
1144, 1147, 1148, 1175, 1207, 1208, 1215, 1235,
1249, 1291, 1293, 1366, 1447, 1455, 1465, 1502
shear strain, 35, 203, 313, 325, 362, 889, 1207, 1208,
1381, 1482
shear strain intensity, 1208
shelf, 528
shell, 889, 1012, 1020, 1208
shell model, 155, 423, 676, 986, 1209
shell thickness, 1208
shielding, magnetic, see magnetic shielding
shielding of electric charge, see electric charge
screening
shielding, polarization, see spontaneous polarization
shielding
shielding radius, see screening radius
shielding, spontaneous polarization, see spontaneous
polarization shielding
shift, adiabatic, see adiabatic shift
shift, chemical, see chemical shift
shift, isomer, see isomer shift
shift, Stokes’, see Stokes’ rule
shock hardening, 546, 605, 1209
shock, micro-, see microshock loading
shock wave collision, 260
shock waves, 69, 143, 181, 189, 210, 260, 296, 385,
428, 889, 1026, 1054, 1062, 1209, 1210, 1319
Shockley levels, 1210, 1333
Shockley–Read–Hall theory, 1122
short-range forces, 817
short-range order, 729, see long-range and short-range
order
short-range order parameters, 728
short-range orientational order, 939
short-term strength, 575
shot noise, 672, 883, 884, 1211
Shubin–Vonsovsky model, 1506
Shubnikov–de Haas effect, 5, 284, 310, 445, 503, 566,
641, 795, 1070, 1071, 1211
Shubnikov–de Haas oscillations, 1211
Shubnikov group of magnetic symmetry, see magnetic
symmetry group
Shubnikov groups, 83, 259, 638, 786, 1212, 1481
Shubnikov phase, 2, 819, 1212, 1430, 1444
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Shubnikov symmetry, 83, see antisymmetry
Shubnikov theorem, 261
Sievert’s law, 594
sigma phase, 177, 1143, 1153, 1212
sign of dislocation, see dislocation sign
silent lattice vibrations, 599, 1213
silica, 511, 513, 919, 1213, 1215
silicalites, 1507
silicate glasses, 1000
silicon, 27, 29, 47, 55, 90, 95, 96, 172, 216, 218, 223,
237, 357, 369, 433, 489, 518, 560, 593, 606, 621,
635, 681, 724, 808, 830, 847, 856, 905, 906, 919,
949, 987, 991, 998, 1010, 1028, 1106, 1123,
1147, 1156, 1179, 1185, 1213, 1214, 1215, 1235,
1251, 1352, 1371, 1372, 1376, 1392, 1416, 1449
silicon, amorphous, see amorphous silicon
silicon bronzes, 215
silicon carbide, 1, 139, 151, 152, 524, 814, 1044, 1186,
1214, 1453
silicon dioxide, see silica
silicon nitride, 159, 882, 1215
siliconizing, 173, 1215
Silsbee rule, 268
silver, 140, 504, 564, 882, 1059, 1215
silver, German, see German silver
similarity, 350, 1177, 1216
similarity criteria, 1216
similarity hypothesis, see scaling invariance hypothesis
similarity hypothesis, dynamic, see dynamic scaling
similarity parameters, 1178, 1216
similarity, self-, see self-similarity
Simons processes, 984
simple crystal forms, 1216
simple Doppler effect, 340
simple forms, 240, 256
simple harmonic oscillations, 960
simple Riemann wave, 143
simple spiral, 848
simple state of stress, 1216
SIMS, see secondary ion mass spectrometry
sine-Gordon equation, 492, 1244, see soliton
sine potential, 966
single-axis diffraction spectrometers, 240
single-channel specular reﬂection, 1083
single-conﬁguration approximation, 807
single crystal, see monocrystal
single-domain particles, 184, 457, 458, 565, 787, 1218,
1322
single-domain state, 1134
single-electron approximation, 86, 243, 408, 423, 459,
932, 966, 1218, 1396
single-electron transistor, 869, 870
single-mode light guides, 465
single-mode spectral behavior, 1454

Subject Index
single-particle excitations, 1092
single-phase alloys, 113
single-phonon process, 313
single-pole Frank–Read source, 488
singlet, 345, 1096
singlet pairing, 1413
singly charged ion, 641
singular surfaces, 1326
singularity, Riedel, see Riedel singularity
singularity, Van Hove, see Van Hove singularities
sintering, 45, 159, 746, 748, 813, 828, 1039, 1051,
1170, 1219, 1319, 1447, 1456
site representation of wave functions, 1473
six-vertex model, 1427
size cyclotron resonance, 569
size effects, 100, 445, 567, 641, 792, 1025, 1083, 1205,
1219, 1247, 1329, 1391, 1394, 1487
size effects, high-frequency, see high-frequency size
effects
size effects, magnetoacoustic, see magnetoacoustic size
effects
size effects, quantum, see quantum size effects
size effects, radio-frequency, see radio-frequency size
effects
size oscillation, 1083
size quantization, 1070, 1083, 1199
“skeletal” reinforcement, 160
skewness, 170
skin-effect, 10, 70, 272, 352, 380, 567, 752, 784, 829,
831, 1221, 1239, 1323, 1336, 1345
skin-effect, anomalous, see anomalous skin-effect
skin-effect, static, see static skin-effect
skin-layer, 1221
Skyrmions, 1221
slag glass-ceramic materials, 524
Slater–Condon parameters, 1222
Slater determinant, 202, 510, 550, 932, 1222
Slater–Polling curve, 463
Slater rules, 179, 1222
Slater’s functions, 1222
Slater–Takagi model, 1223
slavutich, 1223, 1320, 1421
sleeping gyroscope wheel, 542
sliding, see slip
sliding friction, 430
sliding or kinetic friction, 1224
slip, 7, 142, 324, 326, 350, 428, 434, 438, 439, 825,
832, 960, 1016, 1055, 1224, 1423, 1501
slip bands, 35, 224, 314, 398, 434, 438, 486, 825, 841,
909, 1017, 1038, 1039, 1086, 1208, 1224, 1321
slip, cross, see cross slip
slip direction, 1224
slip elements, 1224
slip lines, see shear lines
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slip of dislocations, see dislocation slip
slip plane, 28, 66, 143, 224, 233, 321, 323, 325–327,
434, 488, 867, 957–959, 1017, 1038, 1208, 1224,
1225, 1283, 1288, 1293, 1432, 1437, 1447, 1453,
1501
slip surface, 325
slip system, 325, 487, 488, 656, 716, 1017, 1208, 1224,
1501
slip vector, 1224
slippage along the boundaries, 1038
Slonczewski equations, 337, 763, 787, 1225
Slonczewski limiting velocity, 337, 338, 1225
slope discotic, 318
slow collective recrystallization, 1124
slow processes, 680
small-angle boundaries, 122
small-angle scattering of X-rays, 133, 304, 1225, 1299
small clusters, 1226
small-dose effect, 656, 1106, 1226
small metallic particles, 1226
small particles, 180, 182, 288, 475, 620, 1027, 1218,
1226, 1346, 1347
small-radius exciton, 422, 1177
small-radius polaron, 1035
small-scale integrated circuit, 621
smectic liquid crystal, 65, 132, 175, 202, 269, 313, 318,
351, 360, 454, 489, 556, 714, 720, 721, 858, 921,
935, 1227, 1427, 1473
smectics A, 721
smectics B, 721
smectics C, 721
Smoluchowski equation, 480, 913
smoothing, see surface smoothing
Snell’s law, 493, 902, 1227, 1402
Snoek atmosphere, 1026, 1027, 1227
Snoek–Köster peak, 633
Snoek–Köster relaxation, 633, 1132, 1228
soaked materials, 1228
soaking, 606, 614, 1228
sodium, 140, 705, 1228, 1480
sodium chloride, see rock salt
soft magnetic materials, 46, 51, 63, 83, 106, 286, 458,
756, 761, 764, 770, 771, 787, 797, 804, 814, 880,
967, 1229, 1387
soft mode, 57, 63, 74, 107, 158, 245, 444, 453, 456,
794, 798, 1090, 1094, 1230, 1459, 1460
soft mode condensation, 1230
soft rolled glass-reinforced plastics, 524
softening, see dehardening
softening of normal modes, 65
softness factor, 137
sol, 510, 1230
solar cell, 56, 339, 564, 834, 892, 1002, 1183, 1230,
1392
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solar cell, thin ﬁlm, see thin-ﬁlm solar cells
solder, 419, 1231
solenoid, see superconducting magnet
solid, 10, 23, 29, 49, 76, 84, 93, 94, 102, 104, 127, 141,
165, 166, 171, 187, 191, 196, 203, 218, 221, 233,
256, 258, 269, 271, 291, 297, 311, 318, 328, 329,
331, 332, 334, 339, 343, 355, 366, 372, 386, 394,
396, 401, 439, 454, 468, 518, 560, 567, 587, 593,
599, 615, 620, 624, 629, 638, 642, 646, 650, 651,
668, 673, 724, 734, 735, 737, 738, 799, 822, 830,
839, 853, 859, 861, 868, 906, 916, 921, 925, 926,
933, 948, 975, 989, 1013, 1044, 1045, 1047,
1048, 1073, 1084, 1100, 1102, 1107, 1109, 1120,
1122, 1131, 1147, 1150, 1158, 1165, 1205, 1231,
1233, 1236, 1242, 1247, 1250, 1251, 1274, 1276,
1289, 1295, 1298, 1299, 1325, 1334, 1343,
1347–1349, 1351, 1362, 1375–1377, 1386, 1392,
1395, 1404, 1405, 1431, 1450, 1466, 1474, 1481,
1493
solid, disordered, see disordered solids
solid effect, 348, 389, 903, 1233
solid electrolytes, 158, 643, 644, 877, 1050, 1233, 1234
solid eutectic, 419
solid helium, 559
solid memory device, 1238
solid oxygen, 234, 944
solid-phase epitaxy, 413
solid-phase laser epitaxy, 699
solid-phase polymerization, 1234
solid-phase sintering, 159
solid phase welding, 1477
solid-solution hardening, 188, 546, 883, 1128, 1235,
1302, 1358, 1399
solid solution, ideal, see ideal solid solution
solid solution, regular, see regular solid solutions
solid solutions, 40–42, 45–47, 69, 80, 90, 95, 106, 110,
111, 157, 172, 178, 186, 194, 214, 237, 258, 286,
303, 330, 357, 393, 419, 444, 449, 450, 473, 478,
504, 517, 540, 575, 577, 585, 591, 592, 603, 618,
627, 628, 650, 655, 660, 661, 681, 686, 697, 702,
722, 729, 810, 817, 845, 866, 870, 882, 883, 969,
978, 1004, 1021, 1026, 1031, 1059, 1064, 1097,
1103, 1104, 1110, 1129, 1143, 1153, 1170, 1184,
1186, 1188, 1193, 1202, 1204, 1210, 1219, 1235,
1241, 1246, 1257, 1266, 1275, 1280, 1284, 1301,
1303, 1314, 1349, 1370, 1389, 1451, 1453, 1454,
1460, 1479, 1482, 1487
solid-state ampliﬁers, 931
solid state chemistry, 1236
solid-state laser, 30, 339, 382, 511, 699, 700, 845, 890,
981, 1185, 1237, 1241, 1301
solid-state memory, 1033, 1237
solid state memory, 1251
solid-state metallurgy, 828

Subject Index
solid-state plasma, 48, 165, 273, 341, 385, 395, 428,
543, 558, 690, 775, 942, 1013, 1081, 1114, 1198,
1221, 1238
solid-state plasma instability, 1240
solid-state quantum electronics, 196, 699, 812, 870,
1241, 1313, 1345
solid surface, 4, 35, 36, 94, 99, 151, 166, 174, 333, 339,
386, 392–394, 405, 426, 427, 466, 479, 603, 642,
649, 652, 653, 724, 732, 740, 841, 857, 902, 925,
987, 993, 1002, 1013, 1014, 1100, 1101, 1105,
1120, 1160–1162, 1166, 1170, 1210, 1233, 1236,
1242, 1273, 1325–1327, 1330–1332, 1336, 1338,
1340, 1344, 1347, 1353, 1451, 1475, 1478, 1482
solidiﬁcation, 153, 289, 1234
solidus curve, 974
solidus surface, 974
soliton, 63, 132, 281, 442, 492, 672, 680, 694, 781, 924,
957, 960, 1092, 1176, 1218, 1244, 1245, 1339,
1401
soliton ﬁeld fermions, see fermions in a soliton ﬁeld
soliton, magnetic, see magnetic soliton
soliton, optical, see optical soliton
solitons in molecular (protein) systems, 1245
Soller slits, 1487
solubility, 40, 42, 146, 214, 592, 646, 857, 1061, 1128,
1143, 1236, 1246, 1351, 1399
solubility diagram, 974
solution heat, see heat of solution
solvation, 593
sombrero, 665
Somigliana dislocation, 1246
Somigliana–Volterra dislocations, 315, 325, 332, 1038,
1246
Sommerfeld criterion, 430
Sommerfeld precursor, 1053
Sondheimer effect, 1247
Sondheimer oscillations, 568, 796, 1221, 1246
sonic strengthening, see bulk sound hardening
sorbate, 1247
sorbent, 1045, 1247
sorbite, 95, 154, 157, 956, 958, 1247
Soret effect, 305, see thermodiffusion
sorption, 3, 36, 85, 1064, 1247, 1375
sorption, cryo-, see cryosorption
sound, 18, 20, 341, 516, 558, 734, 888, 975, 981, 1247,
1432, 1454
sound-absorbing materials, 1248
sound absorption, 13, 14, 75, 246, 349, 477, 519, 555,
632, 693, 711, 734, 792, 885, 888, 1072, 1112,
1248, 1250, 1465
sound by sound scattering, see Raman scattering of
sound by sound
sound diffraction, see acoustic diffraction

Subject Index
sound generation, see electromagnetic generation of
sound
sound hardening, surface, see surface sound hardening
sound in solids, 210
sound, second, see second sound
sound velocity, 9, 20, 21, 24, 71, 138, 141, 224, 264,
276, 337, 442, 516, 774, 795, 804, 909, 983,
1053, 1105, 1112, 1245, 1248, 1249, 1254, 1284,
1433
sound velocity dispersion, 13, 14, 19, 141, 329, 792,
888, 1249
source crystal, 1421
sources of optical radiation, see optical radiation
sources
sources, X-ray, see X-ray sources
space charge, 15, 817, 1250
space charge in a semiconductor, 1251
space charge in an insulator, 1251
space charge region, 92, 188, 466, 585, 623, 832, 905,
975, 1009, 1024, 1180, 1181, 1203, 1231, 1244,
1250, 1251, 1328, 1332, 1340–1343
space crystallography, 250
space dimensionality effective enhancement, see
effective enhancement of space dimensionality
space dispersion, 1350
space group, 128, 135, 177, 179, 237, 240, 259, 260,
282, 439, 500, 532, 565, 607, 638, 657, 727, 731,
786, 790, 802, 849, 855, 941, 1012, 1027, 1129,
1149, 1205, 1212, 1252, 1298, 1324, 1364, 1411,
1412, 1424, 1473, 1474, 1504
space of momenta, see momentum space
space, reciprocal, see k-space
space symmetry group, see space group
spalling, 139, 435, 486, 551, 673, 841, 1243, 1252,
1403, 1404
spalling, micro-, see microspalling
spatial dielectric dispersion, 32, 253, 296, 297, 454,
541, 543, 558, 604, 638, 686, 1013, 1210, 1239,
1252, 1271
spatial dispersion, 329
spatial dispersion of sound, 1250
special boundaries, 527
special orthogonal groups, 209
special purpose magnetic materials, 771
special purpose steels, 1279
special unitary groups, 209
speciﬁc acoustic impedance, 9
speciﬁc heat, 1, 25, 38, 45, 64, 74, 77, 105, 110, 130,
147, 148, 153, 195, 227, 228, 230, 236, 277, 291,
309, 327, 393, 412, 416, 419, 441, 453, 459, 472,
477, 485, 540, 553, 555, 570, 579, 631, 658, 659,
689, 711, 727, 734, 758, 780, 797, 805, 869, 884,
888, 948, 980, 1003, 1058, 1067, 1082, 1083,
1159, 1205, 1253, 1255, 1262, 1269, 1300, 1303,
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1304, 1311, 1316, 1318, 1347, 1367, 1368, 1373,
1378, 1379, 1382, 1412, 1429, 1450, 1465, 1507
speciﬁc heat jump, 1255, 1303
speciﬁc heat, surface, see surface speciﬁc heat
speciﬁc loss, 770
speciﬁc reaction rate, see reaction rate constant
speciﬁc resistance, 368
speciﬁc surface, 1045
speciﬁc surface electrical conductivity, 1340
spectra, angular dependence, see angular dependence
of spectra
spectra of disordered solids, see elementary excitation
spectra of disordered solids
spectra, phonon optical, see phonon optical spectra
spectra, vibrational, see vibrational spectra
spectral albedo, 38
spectral analysis, emission, see emission spectral
analysis
spectral analysis, molecular, see molecular spectral
analysis
spectral density of ﬂuctuations, 477
spectral density of states, see density of states
spectral dimensionality, see fracton dimensionality
spectral limits, 402
spectral line intensity, 717
spectral line moments, see moments of spectral lines
spectral line, phononless, see phononless spectral line
spectral lines, allowed, see allowed spectral lines
spectrograph, X-ray, see X-ray spectrograph
spectrometer, acoustic, see acoustic spectrometer
spectrometer, crystal diffraction, see crystal diffraction
spectrometers
spectrometer, magnetic resonance, see magnetic
resonance spectrometers
spectrometer, X-ray, see X-ray spectrometer
spectrometry, pulse, see pulse spectrometry
spectroscopy, acoustic, see acoustic spectroscopy
spectroscopy, Auger electron, see Auger electron
spectroscopy
spectroscopy, Auger ion, see Auger ion spectroscopy
spectroscopy, capacitance, see capacitance
spectroscopy
spectroscopy, characteristic energy loss, see
characteristic energy loss spectroscopy
spectroscopy, electron, see electron spectroscopy
spectroscopy, electron–photon, see electron–photon
spectroscopy
spectroscopy, exciton, see exciton spectroscopy
spectroscopy, Fourier, see Fourier spectroscopy
spectroscopy, infrared, see infrared spectroscopy
spectroscopy, ion–photon, see ion–photon spectroscopy
spectroscopy, ionization, see ionization spectroscopy
spectroscopy, magnetic, see magnetic spectroscopy
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spectroscopy, magnetic resonance, see magnetic
resonance spectroscopy
spectroscopy, modulation, see modulation spectroscopy
spectroscopy, Mössbauer, see Mössbauer spectroscopy
spectroscopy, Mössbauer electron, see Mössbauer
electron spectroscopy
spectroscopy, neutron, see neutron spectroscopy
spectroscopy of X-ray emission, see X-ray emission
spectroscopy
spectroscopy, optical, see optical spectroscopy of solids
spectroscopy, optical absorption, see optical absorption
spectroscopy
spectroscopy, photoconductivity, see photoconductivity
spectroscopy
spectroscopy, photoelectron, see photoelectron
spectroscopy
spectroscopy, piezo-, see piezospectroscopy
spectroscopy, point-contact, see point-contact
spectroscopy
spectroscopy, positron, see positron spectroscopy
spectroscopy, submillimeter, see submillimeter
spectroscopy
spectroscopy, threshold potential, see threshold
potential spectroscopy
spectroscopy, tunneling, see tunneling spectroscopy
spectroscopy, ultraviolet photoemission, see ultraviolet
photoemission spectroscopy
spectrum, 899
spectrum, active, see active spectrum in radiation
physics
spectrum analysis, emission, see emission spectral
analysis
spectrum analysis, X-ray, see X-ray spectrum analysis
spectrum, phonon, see phonon spectrum
spectrum, X-ray, see X-ray spectrum
specular electron microscope, 387
specular ﬂaking, 1158
specular light reﬂection, 1127
specular reﬂection, 1126, 1219
specular surface scattering, 1345
speed of light, 175, 998, 1012, 1053, 1239, 1256
speed of sound, see sound velocity
sperimagnet, 1257
sperimagnetism, see speromagnetism
speromagnetism, 1257
speromagnets, 1257
spessartine, 512
sphalerite, 500
sphalerite structure, 145
sphere of coordination, see coordination sphere
sphere, Watson, see Watson sphere
spherical harmonics, 865, 1257
spherulites, 252
spike, displacement, see displacement spike
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spin, 10, 40, 67, 77, 106, 111, 118, 129, 130, 137, 212,
231, 259, 395, 398, 425, 440, 443, 458, 509, 536,
573, 597, 616, 638, 657, 693, 706, 759, 769, 775,
779, 788, 806, 808, 822, 844, 871, 878, 896, 903,
906, 908, 919, 926, 957, 1032, 1130, 1131, 1140,
1169, 1171, 1212, 1258, 1259, 1260, 1262,
1265–1269, 1409, 1470
spin angular momentum, 1258
spin complexes, 557, 806, 1258
spin degeneracy, 668, 852, 1096, 1258
spin density, 120, 190, 290, 390, 414, 482, 580, 772,
866, 1258, 1270
spin density operator, 1258
spin density wave, 67, 76, 78, 90, 102, 194, 607, 790,
912, 936, 971, 1032, 1091, 1258, 1312, 1315,
1348, 1426
spin density wave in superconductor, see
superconductor with charge (spin) density waves
spin density wave instability, 76
spin-dependent effects, 917, 1259
spin diffusion, 59, 306, 581, 907, 950, 1260, 1409
spin echo, 10, 15, 373, 584, 597, 598, 777, 950, 999,
1132, 1260, 1266
spin echo, acoustic, see acoustic spin echo
spin effects, 1261
“spin-ﬂip” lasers, 1241
spin-ﬂip magnetic phase transition, 420, 773
spin-ﬂip process, 231
spin-ﬂip transition, see antiferromagnetism, 79, 978,
magnetic phase transitions
spin-ﬂop phase transitions, 773
spin-ﬂop transition, see antiferromagnetism, 74, 78,
magnetic phase transitions
spin glass, 50–52, 85, 90, 303, 311, 463, 509, 600, 683,
768, 773, 787, 788, 790, 858, 888, 933, 951,
1050, 1152, 1255, 1257, 1262, 1295
spin glass freezing, 1262
spin Green’s function, 535
spin Hamiltonian, 15, 62, 137, 241, 372, 373, 391, 420,
470, 538, 556, 597, 638, 658, 685, 734, 769, 799,
899, 939, 949, 970, 1131, 1140, 1142, 1149,
1257, 1262, 1264, 1265, 1267, 1507
spin Hamiltonian of the magnetic ion in a crystal, 1262
spin Hamiltonian parameters, 62, 470, 481, 753, 799,
1264
spin induction, 898, see nuclear induction
spin–lattice interaction, 6, 120, 950, 1250, 1265, 1266,
1268, 1450
spin–lattice relaxation, 34, 232, 311, 313, 352, 389,
391, 419, 555, 579, 616, 734, 775, 798, 901, 905,
907, 919, 931, 950, 980, 1111, 1132, 1133, 1157,
1171, 1265, 1266, 1268, 1269, 1450
spin migration, 1260
spin operator representations, 535, 1266
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spin operators, 79, 120, 391, 456, 464, 535, 638, 872,
899, 1262, 1267, 1268
spin–orbit coupling constant, 1268
spin–orbit interaction, 86, 89, 112, 146, 201, 241, 353,
372, 385, 398, 420, 506, 517, 685, 742, 751, 775,
926, 949, 951, 1007, 1130, 1152, 1190, 1206,
1214, 1222, 1263, 1265, 1267, 1269, 1318, 1346,
1413, 1450, 1460, 1474, 1507
spin–orbit splitting energy, 1190
spin-orbitals, 1222
spin orientation, optical, see optical spin orientation
spin packets, 616
spin-paired complexes, see high-spin complexes
spin–phonon Hamiltonian, 9, 10, 313, 798, 1265, 1268
spin–phonon interaction, see spin–lattice interaction
spin phonon magnetic resonance, 982, 1268
spin relaxation, 949, see paramagnetic relaxation
spin-reorientation phase transitions, 773
spin resonance, 1239
spin, resultant, see resultant spin
spin-spectrometer, 772
spin–spin coupling, electron indirect, see indirect
electron spin–spin coupling
spin–spin coupling, nuclear indirect, see indirect
nuclear spin–spin coupling
spin–spin interaction, 86, 344, 345, 353, 391, 734, 775,
899, 903, 950, 1058, 1140, 1149, 1204, 1260,
1263, 1265, 1267, 1269, 1470
spin–spin relaxation, 352, 391, 775, 901, 907, 950,
1132, 1157, 1269, 1474
spin sublevels, 390
spin subsystem, 1266, 1268, 1269
spin system, nuclear quadrupole, see nuclear
quadrupole spin system
spin temperature, 706, 775, 901, 1361, see level
population
spin wave damping decrement, 953
spin wave excitation, see parametric excitation of spin
waves
spin wave instability, see kinetic instability of spin
waves
spin-wave resonance, 1140, 1270
spin waves, 14, 75, 79, 80, 246, 338, 347, 395, 442,
461, 498, 525, 609, 679, 694, 766, 781, 785, 789,
793, 798, 801, 805, 889, 902, 908, 952, 1081,
1140, 1201, 1220, 1239, 1255, 1269, 1349, 1506
spin waves in nonmagnetic metals, 442, 1270
spin waves, nuclear, see nuclear spin waves
spinel, ferrite, see ferrite spinels
spinning angle, 418
spinodal, 1266
spinodal decomposition, 41, 42, 46, 333, 1266
spinons, 60
spiral magnetic structure, 848
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splatting, 473
split dislocation, 1275
splitting, Bethe, see Bethe splitting
splitting, Davydov, see Davydov splitting
splitting, exchange, see exchange splitting
splitting, inversion, see inversion splitting
splitting of terms, see term splitting
splitting, quadrupole, see quadrupole splitting
splitting, zero-ﬁeld energy level, see zero-ﬁeld energy
level splitting
spontaneous emission, 1108
spontaneous magnetic phase transitions, 773
spontaneous magnetization, 457, 458, 788, 790
spontaneous magnetoelastic effects, 798
spontaneous magnetostriction, 519, 804
spontaneous polarization, 453, 455, 1031, 1458, see
ferroelectricity
spontaneous polarization shielding, 452, 992, 996, 1271
spontaneous radiation, 874
spontaneous symmetry breaking, 12, 58, 129, 442, 509,
525, 565, 636, 795, 933, 939, 1084, 1271, 1409
spontaneous transformation strain, 8
spontaneous transition, see radiative quantum transition
spraying, 50, 94, 113, 821, 1136, 1272, 1320, 1488
spreading, 987, 1273, 1379
spreading factor, 1273
sprite, 1273
spurions, 1267
sputtering, 94, 181, 182, 221, 248, 382, 427, 473, 553,
642, 652, 653, 766, 812, 940, 955, 1122, 1171,
1272, 1274, 1453
sputtering, cluster, see cluster sputtering
sputtering coefﬁcient, 1274
sputtering, selective, see selective sputtering
SQUID, see superconducting quantum interference
device
SSVAW, see subsurface volume acoustic waves
stability conditions of crystals, see crystal stability
conditions
stable (equilibrium) polytypes, 1044
stable limits, 402
stacking faults, 41, 49, 51, 187, 255, 257, 280, 321, 326,
332, 333, 350, 357, 415, 416, 469, 487, 549, 726,
727, 737, 810, 838, 839, 849, 856, 880, 881, 938,
954, 1025, 1044, 1129, 1143, 1203, 1210, 1235,
1274, 1283, 1339, 1347, 1351, 1378, 1448
stacking faults, turbostratum, see turbostratum stacking
faults
stainless steel, 220, 1010, 1275
stair-rod dislocation, 727
stamp problems, 208
star of wave vector, see wave vector star
Stark effect, 284, 378, 401, 484, 739, 905, 1275
Stark effect of excitons, 1275
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Stark pseudoeffect, 373
state, amorphous, see amorphous state
state, condensed, see condensed state of matter
state, critical, see critical state
state density, see density of states, spectral density of
states
state, Fulde–Ferrell–Larkin–Ovchinnikov, see
Fulde–Ferrell–Larkin–Ovchinnikov state
state, gaseous crystalline, see gaseous crystalline state
state, intermediate, see intermediate state
state, metastable, see metastable state
state, mixed, see mixed state
state of stress, 137, 280, 434, 482, 818, 834, 841, 872,
889, 1011, 1020, 1054, 1216, 1276, 1290, 1292,
1383, 1423, 1482, 1501
state of stress, planar, see planar state of stress
state of stress, simple, see simple state of stress
state parameter, 1382
state parameters, see state variables
state, quasi-amorphous, see quasi-amorphous state
state, resistive, see resistive state
state, surface, see surface states
state variables, 1054, 1277
state, vibronic, see vibronic states
states of matter, 97, 289, 328, 419, 508, 552, 561, 659,
677, 699, 738, 819, 857, 971, 973, 1150, 1231,
1246, 1276, 1379, 1462, 1493
static Debye–Waller factor, 277
static dehardening, 286
static displacements of atoms, 478, 702, 1277
static friction, 1224
static hysteresis, 57
static indentation method, 837
static intrinsic central peak, 158
static lattice distortions, 1136
static nonequilibrium domains, 334
static recrystallization, 1361
static skin-effect, 831, 1205, 1221, 1277
static space–time correlation, 1354
static strength, 270, 1278, 1288
static susceptibility, 785, 1350
stationary ENDOR, 389
stationary quantum interference effect, 669
statistical dynamic theory of two-wave diffraction, 349
statistical mixtures, 290
statistical operator, see density matrix
statistical parameter, 83
statistical self-similarity, 963
statistical sum, 913, see partition function
statistical theory of line shape, 240, 391, 616, 900, 1278
statistical theory of line shape of magnetic resonance,
584
statistics, Bose–Einstein, see Bose–Einstein statistics
statistics, Fermi–Dirac, see Fermi–Dirac statistics
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statistics of electrons in semiconductors, 1193
steady-state skin-effect, see static skin-effect
Stebler–Vronsky effect, 55
steel, 35, 43, 51, 80, 84, 95, 99, 122, 134, 151, 153, 154,
157, 218, 220, 269, 286, 393, 504, 545, 548, 554,
571, 574, 585, 627, 655, 746, 770, 782, 807, 810,
812, 817, 828, 829, 841, 854, 892, 940, 956, 957,
1010, 1019, 1060, 1086, 1097, 1166, 1228, 1229,
1235, 1247, 1279, 1298, 1320, 1362, 1388, 1414,
1422, 1478
steel, Hadﬁeld, see Hadﬁeld steel
steel, stainless, see stainless steel
Stefan–Boltzmann constant, 1376
Steno–Romé de l’Isle law, see law of constancy of
angles
step of spalling, 139
Stepanov effect, 1280
Stepanov method, 857
steps, Fiske, see Fiske steps
steps, Shapiro, see Shapiro steps
Sternheimer antiscreening factor, 81
Stevens operators, 657, 1267, see irreducible tensor
operators
Stewart–Tolman effect, 21, 393
sticking, 1087
sticking coefﬁcient, 4
stimulated Brillouin scattering, 138
stimulated conductivity, see frozen conductivity
stimulated emission, 1108
stimulated photon echo, 1000
Stöber method, 857
stochastic motion, 843
Stockbarger method, 857
stoichiometric composition, 45, 82, 192, 248, 508, 608,
635, 871, 1029, 1223, 1280, 1370
stoichiometric defects, 81, 643, 1280
stoichiometric intrinsic defects, 637
Stokes component, 1111
Stokes losses, 1281
Stokes rule, 82, 212, 739, 998, 1281, 1453
Stokes scattering, 714
Stokes shift, see Stokes rule
Stoletov’s law, 995
Stoneley waves, 1324
Stoner criterion, 101, 441, 460, 1281
Stoner model, 101, 460
Stoner relations, 101
stoppers, 724
stored elastic energy, 551, 1281
straggling, 169, 170, 1281
strain, 7, 12, 21, 26, 38, 57, 74, 75, 86, 108, 137, 139,
141, 143, 148, 194, 208, 210, 225, 227, 230, 260,
264, 278, 280, 282, 283, 309, 310, 316, 326, 332,
335, 355, 358, 359, 361, 363, 365, 398, 401, 407,
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416, 427, 428, 435, 438, 439, 449, 457, 471,
473–475, 487, 491, 492, 529, 540, 546, 548, 571,
575, 586, 599, 608, 626, 632, 635, 656, 677, 689,
696, 711, 716, 735, 737, 738, 773, 798, 802, 803,
811, 814, 816–819, 842, 847, 872, 889, 909, 911,
956, 960, 964, 965, 993, 1006–1008, 1016–1020,
1055, 1057, 1059, 1063, 1065, 1086, 1119, 1124,
1125, 1136, 1143, 1144, 1147, 1151, 1158, 1165,
1177, 1205–1210, 1216, 1224, 1228, 1232,
1245–1248, 1250, 1278, 1281, 1282–1285, 1287,
1288, 1290, 1291, 1294, 1295, 1297, 1301, 1316,
1321, 1322, 1324, 1327, 1336, 1349, 1361, 1374,
1381–1383, 1388, 1394, 1411, 1431, 1432, 1436,
1466, 1475, 1478, 1482, 1483, 1501, 1502
strain aging, 1017, 1235, 1282
strain axes, 1282
strain, breaking, see breaking strain
strain compatibility, 269, 608, 1282
strain, critical, see critical strain
strain deformation tensor, see strain deviator
strain degree, 1282
strain deviator, 362, 889, 957, 1208, 1283, 1285
strain energy, 596, see elastic energy
strain, ﬁnite elastic, see ﬁnite elastic strain
strain gauges, 1007, 1240, 1283, 1452
strain hardening, 7, 66, 137, 142, 188, 280, 283, 314,
322, 328, 349, 545, 546, 554, 715, 728, 818, 872,
1009, 1016, 1017, 1020, 1120, 1125, 1208, 1210,
1282, 1283, 1287, 1288, 1335, 1431, 1437, 1475
strain interaction of defects, 604, 1284
strain measurement, 1283, 1284
strain measuring device, 1283, 1284
strain mechanism, 380
strain, micro-, see microstrain
strain potential, 15, 20, 119, 200, 231, 264, 320, 380,
390, 392, 395, 425, 495, 1008, 1169, 1285
strain-potential mechanism, 17
strain potential tensor, 264
strain, shear, see shear strain
strain tensor, 176, 231, 309, 324, 334, 358, 361–364,
381, 401, 471, 586, 596, 638, 657, 690, 794, 841,
889, 933, 993, 1144, 1151, 1208, 1263, 1268,
1282, 1283, 1285, 1373, 1381, 1436, 1466, 1482
strain, uniform, see uniform strain
strained state rigidity, 1086
strained superlattices, 1321
strange attractor, 347
stratiﬁcation of alloys, see alloy stratiﬁcation
stratiﬁcation-type failure, 41, 435, 835, 1285
stream cryostats, 236
streamer, 1286
streamer breakdown, 137, 370, 1286
streamer laser, 699, 1184, 1286
streamer radiation, 1286
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streaming, 1287
strength, 41, 42, 47, 50, 57, 80, 99, 109, 110, 113, 157,
160, 173, 177, 186, 187, 195, 206–208, 214,
218–220, 234, 247, 255, 257, 270, 281, 286, 320,
324, 328, 330, 346, 350, 361, 406, 416, 435, 437,
438, 466, 482, 485, 487, 504, 537, 546, 551, 595,
605, 609, 627, 634, 705, 725, 730, 735, 750, 804,
810, 814, 816, 831, 841, 880, 912, 937, 939, 958,
1003, 1017, 1039, 1042, 1055, 1059, 1105, 1116,
1120, 1143, 1158, 1223, 1224, 1231, 1247, 1278,
1279, 1283, 1286, 1287, 1288, 1289, 1301, 1318,
1323, 1335, 1347, 1358, 1362, 1366, 1370, 1383,
1388, 1389, 1394, 1399, 1404, 1465, 1475, 1482,
1503
strength and plasticity of powder metallurgy materials,
1288
strength, cyclic, see cyclic strength
strength, high-temperature, see high-temperature
strength
strength, impact, see impact strength
strength, long-term, see long-term strength
strength of composite materials, 1288
strength of construction materials, see construction
material strength
strength of oscillator, see oscillator strength
strength, real, see real strength
strength reduction through adsorption, 36, 817, 998,
1289
strength, static, see static strength
strength, theoretical, see theoretical strength
strength, ultimate, see ultimate strength
stress, 57, 208, 225, 283, 309, 599, 632, 1009, 1283,
1290, 1322, 1382
stress, breaking, see breaking stress
stress concentration, 140, 188, 207, 223, 233, 270, 280,
321, 434, 438, 894, 970, 1009, 1056, 1158, 1208,
1289, 1293, 1335, 1336, 1347, 1422, 1475
stress concentration coefﬁcient, 1289
stress concentration factor, 894
stress concentrator, 894, 1289
stress, contact, see contact stresses
stress corrosion, 218, see corrosion under stress
stress deformation tensor, see stress deviator
stress deviator, 319, 362, 889, 1289, 1292, 1357
stress function, see Airy stress function
stress intensity, see tangential stress intensity
stress intensity factor, 486, 1290
stress, internal, see internal stresses
stress, macro-, see macrostresses
stress, mechanical, see mechanical stress,
mechanostriction
stress, micro-, see microstresses
stress of dislocation break-off, 1433
stress of the ﬁrst kind, 1291
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stress proportionality limit, see proportionality limit of
stress
stress, reactive, see reactive stresses
stress relaxation, 85, 140, 188, 281, 364, 491, 575, 633,
1018, 1055, 1136, 1143, 1144, 1278, 1286, 1290,
1293, 1422
stress, residual, see residual stresses
stress scales of defect structures, 842, 1136, 1290
stress state, see state of stress
stress state, planar, see planar state of stress
stress state, simple, see simple state of stress
stress–strain curve, see deformation diagram
stress surface, 850, 1292
stress, tangential, see tangential stress intensity
stress tensor, 28, 38, 205, 210, 319, 361–364, 409, 471,
586, 632, 634, 794, 817, 850, 889, 1010, 1054,
1144, 1208, 1216, 1289, 1290, 1292, 1357, 1381,
1436, 1466, 1482, 1501
stretched dislocation, 954
stretching vibrations, 1455
striction, 7
striction blocking of nucleating centers, 909
striction blocking of nuclei, 978
string model, 327
string potential, 164
strip domain, 346, 759
strip-geometry (V-groove) heterolasers, 562
strip waveguides, 18
stripe domain structure, 765, see magnetic ﬁlms
stripe-geometry injection lasers, 618
stripe structure, 314, 765
stripline injection lasers, 1185
Strock model, 1234
Stroh theory, 434, 909, 1120, 1252, 1293
strong band antiferromagnets, 76
strong band ferromagnets, 102
strong band paramagnetism, 102, 948, 1293
strong band paramagnets, 460, 948
strong ﬁeld, 815
strong localization, 1079
strong magnetic materials, 832
strong orthogonality, 1294
strongly-compensated highly-doped semiconductors,
570
strontium, 1294
structural coherence, 186, 1294
structural defect, 257, 280
structural domain, 334, 1295, 1366, 1422
structural equilibrium diagram, 826
structural glasses, 312, 1295
structural instability of superconductors, 1295
structural neutron diffractometry, 878, 879, 1295
structural phase transition, 57, 63, 74, 158, 197, 245,
261, 367, 381, 450, 455, 573, 614, 667, 695, 702,
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809, 830, 861, 882, 885, 933, 973, 977, 980,
1059, 1094, 1096, 1102, 1117, 1123, 1158, 1230,
1246, 1295, 1296, 1298, 1304, 1364, 1397, 1412,
1459
structural relaxation, 825
structural steel, 1279
structural superplasticity, 1322
structural surface phenomena, 1342
structural texture of metals, 66, 435, 1285, 1297
structure amplitude, 302, 772, 960, 964, 1298, 1493,
1498, 1499
structure analysis, magnetic, see magnetic structure
analysis
structure analysis, microprobe, see microprobe X-ray
defect structure analysis
structure analysis, X-ray, see X-ray structure analysis
structure, atomic magnetic, see atomic magnetic
structure
structure, band, see band structure
structure, block, see block structure
structure, cellular, see cellular structure
structure, close-packed, see close-packed structures
structure, commensurate, see commensurate structure
structure, disperse, see disperse structure
structure, displaced layer, see displaced layer structures
structure, dissipative, see dissipative structures
structure, domain Kittel’s, see Kittel’s domain structure
structure, domain magnetic, see magnetic domain
structure
structure factor, 1298, 1508, see structure amplitude
structure, ferroelectric domain, see ferroelectric domain
structure
structure, heterodesmic, see heterodesmic structures
structure, heterogeneous, see heterogeneous structure
structure, honeycomb domain, see honeycomb domain
structure
structure, hyperﬁne, see hyperﬁne structure
structure, incommensurate, see incommensurate
structure
structure, intercalated, see intercalated structures
structure, labyrinthine magnetic domain, see
labyrinthine magnetic domain structure
structure memory, 1298
structure metal–insulator–semiconductor, see
metal–insulator–semiconductor structure
structure, modulated, see modulated structures
structure, modulated magnetic, see modulated magnetic
structures
structure, mosaic, see mosaic crystals
structure of crystals, see crystal structure
structure of mechanically treated surface., 1327
structure, order–disorder layered, see order–disorder
layered structure
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structure rearrangement, see radiation-induced
rearrangement of structure
structure studies, 379, 869, 1085, 1296, 1298, 1322,
1463
structure, twinning, see twinning structure
structure, Widmanstätten, see Widmanstätten structure
subbarrier occupation, 1099
subboundaries, 227, 280, 320, 433, 434, 627, 1040,
1286, 1299
subcascades, 180, 549, 1299
subcritical dilaton, 310
subgrain, 122, 333
sublattice, magnetic, see magnetic sublattice
sublattice magnetization, 790
sublimation, 1, 73, 187, 199, 419, 601, 955, 1272, 1300,
1379, 1451
submicrocracks, 139, 224, 1293, 1300, 1336, 1482
submicron technology, see nanotechnology
submicrostresses, 1136, 1276
submillimeter spectroscopy, 1301
submonolayer ﬁlms, 857
substance, amorphous magnetic, see amorphous
magnetic substances
substance, magnetic, see magnetic substance
substitutional alloys, 43, 113, 306, 346, 662, 817, 882,
1235, 1301, 1506
substitutional atom, 27, 82, 87, 280, 340, 528, 637,
1046, 1101, 1235, 1280, 1284, 1301, 1506
substitutional impurities, 257, 309
substitutional solid solutions, 1235
substrate, 18, 36, 95, 163, 174, 181, 182, 207, 382, 400,
413, 470, 508, 560, 588, 620, 649, 652, 699, 722,
764, 823, 853, 857, 987, 988, 1039, 1061, 1186,
1272, 1302, 1324, 1331, 1340, 1348, 1376, 1391,
1407
substructure, 428
subsurface doppleron–phonon resonance, 342
subsurface volume acoustic waves, 1302
subterranean ice, 601
subtraction solid solutions, 1236
Suhl effect, 758
Suhl–Nakamura coupling, 611
Suhl–Nakamura interaction, 902
sum rule, see Friedel sum rule
superalloys, 1302
superantiferromagnetism, 1302, 1322
superbarrier occupation, 1099
superconducting alloys, 190, 268, 392, 826, 1212, 1303
superconducting bolometers, 922
superconducting cavities, 1313
superconducting critical temperature, see critical
temperature of superconductors
superconducting ﬁlms, 1427
superconducting group switch, 1304
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superconducting heavy fermion systems, 555
superconducting intermetallic compounds, 175, 632,
1304
superconducting magnet, 234, 1303, 1305, 1311, 1312,
1323, 1485
superconducting magnetic shield, 1306
superconducting microbridges, 669, 671, 1306, 1474
superconducting microwave electronic devices, 1306
superconducting phase transition, 166, 228, 446, 475,
577, 747, 934, 947, 977, 980, 1018, 1094, 1096,
1255, 1307, 1311, 1314
superconducting point contacts, 1023
superconducting quantum gyroscopes, 1077
superconducting quantum interference device, 37, 670,
671, 748, 801, 1023, 1308, 1312, 1313, 1474
superconducting semiconductors and semimetals, 1309
superconducting superlattices, 1310, 1321
superconducting switch, 1304, 1311
superconducting transition thermodynamics, see
thermodynamics of superconducting transition
superconducting tunnel junctions, 1420
superconductivity, 12, 50, 59, 104, 123, 129, 171, 213,
227, 234–236, 317, 395, 498, 554, 575, 595, 607,
625, 669, 735, 736, 783, 827, 830, 837, 934, 957,
1014, 1032, 1058, 1080, 1082, 1092, 1169, 1232,
1255, 1310, 1311, 1312, 1314, 1315, 1317, 1318,
1321, 1322, 1335, 1347, 1392, 1393, 1413, 1449,
1450, 1461
superconductivity, dislocation, see dislocation
superconductivity
superconductivity, high-temperature, see
high-temperature superconductivity
superconductivity in quasi-one-dimensional systems,
1016, 1312
superconductivity mechanism, Anderson, see Anderson
mechanism of high-temperature
superconductivity
superconductivity mechanism, bipolaron, see bipolaron
mechanism of superconductivity
superconductivity mechanism, exciton, see exciton
mechanism of superconductivity
superconductivity mechanism, magnon, see magnon
mechanism of superconductivity
superconductivity mechanism, phonon, see phonon
mechanism of superconductivity
superconductivity mechanism, plasmon, see plasmon
mechanism of superconductivity
superconductivity, nonequilibrium, see nonequilibrium
superconductivity
superconductivity of twinning plane, see twinning
plane superconductivity
superconductivity, surface, see surface
superconductivity
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superconductivity, thin ﬁlm, see thin ﬁlm
superconductivity
superconductivity, weak, see weak superconductivity
superconductor, 58, 83, 228, 236, 294, 397, 475, 507,
509, 522, 523, 536, 565, 573, 579, 611, 629, 669,
679, 695, 737, 746, 769, 788, 812, 814, 827, 858,
868, 933, 934, 972, 1018, 1023, 1024, 1058,
1096, 1137, 1146, 1272, 1301, 1304, 1306, 1310,
1314, 1318, 1337, 1379, 1382, 1416, 1419, 1429,
1448
superconductor, amorphous, see amorphous
superconductors
superconductor and plasmons, see plasmons in
superconductors
superconductor and tunneling, see tunnel effects in
superconductors
superconductor characteristic length, see characteristic
lengths in superconductors
superconductor, characteristic lengths, see
characteristic lengths in superconductors
superconductor collective excitations, see collective
excitations in superconductors
superconductor current states, see current states in
superconductors
superconductor electronics, 161, 498, 884, 1307, 1313,
1392, 1474
superconductor energy gap, see energy gap
superconductor, gapless, see gapless superconductors
superconductor, granular, see granular superconductors
superconductor, high-temperature, see
high-temperature superconductors
superconductor intermediate state, see intermediate
state of superconductor
superconductor, magnetic, see magnetic
superconductors
superconductor nuclear spin relaxation, see nuclear
spin relaxation in superconductors
superconductor of type I, see type I superconductors
superconductor of type II, see type II superconductors
superconductor, organic, see organic conductors and
superconductors
superconductor paramagnetic limit, see paramagnetic
limit
superconductor, percolation effects, see percolation
effects
superconductor proximity effect, see proximity effect
superconductor, quasi-two-dimensional, see
quasi-two-dimensional superconductors
superconductor, reentrant, see reentrant
superconductors
superconductor, relaxation of nuclear spin, see nuclear
spin relaxation in superconductors
superconductor resistive domain, see resistive domains
in superconductors
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superconductor resistive state, see resistive state of
superconductors
superconductor speciﬁc heat, see speciﬁc heat jump in
superconductors
superconductor, structural instability, see structural
instability of superconductors
superconductor surface energy, see surface energy of
superconductors
superconductor surface impedance, see surface
impedance of a superconductor
superconductor thermal conductivity, see thermal
conductivity of superconductors
superconductor, thermal conductivity, see thermal
conductivity of superconductors
superconductor thermodynamics, see thermodynamics
of superconducting transition
superconductor, tunnel effects, see tunnel effects in
superconductors
superconductor tunneling spectroscopy, see tunneling
spectroscopy of superconductors
superconductor, tunneling spectroscopy, see tunneling
spectroscopy of superconductors
superconductor with A15 structure, 1304
superconductor with B1 structure, 1305
superconductor with C15 structure, 1305
superconductor with charge (spin) density waves, 1315
superconductor with local pairs, 1315
supercooling ﬁeld, see critical supercooling ﬁeld
supercritical dilaton, 310
supercritical embryo, 227
supercritical nucleating centers, 909
superdislocation, 321
superelasticity, 135, 367, 811, 812, 1316, 1383
superexchange, 609
superﬂuid phases of 3 He, 67, 126, 213, 559, 1080,
1084, 1169, 1317, 1413
superﬂuid velocity, 268, 724, 976, 1318, 1409
superﬂuidity, 58, 115, 129, 130, 149, 213, 249, 523,
559, 576, 689, 736, 818, 934, 1080, 1084, 1094,
1169, 1317, 1322, 1409, 1448
superﬂuidity criterion, see Landau superﬂuidity
criterion
superhard materials, 128, 1318, 1354
superhyperﬁne structure, 597, see hyperﬁne structure
superionic conductors, see solid electrolytes
superlattice laser, 1185
superlattice of alloy, 1246, 1320
superlattice, superconducting, see superconducting
superlattices
superlattice, surface, see surface superlattice
superlattices, 43, 194, 196, 257, 448, 508, 560, 561,
563, 590, 607, 626, 745, 870, 878, 926, 960, 966,
977, 1070, 1085, 1201, 1296, 1305, 1311, 1321,
1324, 1333, 1343, 1387, 1408
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superlocalization of strain shear bands, 1321
supermalloy, 571
superparamagnetism, 457, 1218, 1303, 1322
superplasticity, 35, 529, 726, 1016, 1018, 1322
superplasticity of a phase transition, 1322
superposition approximations, 681
supersaturated solid solution, 1236
superstep, 326
superstrong magnetic ﬁelds, 428, 1323
superstrong pulsed magnetic ﬁelds, 1323
superstructure, 1202
superstructure Bragg reﬂections, 1324
superstructure of alloy, see superlattice of alloy
superstructure, semiconductor, see semiconductor
superstructure
superstructure vector, 1324
supplementary light waves, see additional light waves
supporting diode, 310
surface acoustic waves, 10, 17, 19–22, 25, 224, 498,
881, 888, 1112, 1226, 1243, 1302, 1324, 1350,
1431, 1462
surface-active agents, 37, 279, 281, 329, 376, 593, 626,
742, 817, 1289, 1325, 1334, 1349
surface activity, 1325
surface alloying, see surface doping
surface atom vibrations, see vibrations of surface atoms
surface atomic roughness, 1344
surface atomic structure, 1136, 1325, 1345
surface, atomically clean, see atomically clean surface
surface band bending, 1341
surface band conductivity, 1333
surface band structure, 1327, 1337, 1357
surface barrier, 1327
surface-barrier silicon detectors, 906
surface barrier structures, 1327
surface Brillouin zone, 1328
surface capacitance, 1203, 1328
surface capacitance method, 1328
surface channeling, 165, 955, 1329
surface, characteristic, see characteristic surface
surface, clean, see atomically clean surface
surface coalescence, 182
surface conductive channel, 165, 1329
surface decoration, 961, 1330, 1391
surface defects, 427, 640, 1326, 1330, 1331, 1333, 1345
surface degradation, 1331
surface diffusion, 248, 306, 468, 469, 1243, 1331, 1373
surface dislocations, 325, 1331
surface doping, 699, 1331
surface drift waves, 1332
surface dynamics, 1332
surface electrical conductivity, 1203, 1332
surface electromagnetic waves, 1349
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surface electron states, 104, 604, 823, 850, 1162, 1203,
1210, 1251, 1327, 1328, 1331, 1333, 1337, 1339,
1341–1343, 1347, 1353, 1357, 1435
surface energy, 2, 49, 92, 139, 207, 229, 251, 328, 329,
366, 376, 406, 433, 522, 537, 626, 630, 704, 746,
835, 841, 857, 909, 941, 971, 988, 1051, 1055,
1170, 1175, 1242, 1252, 1273, 1287, 1289, 1293,
1325, 1334, 1344, 1403, 1423, 1429, 1430
surface energy of superconductors, 1334
surface erosion, 118, 346, 375, 841, 1320, 1335
surface exciton, 423, 1335
surface excitonic polariton, 1335, 1342
surface, Fermi, see Fermi surface
surface force, 112, 361, 471, 1010, 1155, 1336, 1339
surface, freshly prepared, see juvenile surface
surface hardening, 189, 546, 699, 1335, 1336, 1349,
1432
surface hydration, see hydration of surfaces
surface impedance, 3, 72, 273, 605, 677, 783, 784, 797,
1109, 1140, 1271, 1336, 1337
surface impedance of a superconductor, 1306, 1337
surface impurity states, 1333, 1337
surface inhomogeneities, 1329, 1338
surface ionization, 468, 642, 955, 1338, 1371
surface, isoenergetic, see isoenergetic surface
surface, isofrequency, see isofrequency surface
surface, juvenile, see juvenile surface
surface Langmuir waves, 1239
surface lattices, 88, 977, 1338
surface layer, 109, 417, 1325, 1339, 1349
surface layer, disrupted, see disrupted surface layer
surface levels, 707, 992, 1210, 1243, 1337, 1339
surface levels, magnetic, see magnetic surface levels
surface magnetism, 1339
surface mass transport, 813, 1340
surface mobility, 847, 1340, 1341
surface modiﬁcation, ion-stimulated, see ion-stimulated
surface modiﬁcation
surface of a solid, see solid surface
surface of normals, 253
surface of semiconductor, see semiconductor surface
surface of stress, see stress surface
surface optical spectroscopy, see optical spectroscopy
of surfaces
surface passivation, 220, 653, 943, 1120, 1331, 1340
surface phase, 88, 1340
surface phase transition, 1340
surface phenomena, 733, 850, 1203, 1243, 1333, 1341
surface phenomena in semiconductors, 466, 988, 1342,
1343
surface phononic polariton, 1342
surface photocapacitance, 1342
surface photoelectric effect, 995
surface photoelectromotive force, 673, 1342
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surface photoplasticization effect, 998
surface plasmon, 166, 411, 926, 1342, 1435
surface plasmon-polariton, 1342
surface polariton spectroscopy, 1243
surface polaritons, 92, 926, 1201, 1335, 1342
surface quasi-particles, 925, 1243, 1328, 1341, 1342,
1343, 1347
surface radioactivity, 895
surface, real, see real surface
surface rearrangement, 1326
surface recombination, 758, 926, 1200, 1203, 1244,
1277, 1331, 1341, 1343, 1452
surface recombination rate, 1343
surface reconstruction, 90, 275, 733, 977, 1202, 1242,
1326, 1338, 1340, 1343, 1357
surface relaxation, 1132, 1344, 1357
surface roughness, 393, 652, 746, 856, 1273, 1326,
1335, 1344, 1347
surface scattering, 263, 267, 796, 1205, 1247, 1329,
1331, 1340, 1341, 1344
surface scattering, adiabatic, see adiabatic surface
scattering
surface scattering mechanisms, 1345
surface scattering of electrons, 784
surface screening length, 1252
surface smoothing, 621, 1346, 1376
surface sound hardening, 546, 1336, 1346
surface speciﬁc heat, 1347
surface spin waves, 1270
surface states, 410, 466, 467, 484, 561, 832, 847, 851,
925, 926, 1160, 1164, 1200, 1226, 1271, 1329,
1338, 1346, 1347, 1376, 1393
surface states, magnetic, see magnetic surface states
surface steps, see atomic steps
surface structures, 88
surface superconductivity, 607, 1312, 1347, 1393, 1467
surface superlattice, 90, 1203, 1242, 1328, 1340, 1348
surface tension, 182, 227, 229, 247, 308, 355, 366, 676,
813, 909, 1026, 1219, 1242, 1325, 1334, 1340,
1348, 1372, 1378, 1478, 1511
surface tension coefﬁcient, 1348
surface tension forces, 1349
surface treatment, 1349
surface, vicinal, see vicinal surfaces
surface waves, 1332, 1349, 1407
surfactant, see surface-active agents
surphons, 1329
susceptibility, 158, 227, 230, 261, 453, 472, 475–477,
534, 535, 686, 693, 711, 746, 758, 782, 785, 800,
839, 844, 890, 947, 948, 1032, 1126, 1159, 1232,
1253, 1350, 1412
susceptibility, magnetic, see magnetic susceptibility
Suzuki atmosphere, 1027, 1235, 1351
sweep lasers, 1414
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swelling, 653, 1045, 1351, 1447
Swihart velocity, 1351
Swihart waves, 671, 1351
swirl defects, 724, 1352
switch, heat, see heat switch
switch, superconducting, see superconducting switch,
see superconducting switch, superconducting
group switch
switching, magnetic, see magnetic switching
switching period, 1033
switching, polarization, see polarization switching
symmetric coordinates, 1352
symmetric exchange interaction, 421
symmetric phase, 933
symmetric twisted walls, 762
symmetrized functions, 911, 1075, 1352
symmetry, axial, see axial symmetry
symmetry axis, 5, 250, 260, 272, 316, 333, 343, 500,
542, 565, 714, 746, 793, 809, 911, 1027, 1028,
1352, 1364, 1436
symmetry axis, rotational, see rotation symmetry axis
symmetry breaking, see spontaneous symmetry
breaking
symmetry center, see center of symmetry
symmetry classes, see crystal classes
symmetry, colored, see colored symmetry
symmetry group, 167, 282, 734, 1216, 1264, 1353
symmetry group, defect, see defect symmetry group
symmetry group, Fedorov, see Fedorov symmetry
group
symmetry group, local, see local symmetry group
symmetry group, magnetic, see magnetic symmetry
group
symmetry group of the spectrum, 1264
symmetry groups, limiting, see limiting symmetry
groups
symmetry, local, see local symmetry, local symmetry
group
symmetry of crystals, see crystal symmetry
symmetry operations, 259
symmetry plane, 524, 586, 639, 1353
symmetry, Shubnikov, see antisymmetry
synchronism conditions, 888
synchrotron, 1353
synchrotron radiation, 137, 397, 870, 914, 923, 995,
1100, 1353, 1435, 1494, 1498
synergism, 96, 1353
syngony, 250, 259, 1252, 1354
syntectic transformation, 974
synthesis of diamonds, 296
synthetic diamonds, 1319
synthetic monocrystals, 251, 856, 881, 1058, 1354
system, crystal, see crystal system
system, crystallographic, see crystallographic system
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system, cubic, see cubic system
system, Fermi, see Fermi system
system, heterogeneous, see heterogeneous system
system, hexagonal, see hexagonal system
system, homogeneous, see homogeneous system
system, isoperiodic heterogeneous, see isoperiodic
heterogeneous systems
system, monoclinic, see monoclinic system
system of points, regular, see regular system of points
system of slip, see slip system
system of spins, nuclear, see nuclear quadrupole spin
system
system of units, 1437, see units of physical quantities
system, ordered, see ordered system
system, orthorhombic, see orthorhombic system
system response, 687
system, tetragonal, see tetragonal system
system, thermodynamic, see thermodynamic system
system, triclinic, see triclinic system
system, trigonal, see trigonal system
system, two-level, see two-level system
system with hard excitation, 1177
system with soft excitation, 1177
tails in the density of states, 1059
Takagi equations, 349
Tamm levels, 640, 1094, 1210, 1333, 1343, 1357
Tamm resonances, 1357
Tanabe–Sugano diagrams, 1357, 1507
tangential stress, 283, 1292
tangential stress intensity, 1357
tantalum, 111, 220, 854, 1128, 1143, 1358, 1370, 1409,
1415
tantalum alloys, 220, 1129, 1358
target, polarized nuclear, see polarized nuclear targets
target, pyroelectric, see pyroelectric target
Taylor and Polany principle, 1297
Taylor–Ulitowski techniques, 473
T-domains, 75
tear, see ﬁssures
technetium, 1358
technical materials science, 814
technique of irreducible tensor operators, 658
technique of parallel ﬁelds, 892
technique of unlinking, 534
technology, nano-, see nanotechnology
telegraph noise, 883, 884, 1359
tellurium, 178, 998, 1036, 1359
temperature, 147, 309, 416, 553, 554, 672, 819, 956,
971, 973, 975, 1068, 1253, 1269, 1277, 1360,
1373, 1375, 1376, 1379, 1380, 1382, 1383, 1389,
1465
temperature coefﬁcient of bulk expansion, 310
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temperature conditions of plastic deformation, 1125,
1361
temperature conductivity factor, see diffusivity
temperature, Curie, see Curie point
temperature, Debye, see Debye temperature
temperature hysteresis, 599, 768
temperature jump, see Kapitza temperature jump
temperature linear expansion coefﬁcient, 1373
temperature, Néel, see Néel point
temperature of electrons, see electron temperature
temperature of melting, see melting temperature
temperature of noise, see noise temperature
temperature of ordering, see ordering temperature
temperature quenching, 740
temperature-sensitive resistor, 1139, 1390
temperature (thermal) mode, 922
temperature volume expansion coefﬁcient, 1373
tempered martensite, 810
tempered sobite, 1247
tempering, 151, 193, 214, 260, 546, 554, 571, 1019,
1116, 1117, 1247, 1279, 1362, 1389, 1414, 1459
temporal dielectric dispersion, 178, 297, 1210, 1362
temporal dispersion, 329
temporal resistance, 1287
tension, linear dislocation, see linear dislocation tension
tension, surface, see surface tension
tensor, 1264, 1265
tensor, Green’s, see Green’s tensor
tensor, Grüneisen, see Grüneisen tensor
tensor of curvature, see curvature tensor
tensor of demagnetization factor, see demagnetization
factor tensor
tensor of dislocation density, see dislocation density
tensor
tensor of distortion, see distortion tensor
tensor of elastic modulus, see elastic modulus tensor
tensor of elastic pliability, 1436
tensor of incompatibility, see incompatibility tensor
tensor of rotation, see rotation tensor
tensor of strain, see strain tensor
tensor of strain deformation, see strain deviator
tensor of stress, see stress tensor
tensor of stress deformation, see stress deviator
tensor operator, irreducible, see irreducible tensor
operators
tensor, piezoelectric, see piezoelectric tensor
tensor, principal axes, see principal axes of a tensor
tensoresistive effect, see piezoresistive effect
Tepler method, 1462
tera. . . , 1363
terasound, 141
terbium, 697, 1363
term splitting, 1363
terminal lines, 1496
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tertiary pyroelectric effect, 1065
tertiary structure, 249
teslameter, 800
testing, nondestructive, see nondestructive testing
techniques
tetra-component alloys, 113
tetracritical point, 866, 1364
tetracyanoquinodimethane, 171
tetragonal system, 154, 244, 250, 364, 865, 1212, 1364
texture, 63, 66, 122, 247, 251, 255, 257, 383, 393, 406,
451, 487, 551, 571, 662, 721, 782, 787, 814, 863,
921, 935, 1004, 1035, 1039, 1058–1060, 1124,
1125, 1229, 1323, 1336, 1364, 1365, 1383, 1396,
1488
texture diffractometer, 1364, 1486
texture, magnetic, see magnetic texture
texture of liquid crystals, 126, 1365
texture of metals, see structural texture of metals
thallium, 1366
theorem, Anderson, see Anderson theorem
theorem, Bloch, see Bloch theorem
theorem, Bohr–van Leeuwen, see Bohr–van Leeuwen
theorem
theorem, ﬂuctuation-dissipation, see
ﬂuctuation-dissipation theorem
theorem, Jahn–Teller, see Jahn–Teller theorem
theorem, Koopmans, see Koopmans theorem
theorem, Kramers, see Kramers theorem
theorem of reciprocity, see Betti reciprocity theorem
theorem, optical, see optical theorem
theoretical strength, 139, 140, 322, 1009, 1120, 1287,
1288, 1293, 1366
theory of dense packing, 237
theory of elasticity, 1285, 1410, 1448
theory of graphs, 533
theory of magnetism, 61
theory of metal-oxide superconductors, 61
thermal activation, 84
thermal activation analysis, 28, see activation energy
thermal breakdown, 136, 606, 1183
thermal coefﬁcients, 148
thermal conductivity, 10, 25, 47, 63, 64, 128, 130, 210,
211, 223, 234, 246, 256, 265, 309, 327, 349, 477,
518, 545, 552, 554, 593, 601, 734, 736, 805, 816,
827, 884, 909, 939, 948, 1003, 1059, 1061, 1062,
1067, 1082, 1112, 1142, 1163, 1215, 1219, 1223,
1248, 1318, 1367, 1369, 1376, 1377, 1380, 1383,
1384, 1388, 1391, 1409, 1465, 1475, 1479, 1507
thermal conductivity coefﬁcient, 96, 309, 984, 1367,
1369, 1378
thermal conductivity of superconductors, 1369
thermal conductivity tensor, 678
thermal cycling, 1387
thermal decoloration, 989
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thermal defects, 1370
thermal desorption, 292, 955, 1370
thermal diodes, 1390
thermal discoloration, see photochromic effect
thermal displacements of atoms, 494, 1231, 1371
thermal-electrode and (ohmic) resistance alloys, 880
thermal electromotive force, 371, 1198
thermal electromotive force changes, 1388
thermal electron ﬁeld electron emission, 468
thermal electron ﬁeld emission, 894, 1371
thermal-environment resistance, 113, 407, 574, 880,
883, 1371, 1372
thermal-environment resistant alloys, 46, 1371
thermal-environment resistant materials, 177, 881, 1372
thermal equations of state, 416
thermal etching groove, 1372
thermal expansion, 10, 25, 63, 64, 72, 77, 113, 195, 234,
289, 291, 309, 310, 453, 490, 540, 580, 705, 750,
798, 1293, 1300, 1373, 1378, 1382, 1383, 1465
thermal expansion, anomalous, see anomalous thermal
expansion
thermal fatigue, 438, 1374
thermal generation, 515
thermal indicators, 721, 1374, 1386
thermal ion emission, see thermoionic emission
thermal loss, see heat loss
thermal methods of studies, 1375
thermal microscope, 1375
thermal microscopy, 1375
thermal model of pulse heating, 699
thermal neutron diffraction, 771, 879, 1376
thermal neutrons, 613
thermal noise, 883
thermal oxidation, 1376
thermal perturbations, 717
thermal photodetectors, 1188
thermal radiation, 553, 554, 871, 874, 1012, 1067,
1068, 1376, 1386
thermal resistance, 464, 530, 646, 845, 1376
thermal resistivity, 1367
thermal spike, 1103, 1107, 1376
thermal transport, see heat transport
thermal treatment, 42, 154, 382, 504, 531, 571, 585,
595, 1024, 1179, 1370
thermal vacuum deposition, 1272
thermal volume expansion coefﬁcient, 659
thermally activated process, 27
thermally activated processes, see activation energy
thermally-assisted ﬁeld emission, see thermal electron
ﬁeld emission
thermally assisted ﬂux ﬂow, 846
thermally stimulated current, 1374
thermally stimulated depolarization, 1375
thermally stimulated electrical conductivity, 1374
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thermally stimulated luminescence, 740, 987, 1375
thermionic cathode, 1377
thermionic emission, 173, 468, 587, 831, 955, 1145,
1327, 1371, 1377, 1494
thermionic equipotential cathodes, 1377
thermoacoustic microscopy, 1378
thermoactivation analysis, 28
thermobimetals, 113
thermocapillary effect, 151, 1378
thermocouple, 654, 880, 883, 922, 1021, 1068, 1143,
1379, 1385, 1389
thermodepolarization current, 368
thermodielectric coefﬁcient, 1379
thermodielectric effect, 1379
thermodiffusion, 85, 305, 410, 678, 1064, 1379
thermodiffusion coefﬁcient, 813
thermodiffusion relation, 305
thermodonors, 29
thermodynamic critical magnetic ﬁeld, 3, 105, 226, 228,
230, 521, 522, 602, 630, 733, 819, 846, 1311,
1334, 1347, 1380, 1382, 1393, 1429, 1430, 1444
thermodynamic equilibrium, 30, 130, 216, 334, 336,
368, 384, 477, 480, 553, 599, 834, 884, 975,
1026, 1131, 1132, 1250, 1376, 1380, 1382
thermodynamic ﬂexibility, 474
thermodynamic parameters, see state variables
thermodynamic phase, see phase
thermodynamic potentials, 40, 46, 73, 90, 148, 173,
195, 227, 230, 247, 411, 412, 416, 452, 472, 489,
520, 521, 535, 553, 554, 574, 599, 600, 603, 638,
657, 669, 685, 695, 711, 760, 794, 805, 845, 848,
889, 956, 971, 979, 1092, 1129, 1159, 1168,
1232, 1253, 1351, 1380, 1381–1383
thermodynamic potentials of a body under strain, 1381
thermodynamic system, 416, 585, 658, 1142, 1277,
1360, 1375, 1380, 1382, 1451
thermodynamic temperature, 1360, 1389
thermodynamics of superconducting transition, 1380,
1382
thermoelastic effect, 1250, 1382
thermoelastic force, 1336
thermoelastic martensite, 810, 1383
thermoelastic phase equilibrium, 1383
thermoelastic strains, 1383
thermoelasticity, 141, 633, 1336, 1383
thermoelectrets, 368
thermoelectric coefﬁcient, 1385
thermoelectric coefﬁcient tensor, 678
thermoelectric domain, 96, 334, 1383
thermoelectric effects in semiconductors, 1198
thermoelectric instability of photocurrent, 137, 990,
1384
thermoelectric phenomena, 284, 411, 678, 831, 1379,
1385, 1391
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thermoelectric work function, 1341
thermoelectronic emission, see thermionic emission
thermography, 721, 921, 1374, 1386
thermogravimetric analysis, 1386
thermogravimetry, 1386
thermoionic emission, 1386
thermoluminescence, 738
thermoluminescence, radio-, see
radiothermoluminescence
thermomagnetic (compensation) alloys, 1387
thermomagnetic generator, 1387
thermomagnetic information recording, 51, 614, 767,
771, 1387
thermomagnetic materials, 771, 1230, 1387
thermomagnetic phenomena, 284, 411, 732, 831, 1198,
1323, 1388
thermomagnetic treatment, 42, 46, 63, 571, 768, 787,
1229, 1388, 1396
thermomechanical effect, 818, see mechanocaloric
effect
thermomechanical fatigue, 1374
thermomechanical treatment, 63, 177, 555, 571, 627,
768, 814, 816, 817, 828, 832, 975, 1026, 1229,
1389, 1399, 1460
thermometer, 1389
thermometry, 559, 671, 883, 905, 1375, 1389
thermoplastic materials, 924, 1041, 1390
thermoplastic media, 1390
thermoplastic technology, 816
thermosetting plastics, 1041
thermostat, 553
thermotropic liquid crystals, 720
thermotropic nematic liquid crystal, 875
thin ﬁlm growing, 470, 564, 1302, 1391, 1407
thin-ﬁlm solar cells, 1231, 1392
thin ﬁlm superconductivity, 1312, 1392
thin ﬁlms, 19, 50, 95, 146, 163, 236, 466, 469, 470, 475,
502, 530, 614, 622, 646, 699, 701, 733, 813, 836,
838, 941, 1013, 1014, 1016, 1058, 1070, 1086,
1122, 1136, 1166, 1179, 1199, 1237, 1251, 1306,
1311, 1345, 1389, 1391, 1393, 1487
thin layer optics, 1391, 1392
thin magnetostriction transducer, 19
third critical ﬁeld, 228, 522, 1347, 1393, 1430
third law of thermodynamics, 412
thixotropic disperse structures, 329
Thomas–Fermi method, 87, 1174
Thomas–Fermi screening radius, 370, 1165
Thomas relativistic correction, 1267
Thompson tetrahedron, 320
Thomson coefﬁcient, 1386
Thomson effect, 1385, see thermoelectric phenomena
Thomson heat, 1385
Thomson’s scattering cross-section, 195
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thorium, 26, 1393
thread-like crystals, 153, 195, 248, 256, 320, 475, 654,
691, 837, 856, 1091, 1120, 1287, 1391, 1394
three-centered bonds, 52
three-center integral, 1074
three-layer resists, 1137
three-phonon interaction, 888
three pole, 536
three-pulse echo, 375
threshold energy, 994
threshold energy of defect formation, 386, 1394
threshold of excitation of the instability, 942
threshold, photoelectric, see photoelectric threshold
threshold potential spectroscopy, 1395
throttling, 1395
thulium, 697, 1395
thyristor, 836, 1179, 1183, 1396
ticonal, 548, 787, 1396
tight binding method, 102, 104, 485, 715, 1396
tightly bound polaron, 1034
time inversion, 83, 372, 685, 686, 799, 970, 1268, 1396
time of correlation, see correlation time
time of electron–electron scattering, 394
time-of-ﬂight method, 880
time of nuclear spin relaxation, see nuclear spin
relaxation time
time of relaxation, see relaxation time
time or frequency dispersion, 1350
Timoshenko hypothesis, 1209
tin, 71, 72, 80, 172, 564, 574, 593, 824, 830, 1083,
1231, 1307, 1397, 1423
tin bronzes, 214
tin pest, 1043, 1397
titanium, 73, 111, 177, 220, 574, 854, 1010, 1143, 1372,
1396, 1398, 1399
titanium alloys, 45, 220, 816, 1010, 1399, 1449
titanizing, 173, 1399
titer, 198
titration analysis, 173
t–j model, 591
tokamak, 206
tomograms, 196
tomography, 196, 407, 414, 776, 777, 1309, 1399
tomography, micro-, see computational
microtomography
tomography, MRI, see magnetic resonance imaging
tomography of microﬁelds, 196, 1400
tool steels, 1279
top partial dislocations, 954
topaz, 512
topochemical, 1237
topographic waveguides, 18
topography, X-ray, see X-ray topography
topological charge, 120, 281, 684, 1402
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topological defects, 281
topological disorder, 328
topological index, 175, 351, 763, 1146, 1400
topological inhomogeneity, 120, 281, 684, 934, 1245,
1400, 1401, 1402
topological invariant, 556, 1402
topological magnetic solitons, 781
topological order, 728
topological singularity, see topological inhomogeneity
topological soliton, see topological inhomogeneity
topological solitons, 1245
topological transition, 685, 789, 1402, 1475
topotactic process, 1235
torsional moment method, 751
torsional pendulum, 960
torsional pendulum method, 633
torsional rigidity, 1147, 1455
torsional vibrations, 1148, 1455
torsional waves, 1147
total external reﬂection, 1402, 1493
total internal reﬂection, 92, 331, 464, 465, 902, 925,
1127, 1185, 1402
total radiation pyrometers, 1068
total scattering cross-section, 1162, 1163
totally symmetric vibrations, 1403
tough crack, 224, 1009, 1403
tough failure, 137, 187, 224, 434, 435, 626, 872, 1020,
1086, 1120, 1287, 1322, 1327, 1362, 1403, 1404
tough ﬂaking, 1158
tough fracture, 438, 485, 486, 1404
toughness, 140, 482, 1404, 1462
toughness criterion, see brittleness and toughness
criterion
tourmaline, 1067
Townsend impact ionization, 853
TPATT diode, see trapped plasma avalanche triggered
transit diode
tracers, 96, 305, 1404
transcrystalline failure, 139, 188, 434, 435, 486, 627,
1018, 1297, 1404
transducer, acoustic wave, see acoustic wave transducer
transfer of energy, see energy transfer
transform, Emersleben, see Emersleben transform
transformation, carbide, see carbide transformations
transformation, diffusion-free, see diffusion-free
transformation
transformation-induced plasticity, 1019
transformation, martensitic, see martensitic
transformation
transformation plasticity, see plasticity induced by
phase transitions
transformation twins, 1422
transient absorption, 1405, 1443
transient creep, 225
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transistor, 115, 467, 501, 585, 614, 621, 660, 836, 842,
1139, 1179, 1183, 1187, 1201, 1359, 1405, 1408,
1425
transistor, bipolar, see bipolar transistor
transistor, ﬁeld-effect, see ﬁeld-effect transistor
transistor, HEMT, see high electron mobility transistor
(hemt)
transistor, hot electron, see hot electron transistor
transition, allowed, see allowed transitions
transition, dipole-forbidden, see dipole-forbidden
transition
transition, direct, see direct transitions
transition, forbidden quantum, see forbidden quantum
transitions
transition, Frederiks, see Frederiks transition
transition, indirect, see indirect transitions
transition, Kosterlitz–Thouless, see
Kosterlitz–Thouless transition
transition, Lifshits, see Lifshits transition
transition metal–insulator, see Anderson
localization–9997, Peierls transition
transition metal magnetism, see magnetism of
transition metals
transition metals, 4, 50, 52, 56, 151, 159, 166, 175, 260,
459, 521, 573, 576, 591, 607, 625, 745, 789, 824,
882, 989, 1013, 1017, 1051, 1091, 1095, 1096,
1143, 1186, 1206, 1212, 1233, 1262, 1315, 1357,
1406, 1506
transition metals, magnetism, see magnetism of
transition metals
transition, Morin, see Morin transition
transition, Mott, see Mott metal–insulator transition
transition, Peierls, see Peierls transition
transition point, 977
transition, quantum nonradiative, see nonradiative
quantum transition
transition, quantum radiative, see radiative quantum
transition
transition radiation, 13, 906, 1099, 1406
transition radiation by dislocations, 8, 1407
transition region, 470, 1407
transition, topological, see topological transition
transition, virtual, see virtual transition
translation, 123, 244, 256–258, 282, 322, 408, 524, 638,
786, 965, 1016, 1165, 1224, 1277, 1408, 1437
translation vibrations, 15, see acoustic vibrations
translational groups, 259
translational order, 935
translational symmetry, 243, 686, 986
transmission electron microscope, 387
transmission electron microscopy, 300, 387
transmission ellipsometry, 405
transmittance, 433, 1172, 1393, 1408
transmutation doping, see nuclear doping
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transparency, 38, 601, 645, 987, 1050, 1058, 1408
transparency, acoustic, see acoustic self-induced
transparency
transparency, self-induced, see self-induced
transparency
transparency, self-induced acoustic, see acoustic
self-induced transparency
transparency to radiation, see radiation transparency
transport, ballistic, see ballistic transport
transport of heat, see heat transport
transport of mass, see mass transport, surface mass
transport
transport phenomena, 284, 291, 384, 678, 680, 682,
987, 1115, 1259, 1330, 1346, 1409
transport processes, 1196
transport relaxation time, 394
transuranium element, 1022
transuranium elements, 49, 262, 1409
transverse acoustic waves, 141
transverse contraction, 1410, 1431
transverse galvanometric effect, 501
transverse interaction, 604
transverse magnetostriction, 804
transverse or spin–spin relaxation time, 118
transverse pumping, 952
transverse relaxation time, 649, 950
transverse thermoelectric effects, 1386
transverse thermomagnetic effects, 1388
trapped electrons, see magnetodynamic nonlinearity
trapped plasma avalanche triggered transit diode, 267,
311, 516, 842, 1410
trapping, 164, 216, 268, 278, 496, 617, 769, 847, 1122,
1259, 1341, 1342, 1410
traps, 71, 268, 497, 843, 938, 990, 996, 1105, 1110,
1121, 1122, 1251, 1410
traveling exciton, 491
trees, 533
tremolite-nephrite, 513
tri-component alloys, 113
tribochemistry, 818
triboelectricity, 429, 1411
triboluminescence, 738, 740, 1411
tribometry, 1411
triclinic system, 154, 244, 250, 364, 1411
tricritical point, see triple critical point
triglycinesulfate, 293, 400, 452, 456, 1033, 1065–1067,
1412, 1422
trigonal system, 154, 244, 250, 364, 601, 1205, 1412
trilling, see domain splitting in ferroelectrics
trion, 423, 1412, 1488
triple-axis spectrometers, 240
triple critical point, 74, 227, 866, 1412
triple electron–nuclear–nuclear resonance, 390
triple point, 199, 530, 1360, 1412
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triple point of water, 1389
triplet, 345
triplet excitons, 423, 759, 1115, 1261, 1413
triplet pairing, 67, 76, 526, 556, 806, 1312, 1318, 1413
triply-degenerate T -term, 666
troostite, 95, 154, 157, 958, 1414
troostite, acicular, see bainite
true deformation, 283
true density, 289
true magnetization, 1157, see paraprocess
true strain, 872
truncated Lorentzian shape, 732
tube, X-ray, see X-ray tube
tubular diffusion, 306, 1228, 1414
tunable diode lasers, 871
tunable lasers, 330, 699, 1050, 1301, 1414
tungsten, 73, 140, 157, 574, 817, 854, 1053, 1059,
1125, 1128, 1143, 1238, 1370, 1372, 1415
tungsten alloys, 816, 1129, 1143, 1415
tunnel breakdown, 1183
tunnel contact, see tunnel junction
tunnel diode, 267, 311, 516, 625, 722, 1179, 1183,
1359, 1415, 1418, 1420
tunnel effect, 84, 194, 324, 350, 409, 467, 469, 489,
641, 831, 1023, 1081, 1088, 1235, 1371, 1391,
1416, 1417, 1419, 1420
tunnel effects in superconductors, 351, 1146, 1416,
1419
tunnel emission, see ﬁeld electron emission
tunnel function of the electron–phonon interaction,
1024
tunnel junction, 105, 268, 472, 477, 669, 671, 748, 887,
1050, 1313, 1351, 1392, 1418, 1419, 1420, 1467,
1474
tunnel photodiodes, 922
tunnel spectroscopy, 1023
tunnel splitting, see inversion splitting
tunneling, 1416
tunneling electroluminescence, 378
tunneling Hamiltonian, 1416
tunneling, interband, see interband tunneling
tunneling, macroscopic quantum, see macroscopic
quantum tunneling
tunneling microscopy, see scanning tunneling
microscopy
tunneling microscopy, scanning, see scanning tunneling
microscopy
tunneling phenomena in solids, 12, 171, 278, 563, 606,
625, 680, 735, 778, 843, 1035, 1075, 1076, 1417,
1428, 1447
tunneling reactions, 1119
tunneling spectra, 1419
tunneling spectroscopy, 222, 397, 573, 870, 1417, 1419
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tunneling spectroscopy of superconductors, 397, 405,
1419
turbostrate structure, 29
turbostratum stacking faults, 332, 1421
“turbostratum” structures, 1421
tvesal, 1320, 1421
twin domains, 75
twinning axis, 1421
twinning boundary, 1423
twinning direction, 1421
twinning dislocation, 528, 1424
twinning, elastic, see elastic twinning
twinning ellipsoid, 1421
twinning interlayer, 1421
twinning, irrational, see irrational twinning
twinning laws, 1421
twinning of crystals, 7, 203, 204, 211, 257, 335, 350,
366, 398, 414, 428, 433, 439, 452, 527, 528, 560,
626, 656, 735, 832, 941, 955, 1010, 1016, 1088,
1144, 1206, 1310, 1317, 1362, 1368, 1421, 1422,
1423
twinning of martensite, 810, 1316, 1422
twinning plane, 1421
twinning plane superconductivity, 1312, 1423
twinning structure, 335, 366, 554, 746, 940, 954, 1372,
1422, 1423
twist boundary, 526
twist effect, 399, 721, 876, 1424
twist-structure, 1424
twisting of domain wall, see domain wall twisting
twisting of rods, see rod twisting
twisting plasticity, 1020
twisting strain, 1020
twisting structures, 314
twisting torques, 1147
two-alkali effect, see polyalkaline effect
two-band model, 1259
two-body problem, 623
two-center integrals, 1074
two-dimensional crystallography, 90, 1012, 1424, 1480
two-dimensional electron gas, 12, 564, 566, 691, 1077,
1330, 1425
two-dimensional gas, 1095
two-dimensional lattice models, 977, 1051, 1427
two-dimensional Potts model, 1050
two-dimensional surface structures, 1326
two-layer resists, 1137
two-level excitations, 402
two-level system, 56, 118, 292, 402, 425, 456, 734, 826,
981, 1248, 1249, 1255, 1419, 1465
two-level weakly coupled system, 1427
two-phase alloys, 113
two-phonon process, 1111
two-photon light absorption, 712, 866, 891, 1428
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two-photon Raman scattering, see hyper-Raman
scattering
two-pole Frank–Read source, 488
two-probe method, 370
two-pulse echo, 375
two-wave approximation, 69, 302, 348, 431, 809, 1428
type I superconductors, 3, 167, 226, 228, 268, 293, 294,
521, 522, 602, 630, 784, 819, 961, 972, 1137,
1307, 1311, 1334, 1347, 1380, 1382, 1393, 1423,
1429, 1430
type II superconductors, 2–4, 57, 161, 167, 226, 228,
268, 348, 521, 522, 551, 565, 631, 672, 733, 819,
845, 908, 961, 972, 1084, 1137, 1212, 1303,
1304, 1307, 1309, 1311, 1334, 1347, 1382, 1423,
1429, 1444, 1466, 1467
type II thermal breakdown, 136
type III superconductors, 1212
types of metallic glasses, 824
ultimate limit, 574
ultimate resistance, see ultimate strength
ultimate strength, 7, 280, 283, 310, 548, 601, 605, 656,
748, 750, 802, 809, 816, 825, 827, 841, 872, 894,
1039, 1053, 1106, 1158, 1247, 1287, 1288, 1358,
1410, 1414, 1431
ultramicrohardness gauges, 837
ultrasonic, 1284
ultrasonic delay lines, 18, 21, 888, 1431
ultrasonic spectroscopy, 10
ultrasonic treatment, 69, 117, 816, 1431
ultrasound, 141, 579, 794, 1432
ultrasound absorption by dislocations, 1432
ultrasound, anomalous penetration, see anomalous
penetration of ultrasound
ultrasound attenuation, 105, 1432, 1434
ultrasound resonance spectroscopy method, 792
ultraviolet photoemission spectroscopy, 1435
umbrella-shaped magnetic structure, 848
Umklapp processes, 205, 264, 266, 411, 984, 1312,
1368, 1435
Umov vector, 410
undulating motion, 1100
uniaxial crystals, 74, 78, 112, 168, 204, 253, 296, 356,
431, 677, 936, 1022, 1023, 1034, 1128, 1155,
1175, 1256, 1276, 1436
uniaxial magnetic crystals, 682
uniaxial magnetics, see magnetic anisotropy
uniaxial magnets, 752
unicolor magnetic symmetry group, 786
unidirectional anisotropy, see magnetic anisotropy
uniform compression, 473, 491, 681, 711, 1011, 1216,
1219, 1285, 1290, 1292, 1436, 1461
uniform elongation, 1018
uniform oscillations of magnetization, 952
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uniform state of stress, 1216
uniform strain, 433, 1017, 1284, 1285, 1436, 1473,
1483
uniformly broadened line, 616
unipolar transistors, 1405
unipolarity, 72, 310, 371, 1437
unipolarity factor, 1135
unitary groups, 209
unit cell, 15, 72, 88, 90, 93, 102, 123, 127, 133, 145,
187, 237, 244, 246, 258, 260, 264, 275, 282, 291,
294, 300, 329, 365, 366, 383, 444, 453, 481, 532,
539, 565, 577, 615, 621, 634, 660, 667, 725, 733,
749, 772, 802, 810, 811, 925, 928, 941, 968,
1031, 1044, 1089, 1103, 1121, 1136, 1169, 1204,
1214, 1232, 1253, 1298, 1299, 1304, 1310, 1348,
1364, 1403, 1411, 1422, 1437, 1453, 1473, 1480,
1487, 1504
unit cell parameters, 1437
unit cell, quasi-expanded, see quasi-expanded unit cell
unit faces of crystals, 865
unit pinning force, 1468
units of physical quantities, 572, 1437
unlimited solubility, 1246
unrelaxed elastic modulus, 364
unrestricted random walk, 1116
unshared electron pairs, 1443, 1451
unstable Frenkel pair, 127, 491, 517, 1087, 1102, 1405,
1443
unsymmetrical hysteresis loop drift, see magnetic drift
untwinning, 1422
unzipping, 1443
unzipping wave, 1444
upper critical dimensionality, 228, 415
upper critical ﬁeld, 2, 57, 123, 167, 185, 228, 521, 522,
555, 579, 665, 733, 845, 949, 1212, 1305, 1309,
1311, 1316, 1347, 1382, 1393, 1423, 1430, 1444,
1467
upper yield limit, 1501
U-processes, see Umklapp processes
UPS, see ultraviolet photoemission spectroscopy
uranium, 26, 824, 1028, 1057, 1104, 1155, 1409, 1444
Urbach rule, 55, 345
uvarovite, 512
vacancion, 278, 1094, 1419, 1447
vacancion breakdown, 491
vacancy, 28, 39, 43, 66, 69, 90, 93, 107, 117, 142, 143,
146, 148, 191, 192, 202, 216, 226, 229, 233, 255,
257, 263, 280, 282, 286, 306–309, 312, 313, 319,
322, 326, 333, 338, 349, 350, 440, 469, 490, 491,
516, 528, 535, 551, 557, 635, 636, 644, 691, 710,
723, 724, 726, 752, 813, 843, 845, 857, 871, 873,
949, 1016, 1017, 1025, 1026, 1045, 1047, 1048,
1055, 1081, 1087, 1094, 1101, 1102, 1104, 1106,
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1107, 1113, 1123, 1136, 1141, 1164, 1169, 1193,
1206, 1226, 1232, 1236, 1280, 1299, 1326, 1330,
1352, 1370, 1377, 1411, 1414, 1427, 1447, 1506
vacancy, di-, see divacancy
vacancy–dislocation interaction, 1025, 1447
vacancy ﬂow, 681
vacancy paradox, 1106
vacancy pores, 1104
vacancy prismatic dislocations, 1055
vacuum electronics, 1448
vacuum evaporation, 182, 704, 1448
vacuum state of a system, 1448
valence, 115, 276, 357, 591, 592, 631, 632, 644, 995,
1091, 1206, 1448
valence band, 38, 53, 93, 96, 101, 103, 144, 146, 165,
188, 200, 263, 284, 368, 369, 385, 395, 408, 423,
443, 444, 501, 506, 515, 518, 531, 561, 580, 585,
604, 606, 611, 625, 636, 637, 648, 651, 709, 726,
739, 742, 808, 826, 863, 989, 991, 994, 995,
1059, 1084, 1122, 1181, 1184, 1189, 1204, 1210,
1215, 1241, 1259, 1321, 1341, 1344, 1396, 1405,
1410, 1416, 1443, 1449, 1451, 1459, 1470, 1496
valence bonds, 59
valence density waves, 631
valence, intermediate, see intermediate valence
valence, variable, see variable-valence pair
valley, 808, 1190
van Buren classiﬁcation, 1123
van der Pauw method, 370
van der Waals atomic radii, 91
van der Waals bond, 560
van der Waals forces, 26, 33, 35, 72, 114, 130, 152, 155,
171, 172, 178, 223, 238, 275, 406, 439, 497, 532,
540, 626, 706, 851, 938, 945, 1002, 1095, 1317,
1449
van der Waals interaction, 851
Van Hove singularities, 201, 245, 291, 356, 446, 576,
660, 850, 983, 1420, 1450
Van Vleck mechanism, 313, 1450
Van Vleck paramagnetism, 951, 952, 1450
Van Vleck’s theory of moments, 855
vanadium, 111, 574, 595, 854, 1128, 1372, 1449, 1503
vanadium alloys, 1129, 1449
vaporization, 1451
varactor, 310, 311, 1164, 1180, 1183, 1451, 1452
variable-valence pair, 53, 1451
variance, 973, 1382, 1451
variational principle, 1073
variband semiconductors, 988, 999, 1202, 1451
variband structures, 1451
varicap, 151, 1164, 1179, 1328, 1452
varicond, 310, 450, 1452
varistor, 451, 1139, 1183, 1453
Vavilov–Cherenkov radiation, see Cherenkov radiation
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Vavilov laws, 82, 212, 998, 1453
vector, Burgers, see Burgers vector
vector of antiferromagnetism, see antiferromagnetism
vector
vector of displacement, see displacement vector
vector of polarization, see polarization vector
vector of superstructure, see superstructure vector
Vegard rule, 660, 1453, 1487
velocity, group, see group velocity
velocity limit of domain wall, see domain wall velocity
limit
velocity of light, see speed of light
velocity of sound, see sound velocity
velocity, phase, see phase velocity
velocity, superﬂuid, see superﬂuid velocity
Vener spots, 940, 1453
Verdet constant, 437, 1453
Verneuil method, 857
vertex dislocations, 727, 1453
vertex models, 1427
vertex part, 536
vertical Bloch lines, 119
vertical transitions, see direct transitions
Verwey temperature, 790
very-large-scale integrated circuit, 621
vesicular materials, 893, see nonsilver photography
viability, 408
vibrating capacitive probe, 370
vibration method, 800
vibrational burnishing, 1346
vibrational characteristic energy loss spectroscopy, 166
vibrational electron spectroscopy, 397
vibrational spectra, 397, 444, 1419, 1454
vibrations, 1081, 1111, 1228, 1454, 1455
vibrations, acoustic, see acoustic vibrations
vibrations, anharmonic, see anharmonic vibrations
vibrations, antisymmetric, see antisymmetric vibrations
vibrations, bending, see bending vibrations
vibrations, intramolecular, see intramolecular
vibrations
vibrations, local, see local vibrations
vibrations, normal, see normal vibrations
vibrations of a crystal with defects, 350
vibrations of crystal lattice, see crystal lattice vibrations
vibrations of rods and plates, 1021, 1454, 1455
vibrations of surface atoms, 836, 1332, 1456
vibrations, optical, see optical vibrations
vibrations, quasi-local, see quasi-local vibrations
vibrations, silent, see silent lattice vibrations
vibrations, totally symmetric, see totally symmetric
vibrations
vibrations, zero-point, see zero-point vibrations
vibrionic effects in radio-frequency spectroscopy, 1458
vibronic ampliﬁcation, 665
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vibronic anharmonicity, 667, 1456, 1459
vibronic constant, 1458
vibronic doublet, 666
vibronic effects in optics, 668, 1456, 1458, 1459
vibronic effects in radio-frequency spectroscopy, 668,
1456, 1459
vibronic functions, 1459
vibronic instability, 35, 665, 809, 868, 1457, 1459
vibronic interactions, 665, 809, 1059, 1135, 1456, 1457,
1458, 1459
vibronic reduction, 666, 1458
vibronic reduction factors, 1458
vibronic singlet, 666
vibronic spectra, 1459
vibronic states, 665, 668, 852, 1133, 1456, 1459
vibronic theory of ferroelectricity, 667, 1458, 1459
vibronic triplet, 666
vicalloy, 548, 565, 1459
vicinal surfaces, 1326, 1408, 1460
vicinals, 1460
Vickers hardness, 608, 745
vidicon, 168
Villari effect, 804, 1460
Villari point, 1460
virgin curve, 768
virgin surface, see juvenile surface
virtual crystal, 1454, 1460
virtual crystal approximation, 1460
virtual ferroelectrics, 107, 261, 885, 1076, 1460
virtual particles, 1461
virtual phonons, 124, 212, 982, 984, 1311, 1461
virtual state, 1461
virtual transition, 536, 1461
viscometers, 1462
viscosity, 52, 143, 210, 280, 336, 351, 429, 473, 490,
601, 723, 816, 841, 1086, 1144, 1158, 1209,
1212, 1234, 1248, 1273, 1279, 1409, 1461, 1465
viscosity, dielectric, see dielectric viscosity
viscosity, magnetic, see magnetic viscosity
viscous–brittle transition temperature, 817
viscous crack, 1086, see tough crack
viscous failure, see tough failure
viscous ﬂow, 1016
viscous fracture, see tough fracture
visualization of acoustic ﬁelds, 25, 1378, 1462
visual symmetry, 586
vitreous semiconductors, 52
vitreous state of matter, 30, 50, 52, 56, 134, 158, 192,
275, 316, 333, 523, 537, 552, 570, 602, 629, 647,
706, 835, 924, 1094, 1118, 1186, 1249, 1255,
1262, 1295, 1419, 1443, 1462, 1465
vitrescent (glass-forming) materials, 1463
vitriﬁcation, 474, 490, 570, 676, 719, 825, 857, 1016,
1038, 1062, 1118, 1390, 1463, 1465
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vitriﬁcation temperature, 1463, 1465
Vlasov equation, 680
Vogel–Fulcher law, 303, 1262
Vogel–Fulcher–Tamman formula, 490
Voigt averaging, 364, 662, 1142, 1465
Voigt effect, 116, 612, 759, 801, 1465
Voigt notation, 65, 141, 156, 365, 1436, 1465, 1466
Volterra dislocation, 1038, 1246
Volterra model of defects, 314
volume, 633
volume, activation, see activation volume
volume compressibility factor, see compressibility
volume force, see bulk force
volume force density, 141
volume heat capacity, 1253
volume vapor phase, 248
volumetric mass transport, 813
volumetry, 1466
vorobievite, 511
Voronoi–Dirichlet domain, 1480
vortex, Abrikosov, see Abrikosov vortices
vortex crystal, 846
vortex-current loss, 770
vortex ﬁlaments, see Abrikosov vortices
vortex glass, 846
vortex, inclined, see inclined vortices
vortex, Josephson, see Josephson vortex
vortex lattices, 123, 226, 351, 607, 1084, 1392, 1430,
1466, 1468
vortex lattices in superconductors, 2, 1348
vortex liquid, 846
vortex pinning, 3, 57, 226, 268, 327, 348, 523, 551, 607,
846, 1212, 1321, 1348, 1392, 1430, 1467
vortex, quantum, see quantum vortices, dynamics of
quantum vortices
vortex state, see mixed state
vortices, 522
Vukcevich potential, 625
vulcanization of raw rubber, 1041
waiting time, 1115
wake charge, 1469
wake potential, 1469
Walker critical ﬁeld, 1469
Walker critical velocity, 337, 1470
Walker limiting velocity, 1470
Walker modes, 694, 803, 1469
Walker solution, 336–338, 1225, 1469
wall, dislocation, see dislocation walls
wall, domain, see domain wall
wall, magnetic domain, see magnetic domain wall
wall, Néel, see Néel wall
Waller mechanism, 1470
Wannier functions, 121, 169, 685, 715, 1470
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Wannier–Mott exciton, 124, 357, 385, 396, 422, 423,
566, 709, 843, 925, 1082, 1177, 1199, 1275, 1470
Wannier–Stark ladder, 870, 1071
warm deformation, 1361
warm electrons, 384
warm-up of electrons, see electron heating
water, bound, see bound water
Watkins effect, 1106
Watson sphere, 181, 1471
wattmeter method, 800
wave, auto-, see autowaves
wave, charge density, see charge density wave
wave, cyclotron, see cyclotron waves
wave, de Broglie, see de Broglie wave
wave diffraction, see diffraction of waves
wave equation, 365
wave, ﬂexural, see ﬂexural waves
wave, ﬂuctuation, see ﬂuctuations of atomic positions
wave front, 9, 18, 1471
wave front reversal, 138, 582, 891, 1031, 1121, 1472
wave front reversal mirrors, 1473
wave-like modulation, 361, 921, 1473
wave-like modulation in liquid crystals, 721
wave, magnetic plasma, see magnetic plasma waves
wave, nuclear spin, see nuclear spin waves
wave of recombination, see recombination waves
wave packet, 538
wave packet representations of wave functions, 924,
1473
wave packet transformation, 1473
wave, quantum, see quantum waves
wave, shock, see shock waves
wave, spin, see spin waves
wave, spin density, see spin density wave
wave, surface, see surface waves
wave, surface acoustic, see surface acoustic waves
wave, surface drift, see surface drift waves
wave surfaces, 253
wave, Swihart, see Swihart waves
wave vector, 244
wave vector group, 1473, 1474
wave vector, quasi-, see quasi-wave vector
wave vector star, 1474
waveguide, acoustic, see acoustic waveguide
waveguide, optical, see optical waveguide
weak band ferromagnets, 101
weak ferromagnetic structures, 89
weak ferromagnetism, 75, 78, 448, see
antiferromagnetism
weak ferromagnets, 78, 89
weak link, 748
weak localization, 59, 68, 530, 823, 826, 874, 962,
1070, 1079, 1159, 1198, 1474
weak localization effects, 1426

Subject Index
weak magnetic materials, 788, 832
weak superconductivity, 1312, 1474
weakly bound polaron, 1035
weakly-compensated highly-doped semiconductors, 570
weakly doped semiconductors, 606
wear, 46, 173, 176, 214, 407, 419, 429, 545, 802, 814,
998, 1019, 1133, 1247, 1320, 1331, 1335, 1336,
1399, 1475
weavon, 1475
webermeter, 800
wedge disclination, 315
wedge-shaped crack, 224, 1476
wedged twin, 367
Weibull modulus, 1288
Weibull theory, 1288
Weigert effect, 1031, see polarization holography
weight analysis, see gravimetric analysis
weighted density approximation, 892
Weissenberg method, 1149
Weiss indices, 250, see crystallographic indices
Weiss temperature, 261
Weiss theory, 101, 759, 1476
Weiss’ zone law, see law of zones
welding, 8, 47, 69, 111, 113, 207, 308, 382, 394, 473,
698, 700, 748, 964, 1063, 1279, 1290, 1323,
1372, 1432, 1477
welding diffusion, see diffusion welding
welding, percussion, see percussion welding in vacuum
Welker effect, 758
Wentzel–Kramers–Brillouin approximation, see
quasi-classical approximation
Wertheim effect, 1478
wetting, 33, 208, 247, 355, 552, 821, 857, 1243, 1273,
1478
wetting angle, 593, see edge angle
wetting hysteresis, 207
wetting liquid, 1478
wetting-type phase transition, 977
whiskers, see thread-like crystals
white cast iron, 154
white tin, 1397
Wick theorem, 536
Widmanstätten structure, 415, 1478
Wiedemann effect, 819, 1478, see Wertheim effect
Wiedemann–Franz law, 265, 830, 1368, 1479
Wien’s law, 1376
Wigner crystal, 395, 668, 707, 1426, 1479, 1480, 1481
Wigner crystallization, 668, 1426
Wigner–Eckart theorem, 657, 896
Wigner–Seitz cell, 139, 584, 1328, 1480
Wigner–Seitz method, 1480
Wigner–Seitz sphere, 1480
Wigner theorem, 261
wind of phonons, see phonon wind

Subject Index
Wittke–Garrido groups, 1481
WKB approximation, see quasi-classical
approximation
Wöhler curve, 408
Wohlfarth isotherm, 101
Wollaston prism, 1034
work function, 94, 173, 174, 208, 312, 427, 468, 561,
587, 642, 857, 988, 993, 995, 1047, 1145, 1162,
1164, 1181, 1203, 1244, 1251, 1338, 1341, 1377,
1395, 1411, 1481
work hardening, 47, 188, 546, 1116, 1482
Workman–Reynolds effect, 1379
work of deformation, 430, 1482
Wulf diagram, 1325
Wyckoff general position, 1130
Wyckoff special position, 1130
xerogels, 510
X-radiography, 43, 482, 634, 839, 849, 860, 961, 1276,
1322, 1353, 1364, 1407, 1485, 1486
X-radiography at high temperatures, see
high-temperature X-radiography
X-radiography at low temperatures, see
low-temperature X-radiography
X-radiography in a magnetic ﬁeld, 1485
X-ray, 1284
X-ray absorption spectrum, 1488, 1496
X-ray acoustic resonance, 301, 1485
X-ray amorphous structure, 247
X-ray anomalous passage, see anomalous passage of
X-rays
X-ray camera, 1485, 1486, 1488
X-ray defect structure analysis, microprobe, see
microprobe X-ray defect structure analysis
X-ray defectoscopy, 279, 917, see defectoscopy
X-ray diffraction, 85, 114, 133, 153, 195, 302, 580, 702,
703, 838, 1086, 1244, 1326, 1486, 1498
X-ray diffraction analysis, see X-ray structure analysis
X-ray diffraction microscopy, 839, see microprobe
X-ray defect structure analysis
X-ray diffraction pattern, 1149, 1276, 1486, 1487, 1488
X-ray diffractometer, 1149, 1486, 1488
X-ray diffractometry, 276, 504, 1025, 1035, 1486
X-ray diffractometry with energy dispersion, see
energy-dispersion X-ray diffractometry
X-ray dilatometry, 580
X-ray electronic spectroscopy, 397, 1485
X-ray emission bands, 1496
X-ray emission spectroscopy, 87, 291, 1488
X-ray emission spectrum, 1495
X-ray excitons, 423, 470, 1412, 1488
X-ray ﬁne structure, see ﬁne structure of X-ray
absorption spectra
X-ray ﬂuorescent analysis, 1497
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X-ray form factor, 482
X-ray goniometer, 1364, 1486, 1488
X-ray goniometric methods, 1149
X-ray hole, 581
X-ray interferometers, 1488
X-ray interferometry, 1488
X-ray laser, 699, 1490
X-ray laser based on free electrons, 1490
X-ray length meters, 1490
X-ray luminescence, 740, 1109, 1491
X-ray luminophors, 1492
X-rayogram, see X-ray diffraction pattern
X-ray microanalyzer, 838
X-ray microscope, 1492
X-ray microscopy, 196, 394, 468, 839, 1353, 1492
X-ray microscopy with image transmission, 1493
X-ray mirror, 1402, 1492, 1493
X-ray photoelectron emission, 955
X-ray photoelectron spectroscopy, 648
X-ray photolithography, 723
X-ray projection (dark ﬁeld) microscopy, 839
X-ray resists, 1137
X-ray scattering, 1493
X-ray scattering, small-angle, see small-angle
scattering of X-rays
X-ray sources, 1364, 1494
X-ray spectrograph, 1495, 1498
X-ray spectrometer, 240, 387, 1495, 1498
X-ray spectrum, 240, 1495, 1497
X-ray spectrum analysis, 822, 838, 1485, 1486, 1497,
1499
X-ray spectrum, microprobe, see microprobe X-ray
spectrum analysis
X-ray structure analysis, 152, 168, 236, 250, 300, 302,
416, 610, 705, 722, 838, 878, 1003, 1088, 1149,
1296, 1298, 1428, 1485, 1486, 1494, 1495, 1498,
1499
X-ray tomography, 1399
X-ray topography, 300, 318, 322, 838, 1353, 1486,
1492, 1499
X-ray tube, 1486, 1492, 1494, 1495, 1498, 1499
xyz-model, 1258
yield, 154, 182, 545, 1041, 1144, 1390, 1461, 1501
yield cusp, 283, 1287, 1322, 1336, 1501
yield limit, 7, 35, 52, 69, 108, 137, 139, 140, 142, 188,
280, 283, 330, 365, 393, 416, 486, 548, 551, 605,
627, 656, 735, 737, 748, 750, 802, 809, 816, 841,
872, 883, 909, 970, 1017–1019, 1040, 1053,
1120, 1123, 1125, 1224, 1228, 1278, 1282,
1287–1289, 1294, 1349, 1361, 1501
yield limit anomaly, see low-temperature yield limit
anomalies
yield of luminescence, see luminescence yield
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yield point, see yield limit
yield, quantum, see quantum yield
Young’s equation, 1478
Young’s modulus, 194, 207, 360, 474, 486, 537, 574,
586, 609, 662, 690, 837, 1021, 1042, 1147, 1158,
1216, 1249, 1287, 1366, 1403, 1455, 1483, 1502
Young’s modulus magnetic effect, 1502
ytterbium, 697, 1503
yttrium, 177, 449, 655, 773, 941, 1117, 1503
yttrium–aluminum garnet, 30, 1241, 1431, 1504
yttrium–iron garnet, 413
Yukawa potential, 370, 624
Zeeman effect, 284, 288, 373, 542, 639, 696, 698, 739,
764, 782, 863, 904, 907, 980, 1139, 1140, 1261,
1269, 1324, 1470, 1505
Zeeman effect, nuclear, see nuclear Zeeman effect
Zeeman energy, 390, 1505
Zeeman frequency, 390, 908
Zeeman interaction, 391, 899
Zeeman Larmor frequency, 908
Zeeman pseudoeffect, nuclear, see nuclear Zeeman
pseudoeffect
Zeeman splitting, 390, 898
Zener breakdown, 515, 625, 1183
Zener electron, 1506
Zener model, 364, 1506
Zener relaxation, 1132, 1506
Zener tunneling, see interband tunneling
zeolites, 47, 648, 736, 1045, 1101, 1506
zero anomaly, 1418
zero-creep method, 1349
zero differential overlap method, see
Pariser–Parr–Pople method
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zero-ﬁeld energy level splitting, 1507
zero-ﬁeld magnetic resonance, 373, 1069, 1507
zero-ﬁeld paraelectric resonance, 948
zero-ﬁeld paramagnetic resonance, 950
zero-ﬁeld resonance, 1069
zero-ﬁeld splitting, 1069
zero mode, 443
zero-phonon spectral line, see phononless spectral line
zero-point vibrations, 246, 275, 559, 662, 735, 748,
953, 984, 1075, 1076, 1080, 1371, 1460, 1508
zero sound, 442, 1080
zero sound vibrations, 442
zero spin oscillations, 1508
Ziman–Faber theory, 1508
zinc, 134, 156, 293, 439, 518, 595, 750, 1432, 1509,
1510
zinc blend structure, 145
zinc blende, 500
zinc plating, 173, 1510
Zintl phases, 1510
zircon, 512
zirconium, 73, 750, 854, 877, 1104, 1510
zone, Brillouin, see Brillouin zone
zone crystallization, 857
zone, diffusion, see diffusion zone
zone, Guinier–Preston, see Guinier–Preston zones
zone law, see law of zones
zone melting, 1170, 1186, 1511
zone of radiation formation, 1099
zone reﬁnement, 46, 857, 1064, 1511
zone, Seeger, see Seeger zone
Zubarev method, 1511
Zwanzig technique, 1056

